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RÉSUMÉ 

Cette étude examine le comportement thermique, rhéologique et la morphologie du poly(L-lactide) 

(PLLA), du poly(méso-lactide) et de leurs mélanges sur une large gamme de composition.  Les 

caractérisations ont été réalisées par calorimétrie différentielle à balayage (DSC), microscopie à 

force atomique (AFM) et rhéométrie. Une miscibilité partielle est suspectée pour les compositions 

de 10% et 90% w/w% HMW PLLA/ HMW PMLA, tandis que les compositions de 30 w%, 50 w% et 

70 w% de PLLA à faible et haut poids moléculaire semblent plutôt immiscibles. La DSC a révélé 

des températures de transitions vitreuses (Tg) plus faibles pour le PMLA que pour le PLLA, 

lesquelles augmentaient avec le poids moléculaire, soit 47.6 ± 0.1 °C pour le LMW PMLA et 48.2 ± 

0.1 °C pour le HMW PMLA, et 61.5 ± 0.1 °C pour le LMW PLLA et 61.8 ± 0.4 °C pour le HMW PLLA. 

La DSC a également révélé la présence de deux Tg pour les mélanges supposés immiscibles, 

correspondant à celles des phases pures, pour l’ensemble des mélanges de PLLA et PMLA à faible 

et haut poids moléculaire. Enfin, une seule Tg a été observée pour les mélanges partiellement 

miscibles, soit les mélanges de 10% et 90% w/w% HMW PLLA/ HMW PMLA. Les observations 

effectuées via AFM ont révélé une morphologie de type émulsion pour les compositions contenant 

30 w% et 70 w% de HMW PLLA, et une structure co-continue pour le mélange de 50 w% HMW PLLA. 

L’AFM a aussi relevé la présence de phase mineur dans la phase majeur et vice versa pour les 

mélanges 30 w% et 70 w% de HMW PLLA, indiquant une possible miscibilité partielle ou la simple 

présence d’hétérogénéité dû à la cristallinité du PLLA pour ces compositions. Les résultats obtenus 

par cisaillement oscillatoire à faible déformation (SAOS en anglais) ont démontré que le PLLA a 

une plus haute viscosité que pour le PMLA, et que la viscosité du PLLA et du PMLA augmente 

avec le poids moléculaire. La règle de Cox Merz a été vérifiée pour le PLLA et le PMLA, et les 

essais en balayage de temps ont révélé que le PMLA se dégrade plus rapidement et à une 

température plus faible que le PLLA. Les résutats SAOS ont aussi révélés la présence d’un 

épaulement à basse fréquence dans le module élastique pour tous les mélanges immiscibles à faible 

et haut poids moléculaire, ainsi qu’un plus léger épaulement pour les mélanges partiellement 

miscibles. Les modèles de Palierne et de Gramespacher–Meissner ont permis d’ajuster 

efficacement les données SAOS des mélanges supposés immiscibles de HMW PLLA et de HMW 

PMLA et d’estimer le temps de relaxation de la phase dispersée, renforçant ainsi l’hypothèse 

d’immiscibilité pour ces compositions. Des diagrammes Cole–Cole et des spectres de relaxation 

ont été obtenus pour tous les mélanges HMW PLLA et HMW PMLA, montrant deux modes de 
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relaxation distincts pour les compositions immiscibles. Ces résultats suggèrent que les mélanges 

de PMLA et de PLLA sont immiscibles aux compositions intermédiaires, avec une miscibilité 

partielle à faible et à forte teneur en PLLA, et que les différences stéréochimiques entre le PLLA 

et le PMLA conduisent à des comportements distincts. Des études complémentaires sur les 

mécanismes de biodégradation et les propriétés mécaniques de ces matériaux seront nécessaires 

afin de mieux comprendre le potentiel du PMLA. 

 

  



vii 
 

ABSTRACT 

This study investigates the thermal, rheological behavior, and morphology of poly(L-lactide) 

(PLLA), poly(meso-lactide) and their blends across a wide composition range. Characterizations 

were performed using differential scanning calorimetry (DSC), atomic force microscopy (AFM) 

and rheometry. Partial miscibility is suspected for the 10% and 90% w/w% HMW PLLA/ HMW PMLA 

compositions, while 30 w%, 50 w% and 70 w% of low and high molecular weight PLLA 

compositions exhibited immiscibility. DSC revealed lower glass transitions temperatures (Tg) for 

PMLA than PLLA that increased with molecular weight, specifically 47.6 ± 0.1 °C for LMW PMLA 

and 48.2 ± 0.1 °C for HMW PMLA, and 61.5 ± 0.1 °C for LMW PLLA and 61.8 ± 0.4 °C for HMW 

PLLA. DSC also revealed two Tg for immiscible blends, corresponding to those of the neat phases, 

for all HMW and LMW PLLA and PMLA blends. Finally, a single Tg was observed for partially 

miscible blends, the blends of 10% and 90% w/w% HMW PLLA/ HMW PMLA. AFM revealed an 

emulsion-type morphology at 30 w% and 70 w% HMW PLLA compositions, and a co-continuous 

structure at 50 w% HMW PLLA. It also revealed the presence of minor phase in the major phase and 

vice versa for the blends of 30 w% et 70 w% de HMW PLLA, indicating possible partial miscibility 

or heterogeneity caused by PLLA semi-crystalline nature for these compositions. Small amplitude 

oscillatory shear (SAOS) results demonstrated that PLLA has a higher viscosity than PMLA, and 

that the viscosity of PLLA and PMLA increases with molecuar weight. The Cox Merz rule was 

validated for PLLA and PMLA and time sweep revealed that PMLA degrades at a lower 

temperature and more rapidly than PLLA. SAOS data also presented a shoulder in the low 

frequency storage modulus for all immiscible blends of low and high molecular weight, and a slight 

shoulder for partially miscible blend. The Palierne and the Gramespacher–Meissner models 

effectively fitted the immiscible compositions SAOS data of HMW PLLA and HMW PMLA blends 

and estimated the dispersed phase relaxation time, reinforcing the immiscibility hypothesis. Cole-

Cole plot and relaxation spectra were obtained for all HMW PLLA and HMW PMLA blends, showing 

distinctly two relaxations modes for immiscible compositions. These results suggest that PMLA 

and PLLA blends are immiscible at intermediate compositions, with suspected partial miscibility 

at low and high PLLA content and that the stereochemical differences between PLLA and PMLA 

lead to distinct behaviors. Complementary investigations into the biodegradation mechanisms and 

mechanical properties of these materials are needed to better understand the potential of PMLA. 
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CHAPTER 1 INTRODUCTION 

 

1.1 Context 

Because of their low production cost, durability, and good mechanical properties, plastics derived 

from petrochemical resources are omnipresent in modern society. However, in addition to 

generating significant greenhouse gas emissions during their production phase, they are difficult to 

manage at the end of their service life. Indeed, only about 9% of plastic waste is recycled 

worldwide, while the remaining fraction persists in the environment for long periods of time. This 

persistence contributes to the formation of microplastics, which accumulate in marine ecosystems 

as well as throughout the food chain. Despite these environmental concerns, plastics remain 

essential for a wide range of applications. It is therefore crucial to develop more sustainable 

alternatives [1]. 

 

Polylactic acid (PLA) is a bio-based polymer that can be produced from renewable biomass sources 

such as corn. It is often regarded as one of the most promising alternatives to petrochemical plastics, 

owing to its favorable mechanical properties, biocompatibility, and potential biodegradability. As 

a result, PLA has been the subject of extensive research aimed at improving its performance and 

expanding its range of applications [2]. While conventional PLA, particularly poly(L-lactide) 

(PLLA), has been extensively studied and is already used in commercial applications, alternative 

lactic-acid–based polymers are attracting increasing attention due to their enhanced environmental 

performance. Poly(meso-lactide) (PMLA) has emerged as an interesting candidate, as it promises 

higher degradability compared to PLLA, making it particularly attractive for applications requiring 

accelerated end-of-life degradation. 

 

Despite this potential, the fundamental melt rheology of PMLA and its behavior in polymer blends 

remain largely unexplored. In this context, blending PMLA with PLLA, a well-characterized 

polymer, provides insight into the impact of PMLA on the melt rheological and thermal behavior 

of PLLA, as well as the miscibility of the blend under processing conditions.  
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1.2 Thesis organization 

This thesis consists of six chapters. Chapter 2 reviews the existing literature on melt rheology, 

polylactide (PLA), and the characterization of binary polymer blends. Chapter 3 details the 

objectives of this research. Chapter 4 presents the results of this work in the form of a scientific 

article. Chapter 5 reports additional results and Chapter 6 concludes this thesis. 
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CHAPTER 2 LITTERATURE REVIEW 

 

2.1 Polymer Melt Rheology 

Polymers are typically processed in the melt state through operations such as extrusion, injection 

molding or film blowing. Rheology, the study of the deformation and flow of matter, is essential 

not only to predict processing behavior but also to understand polymer’s behavior on the molecular 

level. 

 

Polymer melts can be deformed under different flow fields, primarily shear and elongational flows. 

Shear deformation is most commonly studied due to its relative experimental simplicity and its 

importance to many industrial processes, such as extrusion and injection molding. In shear flow, 

adjacent layers of material slide past one another, generating a velocity gradient perpendicular to 

the flow direction. In contrast, elongational flow involves the stretching or extension of the material 

along one or more principal axes. Elongational flow is also important in processes such as fiber 

spinning and film blowing, but is more challenging to characterize experimentally [3]. 

 

Several rheological properties are typically used to describe polymer melt behavior during these 

imposed deformations. One of the key properties under shear deformation includes viscosity (η), 

which can be described as the resistance of the material to flow. Polymers viscosity is characterized 

by shear thinning, implying the viscosity decreases with increasing shear rate, unlike a Newtonian 

fluid, for which viscosity is independent of shear rate. Polymers melts also exhibit viscoelastic 

behavior, meaning they display both viscous and elastic responses when subjected to deformation. 

Other important properties include storage and loss moduli. The storage modulus (G′), represents 

the elastic energy stored during deformation, and the loss modulus (G″), represents the viscous 

energy dissipated as heat [3]. 

 

Small-amplitude oscillatory shear (SAOS) is a common linear viscoelastic experiment, to quantify 

material relaxation characteristics. In SAOS, a sinusoidal strain of small amplitude is applied to 
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the material, and the resulting stress response is measured. An important advantage of SAOS 

measurement is its high accuracy and reproducibility, as data are collected over multiple oscillation 

cycles and averaged to reduce experimental noise [3].  

 

Furthermore, since the imposed strain remains sufficiently small, the material response lies within 

the linear viscoelastic (LVE) region. In the LVE region, stress is directly proportional to strain, the 

principle of additivity of the stress applies, meaning the effect of two strains is directly the sum of 

these two effects. Properties can then be derived from primary measurements. For example, the 

complex viscosity (η*) can be calculated from the complex modulus through Equation 2.1 and 

provide a frequency-dependent measure of the material’s resistance to flow. Experiences done 

within the LVE regime also ensures that the material structure is not disrupted during testing and 

that the measured response truly reflects intrinsic molecular relaxation mechanisms [3], [4]. 

 

𝜂∗ =
𝐺∗

𝜔 =
𝐺" + 𝑖𝐺′′

𝜔
(2.1) 

 

In the LVE region polymer melts typically display characteristic behavior for SAOS 

measurements. At low frequencies, they exhibit terminal behavior, where G’ follows a slope of two 

and G” displays a slope of one with respect to frequency, and G″ is generally higher than G′. The 

viscosity often shows a Newtonian plateau at low frequency before decreasing at higher frequency. 

At higher frequencies, G′ can exceed G″, indicating elastic dominance. The transition between 

these regimes corresponds to the material’s characteristic relaxation times, which are strongly 

affected by molecular weight, molecular weight distribution, chain architecture, and intermolecular 

interactions [3]. 

 

Various viscoelastic models can be fitted to experimental rheological data in order to describe the 

material response over a wide range of shear rates or frequencies. Among the most used models 

are the Power Law model, the generalized Maxwell model, and the Carreau-Yasuda model. While 

the Power Law model is typically applied to characterize shear-thinning behavior in the non-
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Newtonian regime, and the generalized Maxwell model is used to represent the relaxation spectrum 

of the material, the Carreau-Yasuda model provides a continuous description of the transition from 

the Newtonian plateau to the shear-thinning region [4], [5]. 

 

A widely used model in polymer blend rheology is the Palierne model. This model describes the 

linear viscoelastic response of a binary blend with emulsion type morphology. In this model, the 

viscoelastic moduli of the blend are expressed as a function of the matrix and dispersed phase 

properties, the droplet volume fraction, and the interfacial tension, as can be seen in Equation 2.2. 

By fitting experimental SAOS data to the Palierne model, it is possible to estimate the interfacial 

tension between immiscible polymers. The model assumes small deformations and negligible 

phases interactions, such as coalescence and breakup, making it particularly suitable for analysis 

within the linear viscoelastic region [6].  

 

𝐺#∗(𝜔) =
1 + 3∑ 𝜙$𝐻$∗(𝜔)$

1 − 2∑ 𝜙$𝐻$∗(𝜔)$
𝐺%∗ (𝜔)			 (2.2) 

where 

𝐻$∗(𝜔) =
4: 𝛼𝑅&

< [2𝐺'∗ (𝜔) + 5𝐺(∗(𝜔)] + [𝐺(∗(𝜔) − 𝐺'∗ (𝜔)][16𝐺'∗ (𝜔) + 19𝐺(∗(𝜔)]

40 : 𝛼𝑅&
< [𝐺'∗ (𝜔) + 𝐺(∗(𝜔)] + [2𝐺(∗(𝜔) + 3𝐺'∗ (𝜔)][16𝐺'∗ (𝜔) + 19𝐺(∗(𝜔)]

	 (2.3) 

𝜙 is the volume fraction of the dispersed phase, 𝑅& is the average radius in volume of the dispersed 

droplets, 𝛼 the interfacial tension, 𝐺#∗(𝜔), 𝐺'∗ (𝜔) and 𝐺(∗(𝜔)  the complex modulus of the blend, 

the matrix and the dispersed phase respectively. 

There also exist models that can describe miscible polymer blends, such as the mixing rule. This 

equation assumes ideal mixing behavior and no intermolecular interactions. Deviation from this 

law is a sign of immiscibility. As expressed in Equation 2.4, the viscosity of the blend 𝜂), is 

calculated as the sum of the viscosities of the individual neat polymers multiplied by their 

corresponding weight fraction 𝑤 [7], [8].  
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log 𝜂) = 𝑤( log 𝜂( + (1 − 𝑤() log 𝜂' 	 (2.4) 

					 

Other techniques can be used than model fitting to predict and understand the viscoelastic behavior 

of polymers and polymers blends. The relaxation time spectrum	𝐻(𝜆) is a representation of the 

distribution of relaxation process in linear viscoelastic materials. Unlike discrete set, the relaxation 

spectra is a continuous function of relaxation. It is particularly relevant to calculate because of its 

high resolution, which allows to distinguish materials more accurately than other viscoelastic 

functions. The relaxation time spectrum cannot be measured directly, but it can be reconstructed 

from SAOS measurements using numerical inversion techniques or model-based approaches, such 

as the generalized Maxwell model. The relaxation time spectra	𝐻(𝜆) is related to the relaxation 

modulus 𝐺(𝑡) by Equation 2.5. The relationship between the relaxation spectra and the loss and 

storage moduli are given by Equations 2.6 and 2.7. By reconstructing the relaxation behavior from 

SAOS data, it becomes possible to interpret the material response [5], [9].  

 

𝐺(𝑡) = H 𝐻(𝜆)
*

+*
𝑒+

,
-𝑑𝑙𝑜𝑔𝜆	 (2.5) 

 

𝐺"(𝜔) = H 𝐻(𝜆)
𝜆.𝜔.

1 + 𝜆.𝜔.

*

+*
𝑑𝑙𝑜𝑔𝜆 (2.6) 

 

𝐺""(𝜔) = H 𝐻(𝜆)
𝜆𝜔

1 + 𝜆.𝜔.

*

+*
𝑑𝑙𝑜𝑔𝜆 (2.7) 

 

Polymer relaxes over broad time ranges that are indicative of important microstructural 

information. Fast relaxation time are usually associated with smaller relaxation process such as 

small molecules and inversely, longer relaxation time are typically linked to slow, large-scale chain 

dynamics [10]. Relaxation spectra are therefore useful to analyse the viscoelastic behavior of 
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polymers and can also provide insight on the miscibility of polymer blends. Immiscible systems 

often exhibit additional relaxation processes to their neat phases, associated with interfacial tension 

contributions [6], [11]. 

 

Rheological properties are highly sensitive to molecular architecture and intermolecular 

interactions. Rheology is therefore a powerful tool not only to evaluate the processability and 

properties of a polymer, but also to investigate miscibility and phase behavior in polymer blends. 

Changes in relaxation dynamics, deviations from terminal behavior, or the appearance of additional 

relaxation modes may indicate immiscibility, interfacial effects, and phase separation. 

 

2.2 PLA Structure and Synthesis  

Polylactic acid (PLA) is a bio-based polymer, meaning that it is synthesized from natural resources 

rather than from petrochemical feedstock. The polymerization of lactic acid begins with the 

synthesis of lactic acid (LA), regardless of the polymerization route chosen. LA is the base 

monomer of polylactic acid. It contains both a hydroxyl and a carboxylic acid functional group, 

and its asymmetric carbon bearing the methyl group gives rise to two enantiomeric forms, L- and 

D-lactic acid, thereby making it a chiral molecule. The enantiomers of LA units are presented in 

Figure 2.1 

 

Figure 2.1 Lactic Acid Enantiomers adapted from [2] 
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Lactic acid can be synthesized via a catalytic route. However, this method is less favored because 

it requires petrochemical feedstock and produces racemic lactic acid, i.e., an equal mixture of the 

D- and L-enantiomers [2]. The majority of lactic acid is therefore produced via fermentation. This 

method is preferred due to the possibility of using biowaste as a substrate, its lower energy demand, 

and the ability to select the enantiomer produced through the choice of microorganisms, thereby 

influencing the eventual properties of the PLA formed, among other factors [12], [13]. 

Lactic acid can be produced from carbohydrates, i.e., from various biomass sources. Table 2.1 

presents some examples of substrate sources, the types of biomass that can be used to produce LA 

via fermentation. The choice of biomass source directly affects the lactic acid production yield and 

determines the type of pretreatment required. 

Table 2.1 Example of substrate for the fermentation of lactic acid adapted from [12] 

Substrate Type Substrate Pretreatment 

Starch Sugarcane molasses Filtration 

Potato vinasse waste and 

sugar beet molasses 

N/A 

Sugarcane molasses and corn 

steep liquor powder 

Acid pretreatment 

Lignocellulose Corn residues Grinding and alkaline 

pretreatment 

Beech wood Organosolv pretreatment and 

enzymatic hydrolysis 

Dairy industry waste Whey N/A 

Whey powder Enzymatic hydrolysis 
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Subsequently, lactic acid undergoes condensation reactions to form low-molecular-weight 

oligomers. Oligomers can then be polymerized to yield lactide, the cyclic dimer used for ring-

opening polymerization (ROP) of PLA. Again, due to the chiral nature of the LA unit, the cyclic 

dimer formed (lactide) can exhibit three possible stereoisomeric configurations: L-lactide, D-

lactide, and meso-lactide. ROP allows control over chain tacticity by selecting the lactide isomer 

used, which directly affects the polymer’s crystallinity and properties, and is therefore the  

preferred route for producing high molecular weight polymers [14]. Polymerization can be carried 

out in different media (melt, solution, suspension, bulk), with the choice of medium affecting 

viscosity, reaction yield, and processing conditions [15]. Post-treatment steps such as drying are 

commonly performed but will not be considered here due to their variability.  

Most industrial processes use L-lactide to produce isotactic PLLA, which is highly crystalline and 

exhibits superior properties [16]. Similarly, polymerization of D-lactide yields isotactic PDLA. In 

contrast, polymerization of a racemic mixture of L- and D-lactide produces poly(D,L-lactide) 

(PDLLA), while meso-lactide leads to the formation of poly(meso-lactide) (PMLA) (see Figure 

2.2). Due to their stereoirregular backbone structure, both PDLLA and PMLA are unable to 
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crystallize efficiently and are therefore typically amorphous. As a result, they exhibit thermal and 

mechanical properties that differ significantly from those of stereoregular PLA [17].  

 

Figure 2.2  PLA obtained from ROP of (a) rac-lactide and (b) meso-lactide reproduced from [18] 

 

2.3 PLA Properties  

2.3.1 PLA Thermal Properties 

PLA thermal properties are strongly dependant on its tacticity. An isotactic PLA, like PLLA or 

PDLA, will have regular polymer chains, increasing the crystallinity of the polymer, resulting in a 

semi-crystalline polymer [19]. On the contrary, an atactic PLA, such as PDLLA or PMLA, will 

have a stereoirregular backbone, generally resulting in an amorphous [17]. 

 

Semi-crystalline PLA therefore displays a crystallization temperature (Tc) during cooling, as well 

as a melting temperature (Tm) and a cold crystallization temperature (Tcc) during heating, whereas 

amorphous PLA does not show these crystallization transitions. The melting temperature of 
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isotactic PLA typically ranges between 170 and 190 °C, whereas randomly optical PLA Tm ranges 

from 130-170 °C [20]. Crystallisation temperatures are generally observed in the ranges of 100–

160 °C, while the degree of crystallinity of PLA widely varies, ranging from nearly amorphous to 

about 35%, depending on processing conditions and molecular characteristics [21]. PLA’s 

crystallinity is influenced by several factors, such as molecular weight, stereoregularity, and 

thermal history. An increase in stereoregularity results in a more regular polymer backbone, which 

promotes crystal formation and consequently increases both Tc and Tm [22].  

 

The tacticity of PLA also affects its glass transition temperature (Tg) as it increases with the 

stereoregularity of PLA [22], [23]. Amorphous PLA typically exhibit a Tg in the range of 45-55 

°C, whereas semi-crystalline PLA ranges up 65°C [20]. The values of Tg increases with 

crystallinity, as crystalline domains hinder the movement of amorphous polymeric chains. The Tg 

values of amorphous PLA are therefore always lower than those of a semi-crystalline PLA.  

 

Stereoregularity is not the only factor that influences the thermal transitions of PLA, its Tg, Tm and 

Tcc generally increases with molecular weight. The intrinsic viscosity of PLA increases 

exponentially with molecular weight, making the polymeric chains less mobile and leading to 

higher transition temperatures. Furthermore, the higher viscosity caused by the increase in 

molecular weight makes the diffusion process more difficult during crystallisation. Consequently, 

a lower molecular weight PLA typically crystallizes more rapidly than a higher molecular PLA. 

Therefore, crystallisation occurs at a higher Tc during cooling, while Tcc decreases during heating 

because of the greater chain mobility for lower molecular weight PLA. This behavior may also 

lead to higher apparent crystalline content, just as observed by Pan et al. (2007) for PLLA [24].  

 

These thermal characteristics are particularly important for melt processing and rheological 

behavior, as chain mobility above Tg and structural organization near Tc and Tm directly influence 

viscoelastic response and processing temperatures. However, PLA’s processing is limited by its 

thermal stability. PLA is thermally unstable, with degradation initiating at relatively low processing 

temperatures, around 200 °C [25]. This thermal degradation leads to a decrease in PLA’s molecular 

weight, affecting its mechanical and rheological properties. In addition, elevated temperatures and 
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shear stresses further accelerate degradation, thereby limiting its processing window and the 

reliability of rheological measurements [26], [27]. The thermal stability of PLA is also influenced 

by several structural parameters, including tacticity, molecular weight, and degree of crystallinity 

[28]. PLA’s thermal resistance increases with crystallinity, as crystalline regions restrict chain 

mobility and therefore delay the thermal degradation [29]. Furthermore, Yang et al. (2025) found 

that lower molecular weight semi-crystalline PLA exhibited better thermal stability [30], which 

may be associated with the increase of cold crystallisation for lower molecular weight [28], [31]. 

They also reported that the activation energy of thermal degradation decreases with increasing 

molecular weight [30].  

 

2.3.2 PLA Mechanical Properties and Applications  

PLA is one of the most widely used alternatives to petrochemical-based plastics due to its 

biodegradability, which is why it is primarily employed in the packaging sector [32]. In addition, 

PLA exhibits notable mechanical properties, with a higher elastic modulus and tensile strength than 

polypropylene (PP) and high-density polyethylene (HDPE) [33]. PLA is also biocompatible, 

making it well-suited for biomedical applications. Its ability to absorb organic compounds, 

combined with its capillary properties, has further enabled its use in the fibers and textiles industry 

[32]. Some common applications of PLA are summarized in Table 2.2. 

Table 2.2 Common applications of PLA based on [32]  

Application Area Example of applications 

Packaging Plastic bottles, yogurt cups 

Agriculture Protective films against insects and climate 

Textile and Fibers Wipes, masks 

Biomedical Applications Drug delivery systems, scaffolds for bone 

tissue engineering, medical implants 
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2.3.3 PLA Rheology 

PLA has been the subject of numerous research recently, mainly for its biodegradable nature and 

potential as a sustainable alternative to petroleum-based polymers. PLA is widely used in 

applications such as fibers and packaging, and is often processed in the molten state [2]. It is 

therefore important to understand its melt rheological behavior. In the melt, PLA behaves as a 

viscoelastic polymer whose response depends strongly on molecular weight, temperature, 

stereochemistry, and thermal history.  

 

An important consideration for PLA melt rheology is its thermal stability, as extended exposure to 

high temperatures can induce molecular weight degradation, altering the measured rheological 

response. This limits certain experiments such as time–temperature superposition to a narrow 

temperature range, as measurements need to be above the melt temperature and stay underneath 

the degradation temperature [23]. This also makes it more difficult to reach lower frequency during 

frequency sweep measurements, as these experiments require longer measurement times and 

therefore increase the risk of thermally degrading PLA. 

 

PLA exhibits typical linear viscoelastic behavior of polymer melts. In small-amplitude oscillatory 

shear experiments, PLA generally shows a terminal flow region at low frequencies, its storage 

modulus follows a slope of 2 and its loss modulus follows a slope of one. At higher frequencies, 

the moduli reach a crossover points, and elastic moduli dominates. The complex viscosity of PLA 

presents typical shear-thinning behavior, decreasing as shear rate increases. It also presents a clear 

Newtonian plateau at low frequency [34].  

 

The rheological properties of PLA are strongly influenced by molecular weight, such as the zero-

shear viscosity [35]. Dorgan et al. (1999) found that the zero-shear viscosity of PLA increases with 

the 4.6 power of its molecular weight [34]. Therefore, even moderate reductions in molecular 

weight due to thermal degradation or hydrolysis can significantly decrease melt viscosity. PLA’s 

storage and loss moduli also decreases with a decrease in its molecular weight. Pan et al. (2007) 
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studied PLA blends low and high molecular weight and concluded that the rheological properties 

of the blends all decreased with the increase of low molecular weight PLA content [24], [36].   

 

Stereochemistry also influences the melt rheology of PLA. The fraction of D-lactide in the polymer 

chain can influence crystallization, chain packing, and molecular mobility. Increasing the D-lactide 

content of PLA generally disrupts the regularity of the polymer chains, which can affect not only 

the thermal but also the rheological properties of the material. An increase in stereo purity generally 

increases PLA’s viscosity. Dorgan et al. (2005) found that the plateau modulus of PLA varied 

within a range of about 20% with optical composition [23].  

 

2.4 Polymer Blends  

Polymer blends are an economical and versatile way to obtain new materials with tailored 

properties without the need to synthesize entirely new polymers. By combining existing polymers, 

it is possible to adjust mechanical, thermal, rheological, and degradation behaviors in a relatively 

straightforward and scalable manner. Polymer blends not only create new material, but they also 

are a powerful tool to investigate polymer behavior, such as chain interactions, relaxation 

dynamics, crystallization behavior, and degradation mechanisms. They offer insight on how 

molecular structure translates into macroscopic performance.  

 

However, only a limited number of polymer blends are made of miscible components, most 

polymer blends are thermodynamically immiscible. For a polymer blend’s components to be 

miscible, the free energy of mixing 	∆𝐺'$/ must be negative, ensuring mixing is spontaneous. 

Equation 2.8 is the definition of Gibbs free energy applied to blends. Miscibility between 

components therefore requires either a sufficiently negative enthalpy of mixing ∆𝐻'$/, or an 

entropic contribution 𝑆'$/ large enough to overcome a positive enthalpy term. In practice, ∆𝐻'$/  

is normally positive for polymer blends due to unfavorable intermolecular interactions and 𝑆'$/ is 

normally small due to the high molecular weight of polymer which limits the entropy gain upon 

mixing. As a result, the free energy of mixing remains positive in most cases, leading to 

immiscibility [37]. 
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∆𝐺'$/ = ∆𝐻'$/ − 𝑇𝑆'$/ (2.8)	 

 

Immiscible polymers separate into distinct phases rather than forming a single homogeneous phase 

in order to minimizes the system’s free energy. Phase separation can occur through different 

mechanisms, such as spinodal decomposition or nucleation and growth. Spinodal decomposition 

is characterized by an interconnected structure that spontaneously and continuously separates, 

while nucleation and growth by small domains of one phase that form and progressively expand 

over time. Phase diagrams are a useful tool to visually represent the thermodynamic conditions at 

which these decompositions occur. An example of a phase diagram is presented in Figure 2.3. 

Inside the binodal curve, the material present two distinct phases, while outside of this curve the 

material present one phase. Between the spinodal and binodal curves, the material is in the 

metastable region. The blend is biphasic, but phase separation occurs via nucleation and growth 

mechanism rather than by spinodal decomposition. These mechanisms lead to the development of 

a heterogeneous morphology characterized by dispersed domains or co-continuous structures [38].  
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Figure 2.3 Phase diagram of LCST AND UCST blends based on [39] 

 

Immiscible blends being prevalent, compatibilization is often required to enhance interfacial 

adhesion and stabilize the morphology. Compatibilization of blends aim to reduce the interphase, 

region that separates the polymer phases. It plays a critical role in governing the mechanical 

performance, rheological behavior, and long-term stability of the blend. Quantifying the degree of 

immiscibility, particularly through measurements of interfacial tension and morphological 

analysis, is therefore essential to understand and control blend properties. 

 

PLA has been widely blended with various polymers, including both biodegradable and non-

biodegradable materials, as well as bio-based and petroleum-based polymers. The primary 

objective of these blends is often to overcome some of PLA’s drawbacks, such as its relatively 

slow biodegradation rate in certain environments and its limited mechanical performance, such as 

its brittleness. PLA has been blended with several biodegradable polymers, including starch, 

chitosan, polycaprolactone, and poly(butylene succinate), often to enhance flexibility or 

biodegradability. In addition, blends with petroleum-based polymers such as polyethylene, 

polypropylene, polystyrene, polyamide, and poly(methyl methacrylate) (PMMA) have also been 

investigated to improve mechanical properties, thermal resistance, or processability. However, 
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most PLA blends are thermodynamically immiscible, leading to phase-separated morphologies, 

although miscibility has been reported in some systems, such as PLA/PMMA blends [40], [41]. 

 

Some studies have also investigated binary blends of different PLA grade, such as different 

molecular weight, tacticity, branching. Most of the literature focuses on blends of PLLA with 

PDLA, which can form stereocomplex crystals, when mixed with an equimolar ratio. The 

formation of stereocomplex crystals is known to results in materials with different properties than 

their homopolymers, such as higher crystallinity, higher transition temperatures, improved thermal 

stability and higher viscosity [42], [43], [44].  

 

Other studies have examined PDLLA and PLLA blends in order to understand the impact of 

PDLLA on PLLA’s crystallinity and their miscibility. In particular, Pan et al. (2009) found that 

PLLA and PDLLA were miscible at all compositions, and that PDLLA affected the crystalline 

structure of PLLA [45]. The miscibility of the blend was evaluated by studying blend crystallinity 

only. Tsuji and Ikada (1996) studied the impact of the varying molecular weight of PDLLA on the 

crystallisation behavior and morphology of PLLA by solvent blending equimolar blends of both 

PLAs. They found that the blends crystallinity was the highest for lower molecular weight PDLLA, 

and that the crystalline structure was more ordered for the lower molecular weight PDLLA. They 

also concluded that the two components were miscible, as PDLLA disrupts PLLA crystallization, 

implying intimate contact between the phases [46].  

 

However, the literature is not unanimous regarding the miscibility of PDLLA and PLLA, as 

previous conclusions were based solely on crystallinity results. Bouapao et al. (2009) reported 

immiscibility for PLLA and PDLLA blends at intermediate compositions (PLLA = 0.3–0.9), 

evidenced by the presence of two glass transition temperatures associated with the neat phases. 

They also showed that the presence of amorphous PDLLA reduces the crystallization rate of PLLA, 

while the crystalline structure remains identical to that of neat PLLA, indicating that PDLLA 

hinders crystallization kinetics without altering the crystal form [47]. Chen et al. (2003) also found 

PLLA and PDLLA to have poor miscibility. They observed two distinct Tg via DSC for all 
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composition tested, 80%, 60%, 50%, 40% and 20%, but concluded the addition of a surfactant 

could yield better miscibility, making PLLA tougher [48]. 

 

These studies aim to understand the effects of different blends on crystallization behavior, 

miscibility, rheological properties, etc. [23], [30], [34], [35]. However, blends involving PMLA 

with any PLA have not yet been reported in the literature, highlighting a gap in current research. 
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CHAPTER 3 OBJECTIVES  

3.1 Objectives 

This work aims to better understand the melt rheological and thermal behavior of PMLA by using 

PLLA as a well-characterized reference polymer in binary blends. The objectives of this work are 

to: 

• Investigate the thermal properties of neat PMLA and PLLA, as well as their binary blends, 

using differential scanning calorimetry. 

• Characterize the melt rheological behavior of PMLA, PLLA, and PLLA/PMLA blends 

under small-amplitude oscillatory shear. 

• Investigate the morphology of PLLA and PMLA blends and establish correlations between 

phase morphology and rheological behavior. 

• Analyze the miscibility and phase behavior of PLLA/PMLA blends through thermal and 

rheological indicators, such as model fitting and relaxation spectra. 

The main results are presented in the form of a scientific article in the next chapter. 
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4.1 Abstract 

Polylactide (PLA) is one of the most widely studied biodegradable polymer. However, poly(meso-

lactide) (PMLA), an amorphous PLA, remains poorly characterized.  This study investigates the 

thermal, rheological behavior, and morphology of poly(L-lactide) (PLLA) and poly(meso-lactide) 

blends across a wide composition range. Characterizations were performed using differential 

scanning calorimetry (DSC), small amplitude oscillatory shear (SAOS) rheology, and atomic force 

microscopy (AFM). Partial miscibility is suspected for the 10% and 90% w/w% HMW PLLA/ HMW 

PMLA compositions, while 30 w% HMW PLLA, 50 w% HMW PLLA and 70 w% HMW PLLA 

 
1 CREPEC, Department of Chemical Engineering, Polytechnique 
2 Department of Chemistry, Université de Montréal, Montréal, QC, Canada 
3 NatureWorks LLC, Plymouth, MN, USA; current affiliation Jed Randall Consulting LLC, Minneapolis, MN, USA 
4 CREPEC, Department of Chemical Engineering, Université Laval, Québec, QC, Canada 
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compositions exhibited immiscibility. DSC revealed two glass transition temperatures for 

immiscible blends, corresponding to those of the neat phases, 48.2 ± 0.1 °C for HMW PMLA and 

61.8 ± 0.4 °C for HMW PLLA, and a single Tg for partially miscible blends. AFM revealed an 

emulsion-type morphology at 30 wt% and 70 wt% HMW PLLA compositions, and a co-continuous 

structure at 50 wt% HMW PLLA. SAOS results presented a shoulder in the low frequency storage 

modulus for immiscible blends, and a slight shoulder for partially miscible blend. The Palierne 

model was used to fit the dynamic data of the immiscible compositions and estimated the dispersed 

phase relaxation time, reinforcing the immiscibility conclusions. Cole-Cole plots and relaxation 

spectra were obtained for all blends, showing two distinct relaxations modes for immiscible ones. 

These results suggest that PMLA and PLLA are immiscible at intermediate compositions, with 

hypothesized partial miscibility at low and high PLLA contents.  

Keywords: Polymer Blends, Poly(L-lactide), Poly(meso-lactide), Atomic Force Microscopy, Small 

Amplitude Oscillatory Shear, Palierne model 

 

4.2 Introduction 

Fossil-based polymers are widely used across numerous applications, yet they place considerable 

stress on the environment throughout their production and their disposal [1]. As a result, numerous 

efforts have recently been put towards research on biodegradable and biosourced polymers, 

including polylactide (PLA), a now well-known biobased aliphatic polyester. Because of its 

interesting mechanical properties, including high modulus and tensile strength, PLA is used in 

many different applications, such as medical devices, textiles and fibers and packaging [32]. PLA 

offers a promising opportunity to reduce the environmental footprint associated with conventional 

plastics. 

PLA is primarily obtained via ring opening polymerisation of lactide, a cyclic dimer of lactic acid 

that exists in three different isomers, L-Lactide, D-Lactide and meso-Lactide, as seen in Figure 1 

[49]. The physical and mechanical properties of the resulting PLA are strongly influenced by the 

stereochemistry of the lactide feed [50]. A feed predominantly consisting of L-Lactide or D-Lactide 

will form a crystalline polymer, while a racemic mixture of L-Lactide and D-Lactide (commonly 

referred to as DL-lactide or rac-lactide) or a feed mainly composed of meso-lactide will form an 
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amorphous polymer [17]. Glass transitions temperatures varies with this stereo structure, increasing 

with stereo purity and also crystallinity [23]. Amorphous PLA have a glass transition temperature 

(Tg) that ranges from 45 to 55 °C, while the Tg of semi-crystalline PLA can go up to 65 °C [20]. 

The rheology of PLA is also affected by its stereochemistry, as it impacts the chain regularity, 

packing, and characteristic ratio, or chain stiffness, which in turn affect the chain mobility of the 

polymer. The zero-shear viscosity and viscoelastic moduli are therefore higher for stereoregular 

PLA compared to stereoirregular PLA at equivalent molecular weight [17]. 

 

Figure 4.1 The three lactides isomer based on Groot et al.  [49] 

Poly(meso-lactide) (PMLA), a polylactide synthesized from meso-lactide, has only recently 

emerged as a potentially interesting PLA [17]. While PMLA shares structural similarities with 

PLLA, it can be expected to degrade faster than crystalline PLA as it is amorphous and has a lower 

Tg [51], [52], [53] and displays distinct thermal and rheological behaviors [17]. Randall et al. [17] 

reported that PMLA synthesised from meso-lactide is highly stereoirregular with short block 

lengths, resulting in a more flexible chain structure than stereoregular PLLA. Moreover, PMLA 

remains poorly understood. Blending PMLA with PLLA could thus be a promising approach to 

further understand its potential and its differences from other PLA types, especially given the 

processing challenges and degradation sensitivity of PLLA. The incorporation of PMLA could 

prove to be an attractive strategy to modulate the rheological and mechanical performance of 

PLLA-based blends.  Not only this approach could potentially accelerate PLLA’s degradation but 

also help alleviate the current technical challenges that impede the widespread industrial 
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application of poly(L-lactide) (PLLA), including its characteristic brittleness, limited thermal 

resistance, and suboptimal barrier properties. 

In this article, the morphological, rheological and thermal behavior of PMLA/PLLA blends are 

investigated over a wide composition range. Immiscible and suspected partially immiscible blends 

morphologies are imaged via atomic force microscopy (AFM). Small amplitude oscillatory shear 

(SAOS) data are obtained for the PLAs and their blends. SAOS data are fitted with two different 

emulsion type models. The miscibility or immiscibility of the blends is further investigated through 

the relaxation time spectrum analysis, as well as from differential scanning calorimetry data.   

 

4.3 Material and methods 

4.3.1 Materials 

Four grades of PLA were supplied by NatureWorks LLC™ (Table I), including two PLLA and 

two PMLA grades. Each polymer type was represented by one lower and one higher molecular 

weight sample, enabling direct comparison at matching molecular weight levels. 

Table 4.1 Nomenclature, molecular weight and D-lactide content of the four different grades of 

PLA 

Polymer Type Grade Description Molecular 
Weight Mn 
(kg/mol) 

D-Lactide 
content (%) 

HMW PLLA Ingeo 2500HP High Molecular 
Weight (HMW) 

194 0.5 

LMW PLLA Ingeo 6100D Low Molecular 
Weight (LMW) 

115 0.4 

HMW PMLA 752-27-01 High Molecular 
Weight (HMW) 

195 44.7 

LMW PMLA 752-27-02 Low Molecular 
Weight (LMW) 

135 45.1 
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4.3.2 Preparation of samples 

PLA pellets were dried overnight in a vacuum oven at 40 °C prior to processing. The samples were 

blended at 190 °C in an internal HAAKE™ Rheomix OS mixer (Thermo Scientific, USA) under a 

nitrogen atmosphere, with a roller rotor at a speed of 50 RPM for 15 minutes. PLLA of high and 

low molecular weight were blended respectively with 10, 30, 50, 70 and 90 %wt/wt of PMLA of 

high or low molecular weight. The resulting blends were then molded in a hot press at 190 °C under 

nitrogen atmosphere to form disks with a diameter of 25 mm and a thickness of approximately 1.5 

mm. Neat polymers were subjected to the same preparation for comparison purposes.  

 

Prior to AFM, samples were blended and pressed into disks as described, then rapidly quenched 

with ice. Samples were then sliced in a Microtome MT990 with CR1000 (RMC 

Boeckeler, Singapore).  

 

4.3.3 Measurements 

AFM 

As outlined in the Materials and Methods section, all samples were subjected to microtoming prior 

to atomic force microscopy (AFM) characterization. The morphology of the blends of HMW PLLA 

and HMW PMLA was investigated using AFM, as scanning electron microscopy (SEM) could not 

provide sufficient contrast. Both polymers are chemically similar, differing only in 

stereochemistry, which does not produce detectable contrast in SEM. AFM, however, revealed 

contrast by highlighting the difference in nanomechanical properties of both PLA phases and AFM-

IR provided unequivocal differentiation and effective identification of each PLA phase. 

 

Surface topography and qualitative nanomechanical contrast AFM images were acquired in 

ambient conditions using a NanoScope® 6 controlled-Dimension ICON atomic force microscope 

equipped with a Lakeshore temperature controller (Bruker, Santa Barbara, CA, USA). Images were 

acquired while operating in two imaging modes: PeakForce QNM and Phase Imaging Tapping 
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Modes. These surface characterization techniques were instrumental in visualising the morphology 

of each blend, as well as unravelling the fine nanometric phase structure of each phase. 

 

Quantitative Nanoscale Mechanical AFM Characterization (PeakForce QNM®) 

Topography and qualitative nanomechanical AFM images were acquired using the PeakForce 

QNM® Tapping mode. During the scan, force-distance curves are acquired off-resonance at a 2kHz 

rate and with a constant imaging force (Peak Force Setpoint) of 1500-2200 picoNewton while 

heating the sample stage at 50 °C. A contrast in the mechanical properties of HMW PLLA and HMW 

PMLA phases is expected at 50 °C as HMW PMLA glass transition temperature is below this 

temperature, whereas HMW PLLA is higher. We used RTESPA-330 aluminum coated, etched silicon 

probes with rotated tips (8 nm nominal tip radius, res. freq. 300 ± 100 kHz, spring constant k = 

40 N/m) manufactured by Bruker. Force curve processing was conducted in real time in order to 

extract nanomechanical property mapping channels. 

 

Data obtained from the height, dissipation, and indentation channels are presented. The height 

channel maps surface topography, and the dissipation channel quantifies the energy lost during the 

tapping cycle to viscoelastic interactions (largely due to viscous, inelastic deformation). Finally, 

the indentation channel maps the indentation depth the tip produced into the sample [54]. The DMT 

modulus channel, which indicates local stiffness and is calculated using the DMT model [54], was 

excluded because the contrast obtained was systematically inverted for all blends. The contrast 

inversion observed for the DMT modulus channel is likely attributable to a combination of the 

DMT model's limitations and the complexity of the tip–sample contact interaction. Consequently, 

this article exclusively focuses on the dissipation and indentation channels for the interpretation of 

nanomechanical phase behaviour. 

 

TappingMode PhaseImaging™ AFM Characterization 

The topography and phase images were acquired using TappingMode PhaseImaging™ at room 

temperature with a probe manufactured by Bruker (model: RTESPA-525A, aluminium-coated, 

etched silicon probes with rotated tips and a nominal tip radius of 8 nm, resonance frequency of 
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525 ± 150 kHz and spring constant of 200 N/m). Throughout the scan, oscillating damping of 

approximately 20% was applied. Phase imaging simultaneously maps topography (height sensor 

channel) and material’s viscoelastic behavior (phase channel). This is achieved by monitoring 

changes in the amplitude of an oscillating cantilever as a z-feedback loop constantly adjusts the 

piezo scanner's position in z to track the sample surface while simultaneously mapping the phase 

lag of the periodic signal driving the cantilever. The phase lag exhibited by the cantilever is 

indicative of disparities in the material's viscoelastic properties [55].  

 

Resonance enhanced AFM-IR 

IR spectra and IR maps were collected at ambient conditions on microtomed samples by means of 

photothermal AFM-IR spectroscopy operating in the Resonance Enhanced AFM-IR [56] and 

operating in contact mode with a commercially available NanoIR2 (Bruker, Santa Barbara, CA, 

USA.). The area under the probe is illuminated by a tunable pulsed infrared quantum cascade laser 

(QCL) (Daylight Solutions MIRcat) with four stages covering the spectral ranges:  1909–1660, 

1660-1451, 1451-1189 and 1189-911 cm-1 and an adjustable phase-locked loop (PLL). The 

absorption of infrared light excites vibrational modes localized on specific chemical groups, 

converting optical energy into vibrational energy. This vibrational energy initiates a thermal 

expansion pulse beneath the AFM tip, which is subsequently transmitted to the probe's resonance 

modes, which act as the local detector. The photothermal effects result in changes to the oscillation 

amplitude of the probe's cantilever, which is directly proportional to the sample's absorptivity. We 

use silicon gold coated probes model: PR-EX-nIR2-10 (20 nm tip apex diameter, res. freq. 

13 ± 4 kHz, spring. const. 0.07–0.4 N/m) manufactured by Bruker. The repetition rate for the QCL 

laser was set to match the contact resonance mode frequency of the cantilever (typical pulse rate ≈ 

180-200 kHz). The probe's motion is then measured by reflecting a laser beam off the PSD detector. 

Single-IR absorption spectra were acquired at the sample's surface with a 90° polarization of the 

IR laser light, with 128x scans co–added, laser power ≈ 1 % - 4 %, duty cycle of 10 % and spectral 

resolution was of 1 cm-1. In order to enhance the signal-to-noise ratio (SNR), a total of 5 spectra 

were averaged at each point. Single point spectra were smoothed using the Savitzky-Golay method 

(Polynomial: 3, number of smoothing points: 5). Topographic images and AFM-IR maps were 
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acquired simultaneously at scan rates set to 0.5 Hz. Depending on the scan size, the resolution 

ranged between 10 and 100 nm per pixel. 

 

Morphology Analysis 

The mean radius in number average Rn and in volume average Rv were calculated for the blends of 

30/70 %w/w and 70/30 %w/w HWM PLLA/HMW PMLA with Equations 1 and 2. The Saltikov 

correction was applied to account for the sample microtome cut not slicing all particle at their 

equator [57], [58]. The radius of the dispersed phase particles was obtained from the analysis of 

ten different 25 x 12.5 𝜇𝑚 AFM images for the 30% HMW PLLA blend and of three different 25 x 

12.5 𝜇𝑚 AFM images for the 70% HMW PLLA blend composition via ImageJ software. A minimum 

of 25 particles per images were analysed for the 30% HMW PLLA blend, and 130 particles for the 

70% HMW PLLA blend. The polydispersity 𝐼 was then calculated from Equation 3.  

𝑅0 =
∑𝑛$𝑅$
∑𝑛$

	 (1) 

𝑅& =
∑𝑛$𝑅$1

∑𝑛$𝑅$2
	 (2) 

𝐼 =
𝑅&
𝑅0
	 (3) 

where 𝑛$ is the number of droplets with radius 𝑅$ 

 

DSC 

Differential scanning calorimetric measurements were carried on a DSC-Q2000 (TA instruments, 

USA) under nitrogen. Samples of approximately 15.5 ± 0.5 mg of polymer were sealed in 

aluminum pans. First and third scan were conducted from 30 °C to 200 °C with a heating rate of 5 

°C /min. The second scan was conducted from 200 °C to 30 °C with the same cooling rate. The 

results were analyzed from the second and third scan via TA Instruments software. All 

thermograms presented were shifted vertically to clearly distinguish the different curves. A heat of 
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fusion for 100% crystalline polymer Δ𝐻'∗ of 93 J/g was used to calculate the crystallinity of the 

samples. Equation 4 was applied for the second heating cycle and Equation 5 for the cooling cycle.  

𝑋 =
Δ𝐻' − Δ𝐻33

Δ𝐻'∗ (4) 

𝑋 =
Δ𝐻3
Δ𝐻'∗ 	 (5) 

where Δ𝐻' , Δ𝐻33 and Δ𝐻3 are the enthalpies of melting, cold crystallisation and crystallisation. 

Rheology 

Rheometry was performed using a MCR-302 rotational rheometer (Anton Paar, Austria) under a 

nitrogen atmosphere. Tests were done with a parallel-plate stainless steel geometry with a diameter 

of 25 mm and a gap of 1 mm at 190 °C. Small amplitude oscillatory shear SAOS results were 

obtained in the linear viscoelastic regime with 10% amplitude strain over a frequency range of 0.1–

628 rad/s and 628-0.1 rad/s for all blends and neat polymers. Results were then assembled to 

remove any data affected by PLA degradation. Data were excluded beyond 10% degradation of the 

complex viscosity. The degradation times for the neat polymer and the blends were determined 

beforehand using time-sweep measurements at a strain amplitude of 10% and a frequency of 1 

rad/s. Additional lower frequencies were tested separately for the blends of 30/70 %wt/wt, 50/50 

%wt/wt and 70/30 %wt/wt HMW PLLA / HMW PMLA, in the range of 0.01-0.1 rad/s and 0.1-0.01 

rad/s. The same technique was used to exclude any degraded data. Relaxation spectra were 

calculated from the storage and loss moduli using the nonlinear regression technique NLREG [59]. 

Blends results are shown for the binary blend of HMW PLLA with HMW PMLA only. Other blends 

results can be found in the Supporting Information section.                                                     
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4.4 Results and Discussion 

4.4.1 Morphology Analysis 

The phase morphology and composition for the different HMW PLLA and HMW PMLA blends can be 

visualized in the atomic force microscopy (AFM) images acquired with the PeakForce QNM mode 

at 50 ◦C. Note that PFQNM performed at room temperature couldn’t not provide satisfying contrast 

between the two strereoisomers. The dissipation, indentation and height channels are presented in 

Figure 2. The mean radius obtain for emulsion type morphology are presented in Table II.  

 

Figure 4.2 Peak Force QNM AFM images acquired at 50 °C (25 x 12.5 𝜇𝑚.) of HMW PLLA and 

HMW PMLA blends with (a) 30 wt%  HMW PLLA (b) 50 wt% HMW PLLA (c) 70 wt% HMW PLLA 

and (d) 90 wt% HMW PLLA content. From left to right: Indentation, Dissipation and Height 

Sensor maps. 

Overall, the indentation channels displayed the HMW PMLA phase in a lighter colour, indicating 

that this phase had experienced greater indentation from the probe scanning at a constant force. 

The dissipation channels also displayed the HMW PMLA phase in a lighter colour. This is an 
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expected result, as softer materials typically exhibit higher dissipation.  Compared to the semi-

crystalline HMW PLLA phase, the HMW PMLA is amorphous and has a more flexible chain structure 

due to its stereoirregularity. This increased flexibility allows for greater viscous flow and structural 

rearrangement under the AFM tip, resulting in higher energy loss (hysteresis) during the tapping 

cycle. In contrast, stiffer materials show low energy dissipation because they deform elastically, 

returning most of the energy to the probe. The height sensor channel, which shows the sample’s 

topography, also correlates with the phase morphology and distribution observed in the other 

channels. The DMT modulus channel, which maps the local stiffness is calculated using the DMT 

mode [54], was excluded from this discussion on the basis that the contrast obtained was 

systematically inverted. For all blends, the HMW PLLA phase was darker in colour, suggesting a 

lower modulus than that of HMW PMLA’s. The DMT model is the continuum mechanics model that 

is used here to characterize the interaction between an AFM probe and the sample surface, it is an 

extension of the Hertzian contact model that assumes linear elasticity [60]. This assumption can 

lead to significant deviations from actual values as this model fails to account for viscoelastic or 

viscoplastic flow. For polymers that exhibit these types of behaviors or have brittle characteristics, 

the linear elastic premise is often invalid, resulting in modulus values that do not reflect intrinsic 

material properties[61]. For a rigid material, the reliability of the measured moduli decreases when 

the ratio of indentation depth to cantilever deflection is too low. Due to limited surface deformation, 

brittle materials such as HMW PLLA could lead to fitting errors of the DMT model. Further 

investigating of PLA’s phase deformation behavior will be needed to comprehend the obtained 

modulus contrast and draw conclusions about its origin; however, this is beyond the scope of the 

present work. 

 

The AFM images revealed an emulsion-type morphology for the 30 wt% HMW PLLA and 70 wt% 

HMW PLLA blends and a co-continuous morphology for the 50 wt% HMW PLLA blend, all 

immiscible blends morphology. In Figure 2 c), where HMW PMLA is the dispersed phase and HMW 

PLLA the matrix, the droplets are smaller than those observed in Figure 2 a). This difference can 

be attributed primarily to the viscosity ratio between the two phases, which is defined as the ratio 

of the dispersed phase viscosity over the matrix viscosity (𝜅 = 𝜂(/𝜂') [62]. In image c), HMW 

PLLA exhibits a higher viscosity than HMW PMLA, therefore 𝜅 < 1 and the matrix can transfer the 

flow more effectively to the dispersed phase, promoting droplet deformation and breakup, or 
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smaller droplets. Inversely, in image a), the dispersed phase (HMW PLLA) is more viscous and more 

elastic than the matrix (HMW PMLA) and 𝜅 > 1. The droplets exhibit a greater resistance to 

deformation and breakup is less efficient, favoring the formation of larger droplets [37], [62], [63], 

[64], [65].  

 

However, phase images obtained at higher magnification in tapping mode at room temperature 

(Fig. 3) seem to suggest partial miscibility for blends of 30 wt% and 70 wt% HMW PLLA. Both 

phases appear to display to some degree heterogeneity due to the presence of inclusions of the 

minor phase in the major phase and vice versa, as can be clearly discerned in the phase images of 

Fig. 3. However, this heterogeneity could also result from crystallisation-induced phase separation. 

Bouapao et al. [47] found that the addition of PDLLA, an amorphous polylactide, to PLLA 

significantly affects the crystallisation kinetics. PDLLA is excluded from PLLA crystalline 

domains, slowing crystal growth and creating PDLLA amorphous region alongside crystalline 

PLLA ones. The presence of heterogeneity in the blends of 30 wt% and 70 wt% HMW PLLA is 

further corroborated and visualised in the AFM-IR images mapped at a wavenumber of 1750 cm⁻¹ 

and shown in Fig. 4 and 5.  

 

Contrast could also be achieved for the blend containing 90 wt% HMW PLLA, though less obvious 

than in other blends. The observed morphology in the latter consists of two distinct phases with 

small, darker in color, HMW PMLA dispersed droplets in the HMW PLLA matrix of lighter color. This 

phase separation becomes more obvious in Figure 3 d) where the high magnification phase image 

of the inset reveal heterogeneity within the small dispersed HMW PMLA phase consistent with 

partial miscibility, although the two phases remain largely distinct.  
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Figure 4.3 Tapping Mode AFM images of HMW PLLA/ HMW PMLA blends with (a) 30 wt% HMW 

PLLA (b) 50 wt% HMW PLLA (c) 70 wt% HMW PLLA and (d) 90 wt% HMW PLLA content. Left: 

10µm × 5µm Height Sensor topographic image, center: topographic image of zoom inset & right: 

Phase image of zoom inset. 
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Additional phase composition was confirmed using Resonance Enhanced AFM-IR. The 

combination of AFM's high resolution and IR spectroscopy's compositional characterization 

capabilities enabled the spatial distribution of each polymer phase to be resolved at the nanometer 

scale, which was then correlated with their chemical identification and overcoming the diffraction 

limit of conventional infrared (IR) spectroscopy. With the help of AFM-IR, we were able to 

chemically distinguish the HMW PMLA phase from the HMW PLLA phase in HMW PLLA/ HMW PMLA 

blends containing a) 70 wt% HMW PLLA and b) 30 wt% HMW PLLA (Fig. 4). Figure 4 c) illustrates 

the AFM-IR spectra generated for the HMW PLLA phase (blue) and the HMW PMLA phase (red). 

The positions at which the spectra were acquired are labelled on the topographic image in Figure 

5 a) and b) as the blue and red cursors. Both spectra were very similar, with differences in the 

carbonyl stretching spectral region. The AFM-IR spectrum of HMW PMLA (in red) reveals two 

broad, less defined carbonyl stretch bands at 1776 and 1750 cm⁻¹, while the more crystalline HMW 

PLLA phase (in blue) shows splitting and narrowing of the carbonyl stretching modes, with the 

additional bands positioned at 1761 and 1780 cm⁻¹. The ester stretching spectral region is known 

to be sensitive to molecular order and conformation, as coupling of the C=O groups is expected for 

PLLA [66]. Such narrowing of bands has also been reported in the literature and has been linked 

to a highly ordered interlamellar state within a semicrystalline PLLA phase [67].   
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Figure 4.4 Morphological and compositional phase identification of two HMW PLLA/ HMW PMLA 

blends containing (a) 70 wt% HMW PLLA & (b) 30 wt% HMW PLLA , by photothermal AFM-IR. 

Left : 3µm × 1,5µm topographic AFM image & right: corresponding AFM-IR chemical map 

acquired at 1750 cm-1, highlighting the strong C=O stretch absorption of the HMW PMLA phase in 

yellow, (c) AFM-IR spectra for the HMW PMLA (red) and PLLA (blue). 

 

IR mapping of the HMW PMLA phase was performed on both blends by irradiating the area directly 

beneath the scanning probe with IR excitation fixed at 1750 cm⁻¹ throughout the scans. The AFM-

IR maps presented in Figure 5 (a) and (b) clearly depict the strongly absorbing HMW PMLA phase 
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(in yellow) against the HMW PLLA phase (in blue). Figure 5 (a) shows the 70 wt% HMW PLLA blend, 

which displays an absorbing HMW PMLA droplet phase (in yellow) dispersed in a HMW PLLA matrix 

(in blue). Inversely, the 30 wt% HMW PLLA blend displays much smaller HMW PLLA droplet phase 

(in blue), dispersed in an absorbing HMW PMLA matrix (in yellow). Higher-magnification (3 µm × 

1.5 µm) AFM-IR maps of both blends, performed at 1750 cm⁻¹ (Fig. 4), also suggest heterogeneity 

of the two phases, with smaller, nanometer-sized absorbing domains appearing scattered 

throughout the blue phase and vice versa. 

 

Figure 4.5 Morphological and compositional phase identification of two HMW PLLA/ HMW PMLA 

blends containing (a) 70 wt% HMW PLLA & (b) 30 wt% HMW PLLA by photothermal AFM-IR: 

Left : 25µm × 10µm topographic AFM image & right: corresponding AFM-IR chemical map at 

1750 cm-1, highlighting the strong C=O stretch absorption of the HMW PMLA phase in yellow. 

 

Table 4.2 Mean radius in number average Rn and in volume average Rv and polydispersity of the 

30% and 70% HMW PLLA blend 

Blend composition Volume average Rv 
(µm) 

Number average Rn 
(µm) 

Polydispersity I 

30 HMW PLLA / 
70 HMW PMLA 

1.50 ± 0.10 0.90 ± 0.10 1.72 

70 HMW PLLA / 
30 HMW PMLA 

0.71 ± 0.02 0.36 ± 0.03 1.97 
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4.4.2 Thermal Analysis 

The thermograms of all four different PLA are presented in Figure 6 and the DSC results are 

presented in Table III and IV. The experimental Tg of high and low molecular weight PLLA are 

61.8 ± 0.4 °C and 61.5 ± 0.1 °C, while they are 48.2 ± 0.1 °C and 47.6 ± 0.1 °C for PMLA. HMW 

PMLA and LMW PMLA are completely amorphous while both PLLA are semi-crystalline. The melt 

transition temperature of HMW PLLA and LMW PLLA are 178.1 ± 0.4 °C and 177.6 ± 0.1 °C 

respectively, while their cold crystallisation temperature (Tcc) are 106.0 ± 0.4 °C and 105.1 ± 0.4 

°C and their crystallisation temperature (Tc) are 103.1 ± 0.5 °C and 105.6 ± 0.4 °C. HMW PLLA and 

LMW PLLA have a crystallinity of 27 ± 1 % and 12 ± 1 % during the second heating, and of 1.4 ± 

0.4 % and 2.6 ± 0.2 % during cooling. Pan et al. [24] observed that the Tg, the Tm and the Tcc of 

PLLA increase with molecular weight. They also reported that the crystallisation rate of PLLA 

during cooling increases as molecular weight decreases, which could promote a higher crystalline 

content. This can explain what is observed here.  

 

Figure 4.6 Thermograms of neat PLLA and PMLA of low and high molecular weight 
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Table 4.3 DSC results from second heath curve of PLLA and PMLA low and high molecular 

weight 

Samples Tg (°C) Tm (°C) Δ𝐻'(J/g) Tcc (°C) Δ𝐻33(J/g) X (%) 

HMW PMLA 48.2 ± 0.1      

LMW PMLA 47.6 ± 0.1      

HMW PLLA 61.8 ± 0.4 178.1 ± 0.4 35.0 ± 1.0 106.0 ± 0.4 9.8 ± 0.7 27.0 ± 1.0 

LMW PLLA 61.5 ± 0.1 177.6 ± 0.1 43.0 ± 0.8 105.1 ± 0.4 32.0± 0.6 12.0 ± 1.0 

 

Table 4.4 DSC results from cooling of HMW PLLA and LMW PLLA 

Samples Tg (°C) Tc (°C) Δ𝐻3(J/g) X (%) 

HMW PLLA 59.1 ± 0.1 103.1 ± 0.5 1.3 ± 0.1 1.4 ± 0.4 

LMW PLLA 59.2 ± 0.2 105.6 ± 0.4 2.4± 0.2 2.6 ± 0.2 

 

The glass transition temperature (Tg) is a key indicator of a blend miscibility. The observation of a 

single Tg suggests the presence of a single homogeneous phase and, consequently, miscibility, 

while the presence of multiple glass transitions reveals multiple phases and therefore immiscibility 

[68], [69]. Partial miscibility can also be investigated through DSC. In binary blends, partial 

miscibility is typically reflected by the deviation of the blend’s glass transitions from the glass 

transition of its neat components. If the Tg remains unchanged from the neat components, this 

reveals complete immiscibility [38]. Figure 7 presents the thermograms for all blends of HMW PLLA 

with HMW PMLA. As previously noted, the thermograms were shifted vertically for clarity. 
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Figure 4.7 Thermograms of HMW PLLA and HMW PMLA blends 

 

The Fox equation gives further information on miscibility. This equation relates the blend 

composition to the glass transition of the neat phases to determine the expected glass transition for 

a miscible system [68], [69].  

1
𝑇4
=
𝑤5
𝑇4,5

+
𝑤.
𝑇4,.

	 (6) 

Figure 8 shows the glass transition of all the high molecular weight PLLA and PMLA blends. The 

dotted line represents the glass transitions predicted by the Fox equation, indicating miscibility at 

this composition. The presented Tg 1 and Tg 2 are the glass transition temperature associated with 

the HMW PMLA and the HMW PLLA phases, respectively. The blends with a composition of 30 wt% 

HMW PLLA, 50 wt% HMW PLLA and 70 wt% HMW PLLA all show distinctly two glass transitions 

with little to no deviation from the neat phases. These results indicate immiscibility for all these 

blend compositions, as indicated by the morphology observed via AFM. Bouapao et al. [47] also 

reported the presence of two distinct Tg for PLLA and poly(DL-lactide) PDLLA blends containing 

70, 50, 40 and 30 wt% PLLA. PDLLA is an amorphous PLA synthesized from L-Lactide and D-
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Lactide, while PMLA is synthesized from meso-Lactide. They therefore also concluded 

immiscibility of the blends at these compositions.  

 

Figure 4.8 Glass transition temperatures of HMW PLLA and HMW PMLA blends 

The blends of 10 wt% HMW PLLA and 90 wt% HMW PLLA present a single Tg associated with the 

matrix phase. The single Tg of both blends show a slight deviation from the neat polymer. However, 

the shift remains within the instrumental uncertainty and cannot be considered significant. The 

presence of a second glass transition is unclear. Given the proximity of the Tg values of HMW PLLA 

and HMW PMLA and the low contribution of the dispersed phase, any secondary transition is likely 

below the detection limit of the instrument. The system therefore does not appear fully miscible, 

although this conclusion is limited by experimental resolution. Bouapao et al. [47] also observed a 

single Tg for blends containing 10 and 90 wt% PLLA under quenched conditions. The 90 wt% HMW 

PLLA blend exhibited two Tg values when not quenched.  

4.4.3 Rheological Analysis 

The SAOS data of the four different PLAs and their blends are presented in Figure 9. The neat 

PMLA exhibits a lower complex viscosity than the neat PLLA, regardless of the molecular weight, 

which can be attributed to the disrupted stereochemistry of PMLA, or its greater flexibility [17]. 
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Furthermore, the higher molecular weight PLAs show increased viscosity, as seen experimentally 

by Yang et al. [36], and as expected by their longer chain lengths. All neat polymers present a 

nearly linear viscoelastic behavior with a long terminal zone, with a long plateau for the complex 

viscosity and a slope of approximately 2 for the storage modulus at lower frequency on the log-log 

scales [35]. 

 

Figure 4.9 Complex viscosity (a) and storage modulus (b) of the neat PLLA and PMLA at 190 °C 

 

Figure 10 presents the SAOS results for all blend compositions of the high molecular weight HMW 

PLLA and HMW PMLA. All blends deviate from the slope of 2 and exhibit a shoulder at lower 

frequencies, which gradually decreases from 0.1 rad/s to lower frequencies. This behavior is the 

result of the contribution of interfacial tension, precisely of the relaxation of the droplets of the 

dispersed phase for emulsion type morphology and of the relaxation of the continuous network for 

a co-continuous morphology [6], [70], [71], [72], [73]. The interfacial contribution is particularly 

pronounced for blends with compositions of 30/70, 50/50 and 70/30 wt/wt% of HMW PLLA/ HMW 

PMLA, suggesting immiscibility for these compositions. 
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Figure 4.10 Complex viscosity (a) and storage modulus (b) of HMW PLLA and HMW PMLA blends 

at 190 °C 

The 90% HMW PLLA blend shows higher viscosity values than the neat HMW PLLA at low 

frequencies, which could be attributed to the morphology observed by AFM, specifically the 

presence of the smaller dispersed phase for this composition. For the 10% and 90% HMW PLLA 

blends, the shoulder is less pronounced, and no visible decrease is observed. No reliable data could 

be acquired for angular frequency lower than 0.1 rad/s as the modulus approached the sensitivity 

limit of the rheometer. The slight shoulder observed in the storage modulus could be explained by 

immiscibility, the reduced interfacial contribution due to the smaller volume fraction of the 

dispersed phase.  This deviation could also be the result of partial miscibility, as phase separation 

translates in an increase in G’ in the terminal zone [11]. These behaviors are also present in blends 

of low molecular weight blends PLLA and PMLA as well as high with low molecular weight blends 

PLLA or PMLA (see the supplementary material, Fig. S1, S2 and S3).   

 

Rheological models are great tools to predict the behavior of polymer blends and estimate the 

interfacial tension between their components. They can also provide insights on the miscibility or 

immiscibility of the components. The Palierne model is a well-established model to predict the 

linear viscoelastic behavior of an immiscible polymer blend of an emulsion type morphology with 

spherical dispersed droplets of nearly uniformed size. This model is valid for a droplet size 
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polydispersity smaller than 2 while droplet interactions, such as breakup and coalescence, are not 

considered [6], [70], [71], [72], [73]. The Palierne model can be expressed as: 

𝐺#∗(𝜔) =
1 + 3∑ 𝜙$𝐻$∗(𝜔)$

1 − 2∑ 𝜙$𝐻$∗(𝜔)$
𝐺%∗ (𝜔) (7) 

where 

𝐻$∗(𝜔) =
4 : 𝛼𝑅&

< [2𝐺'∗ (𝜔) + 5𝐺(∗(𝜔)] + [𝐺(∗(𝜔) − 𝐺'∗ (𝜔)][16𝐺'∗ (𝜔) + 19𝐺(∗(𝜔)]

40 : 𝛼𝑅&
< [𝐺'∗ (𝜔) + 𝐺(∗(𝜔)] + [2𝐺(∗(𝜔) + 3𝐺'∗ (𝜔)][16𝐺'∗ (𝜔) + 19𝐺(∗(𝜔)]

(8) 

𝜙 is the volume fraction of the dispersed phase, 𝑅& is the average radius in volume of the dispersed 

droplets, 𝛼 the interfacial tension, 𝐺#∗(𝜔), 𝐺'∗ (𝜔) and 𝐺(∗(𝜔)  the complex modulus of the blend, 

the matrix and the dispersed phase respectively. The parameter 𝛼, the interfacial tension of the 

blend components, was fitted by minimising the mean square error between the storage moduli 

estimated by the Palierne model and the experimental SAOS data of the HMW PMLA/ HMW PLLA 

blend over the lower frequencies. The blend of 50% was not estimated, as the morphology is co-

continuous. 

 

The Palierne model fits for the blends of 10 wt% HMW PLLA, 30 wt% HMW PLLA, 70 wt% HMW 

PLLA and 90 wt% HMW PLLA are shown as solid lines in Figure 11. The data for the 30 wt% HMW 

PLLA and 70 wt% HMW PLLA blends are fairly well described by the model. However, the 

agreement is not perfect, which could be the result of the heterogeneity observed in both phases 

via AFM. This close agreement between the experimental data and the fits confirms the validity of 

the Palierne model assumptions. The interfacial tension estimated with the model is presented in 

Table V. Both compositions present comparable interfacial tension values, 0.15 mN/m ± 0.02 and 

0.10 mN/m ± 0.03. These values are relatively low compared to other PLA-containing blends, such 

as PLA/PBAT 1.25 mN/m and PLA/PBSA 1.57 mN/m, estimated by Nofar et al. [71] using 

Palierne fitting. A relatively low interfacial tension is expected for HMW PLLA/ HMW PMLA blend, 

as both phases are PLA-based.  



43 
 

 

Figure 4.11 Loss and storage moduli of the blends of high molecular weight PLLA and PMLA of 

(a)30 wt% HMW PLLA (b) 70 wt% HMW PLLA (c) 10 wt% HMW PLLA and (d) 90 wt% HMW PLLA 

content at 190 °C fitted with the Palierne model (Palierne) and the mixing law (ML) 
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Table 4.5 Interfacial Tension obtained from the Palierne model of the 30% and 70% HMW PLLA 

blend 

% of HMW PLLA in the blend Interfacial Tension a (mN/m) Radius Rv (µm) (from Table 
2) 

30 0.15 ± 0.02 1.50 ± 0.10 

70 0.10 ± 0.03 0.71 ± 0.02 

 

The model for the 10 wt% HMW PLLA and 90 wt% HMW PLLA overpredicts the interfacial 

contribution at lower frequencies. This could imply that these blend components are not fully 

immiscible, as previously stated. The SAOS data of these two blends were also fitted with the 

mixing law (dashed lines in Figure 11 c and d), a model that can predict the viscosity of miscible 

systems [7] :   

log 𝜂) = 𝑤( log 𝜂( + (1 − 𝑤() log 𝜂' 			 (9) 

 

where 𝑤( is the weight fraction of the dispersed phase, 𝜂) , 𝜂( and 𝜂' are the viscosity of the 

blend, the dispersed phase and the matrix respectively.  

 

At low frequencies, the model underestimates the storage modulus of the blend; there is therefore 

a contribution of interfacial tension, and these blend components are not fully miscible. Partial 

miscibility is then again suspected here because of the presence of this shoulder as well as the 

deviation of the mixing law at lower frequencies [8].  

 

A temperature sweep could provide insights on the degree of miscibility at these compositions, as 

changes in temperature would modify the system’s position within the phase. However, 

temperature-dependent rheological measurements in the melt are not easily carried out for PLA-

based systems. Sperenza et al. reported a progressive decrease in the Newtonian plateau of the 

complex viscosity of dried neat PLLA over time, with the onset occurring much earlier at 220 °C 

(around 1000 s) than at 180 °C (around 10 000 s) [74]. Thermal [26] and shear stresses[27] arising 
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from both blend processing and frequency sweep measurement further accelerate PLA degradation, 

thereby limiting the maximum temperature for rheological measurements. The relatively high 

melting temperature of PLLA also restricts the accessible temperature window. Another approach 

could be to investigate the miscibility at lower contents of the dispersed phase. However, the low 

modulus values obtained at low frequencies approach the sensitivity limits of conventional 

rheometers. Moreover, obtaining low frequency rheological data requires long measurement times, 

which further degrades PLA. These constraints limit the applicability of melt rheology for probing 

miscibility for this system and obtaining phase diagrams. 

 

Figure 4.12 Cole-Cole plots of HMW PLLA and HMW PMLA blends at 190°C 

 

Determining the relaxation times is another powerful tool to evaluate the miscibility of blends. 

Cole-Cole plots of the different blends of high molecular weight HMW PMLA and HMW PLLA were 

also obtained and are presented in Figure 12. The imaginary part of the complex viscosity 𝜂′′ is 

plotted against the dynamic viscosity 𝜂′, illustrating the different relaxation modes of the blends. 

The neat polymers present a single arc, which represents a single relaxation mode, therefore a 

single phase. The blends of 30 wt% HMW PLLA, 50 wt% HMW PLLA and 70 wt% HMW PLLA presents 
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an arc followed by a rise, corresponding to two different relaxation modes, therefore indicative of 

immiscibility of the polymer components. The blends with 10 wt% HMW PLLA and 90 wt% HMW 

PLLA exhibits miscibility, since a single arc is visible. These results seem to contradict the 

previous conclusions of partial miscibility. However, the interfacial tension contribution is small 

and limited data were acquired at low frequencies. This likely prevents the full observation of the 

second relaxation mode.  

 

Figure 4.13 Weighted relaxation spectra of HMW PLLA and HMW PMLA blends at 190°C 

If we relate these Cole-Cole plots to the relaxation spectra obtained from the SAOS data and 

calculated by NLREG and presented in Figure 13, we can observe these different relaxation modes. 

The relaxation times are indicated in Table VI. For the neat polymers, we see a single relaxation 

mode, with a characteristic time of 0.011 s for the HMW PLLA and at 0.014 s for the HMW PMLA. 

These are indicative of the PLA nature and correspond to the backbone relaxation of PLA chains. 

The typical relaxation time reported for PLA is around 0.01 s [9], [75]. The relaxation peak of HMW 

PMLA exhibits a lower amplitude than that of HMW PLLA, or a smaller contribution to the 

relaxation mechanism. The area under the curve of the relaxation spectra corresponds to the zero-

shear viscosity 𝜂7 [76], implying that HMW PLLA’s viscosity is higher than HMW PMLA, as 

experimentally observed. Randall et al. [17] reported a smaller block length and characteristic ratio 
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for PMLA compared to PLLA, supporting the enhanced chain mobility that could contribute to this 

behavior.  

 

For the immiscible blends containing 30 and 70 wt% HMW PLLA, a second relaxation time is 

observed. This relaxation is associated with the relaxation of the droplets of the dispersed phase 

within the matrix and reflects the contribution of interfacial tension. In other words, the relaxation 

time 𝜆. represents the time required for a droplet to recover its equilibrium spherical shape. The 

blend of 50% wt% HMW PLLA presents a shoulder rather than a distinct peak, which extends to 

latter relaxation time, not reached in the range of frequency tested. This behavior can be attributed 

to the co-continuous morphology of this blend [77]. The amplitude difference between the different 

compositions can be explained by the viscosity ratio. During rheological measurements, droplets 

of the dispersed phase are deformed and they store energy. More energy is stored for more easily 

deformable droplets, which corresponds to the case of a small viscosity ratio [78]. Since the HMW 

PMLA has a lower viscosity than the HMW PLLA, the viscosity ratio is smaller when the HMW PMLA 

is the dispersed phase and the HMW PLLA is the matrix. The amplitude observed in the relaxation 

spectra peaks is therefore more important as more energy is stored. This would explain why the 70 

wt% HMW PLLA blend has a higher amplitude than the 30 wt% HMW PLLA blend.  

 

The blends containing 10 wt% and 90 wt% HMW PLLA also exhibit a second relaxation process in 

Figure 13, although less pronounced than the fully immiscible blends. This relaxation can also be 

attributed to the contribution of interfacial tension. For the 10 wt% HMW PLLA blend, there is as a 

slight increase in the relaxation spectrum, indicating a small interfacial contribution. In the 90 wt% 

HMW PLLA blend, the contribution is more pronounced and comparable in amplitude to the 

contribution in the 30 wt% HMW PLLA blend. This is consistent with the low viscosity ratio in this 

composition, which favors stronger droplet deformation and higher stored elastic energy, therefore 

a higher amplitude [78]. Moreover, the second relaxation times observed for the 10 wt% HMW PLLA 

and 90 wt% HMW PLLA blends occur at shorter times than those of the fully immiscible blends. 

This shift toward shorter relaxation times implies that the dispersed phase of these blends relaxes 

more rapidly, which could be explain with the assumption of partial miscibility. 
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The relaxation time 𝜆. associated with the contribution of interfacial tension can also be predicted 

by the Palierne model with Equation 10 [79].   

    

𝜆. =
𝑅&𝜂'
4𝛼

(19𝜅 + 16)	[2𝜅 + 3 − 2𝜙(𝜅 − 1)]
10(𝜅 + 1) − 2𝜙(5𝜅 + 2)

		 (10) 

where 𝜅 is the viscosity ratio. 

 

The relaxation time 𝜆. was estimated for the blends of 30 wt% HMW PLLA and 70 wt% HMW PLLA 

only, as these are the compositions for which Palierne model provides reliable predictions. They 

are presented in Table VI alongside the relaxation times obtain from the relaxation spectra. The 

relaxation times obtained from the Palierne model are consistent with those observed from the 

NLREG calculated relaxation spectra, indicating good agreement with Palierne and further 

reinforcing the conclusion that these blends are completely immiscible. 

 

Table 4.6 Relaxation times obtained from the relaxation spectra and from the Palierne equation for 

the HMW PLLA and HMW PMLA blends 

HMW PLLA Content 
(%) 

Relaxation Time 𝜆5 
(s) 

Relaxation Time  𝜆. 
(s) 

Relaxation Time 
Estimated by the 

Palierne model 𝜆.(s) 

0 0.014 - - 

10 0.017 unreached - 

30 0.024 31 30 

50 0.021 unreached - 

70 0.014 23 23 

90 0.014 3.1 - 

100 0.011 - - 
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4.5 Conclusion 

In this study, the morphology, thermal and rheological properties of poly(meso-lactide) (PMLA) 

blended with poly(L-lactide) (PLLA) were determined for a wide range of compositions and 

different molecular weights. PMLA, an amorphous polylactide, has a lower glass transition than 

PLLA and present no crystallinity. In addition, PMLA also displays a lower viscosity as well as 

storage and loss moduli than PLLA, regardless of molecular weight. This behavior can be explained 

by the increased chain flexibility of the PMLA due to the highly disrupted stereo sequence of the 

backbone.  

 

The PLLA and PMLA miscibility was investigated through DSC, AFM and SAOS measurements 

combined with model fitting. The blends presented immiscibility at compositions of 30/70, 50/50 

and 70/30 wt/wt% of HMW PLLA/ HMW PMLA. DSC analysis revealed two distinct glass transition 

temperatures corresponding to HMW PLLA and HMW PMLA without any detectable deviation with 

respect to the neat components, 48.2 ± 0.1°C and 61.8 ± 0.4 °C respectively. SAOS measurements 

revealed the presence of a shoulder at lower angular frequencies, which was successfully fitted 

with the Palierne model, an immiscible emulsion type model, for the blend of 30 wt% HMW PLLA 

and 70 wt% HMW PLLA. Analysis using Cole-Cole plots and NLREG-derived relaxation spectra 

identified two unique relaxation times: one linked to the intrinsic molecular behavior of PLA and 

another associated with the blend’s interfacial dynamics. High-resolution AFM imaging verified 

that all immiscible blend compositions underwent phase separation, revealing an emulsion-type 

morphology in the 30 wt% and 70 wt% PLLA samples, while the 50 wt% PLLA blend exhibited a 

co-continuous architecture. Furthermore, nanomechanical mapping indicated structural 

heterogeneity within both phases of the 30 wt% and 70 wt% PLLA blends, a finding that was 

chemically validated through AFM-IR. 

 

The blends with the compositions of 10 wt% HMW PLLA and 90 wt% HMW PLLA could be partly 

miscible. DSC analysis revealed a single glass temperature for both blends. However, SAOS results 

showed a small shoulder in the storage modulus at low frequencies that could not be fitted with 

either miscible nor immiscible models. In addition, a relaxation time associated with interfacial 

tension was identified for both compositions. The partial immiscibility in the blend of 90 wt% HMW 
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PLLA was further corroborated by the presence of tiny droplets in the morphology images obtain 

by AFM, as well as the presence of heterogeneity in both phases. 

 

The study demonstrates that the HMW PLLA/PMLA blend system exhibits composition-dependent 

behavior, transitioning from potential partial miscibility at extreme concentration ratios to distinct 

immiscibility at intermediate levels. Although PLLA and PMLA are chemically identical 

stereoisomers of the same PLA molecule, their different stereochemistry results in distinctly 

diverging properties: crystalline, isotactic PLLA versus amorphous, atactic PMLA. Despite their 

immiscibility, the shared polylactide backbone ensures relatively low interfacial tension between 

the phases.  

 

We established a link between the thermal transitions, the rheological behavior and the specific 

emulsion-type and co-continuous morphologies identified by AFM’s nanomechanical 

mapping.  This provides a comprehensive understanding of how stereochemical differences dictate 

the functionality of PLLA/PMLA blends. Atomic force microscopy (AFM) has been a prevailing 

technique for acquiring nanomechanical, chemical, and structural properties of the blends, as it 

provided direct nanoscale visualisation of the dispersed states within the PLA blends and unraveled 

the complexity of their multilevel phase structure. Combining AFM’s nanoscale investigation with 

statistically averaged critical macroscopic properties provided by DSC and SAOS rheology was 

instrumental in achieving a comprehensive understanding of the blends. This approach is essential 

for designing novel materials, as it successfully bridges the gap between the intricate molecular 

architecture of the blends and their macroscopic behaviour and, ultimately, their performance. 

  

Our findings show that strategically incorporating poly(meso-lactide) (PMLA) effectively tunes 

the rheological and mechanical performance of poly(L-lactide) (PLLA) blends. This is achieved 

by leveraging PMLA’s flexible chain architecture to regulate chain mobility as well as accelerating 

biodegradation rates. 
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Supplementary Material 

See the Supplementary Material for the graphics of the complex viscosity and storage modulus of 

HMW PLLA and LMW PMLA blends, LMW PLLA and HMW PMLA blends and LMW PLLA and LMW 

PMLA blends. 
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CHAPTER 5 ADDITIONNAL RESULTS 

 

5.1 Thermal Analysis  

5.1.1 Differential Scanning Calorimetry 

Differential Scanning Calorimetry was performed for all blends and neat polymers. Only the results 

of the high molecular weight PLLA and PMLA blends were presented in the article, but all blends 

were tested experimentally. Table 5.1 presents the results of the HMW PLLA and HMW PMLA blends, 

table 5.2 presents the results of the LMW PLLA and HMW PMLA blends, table 5.3 the results of the 

LMW PLLA and HMW PMLA blends and table 5.4 the results of the LMW PLLA and LMW PMLA blends.  

 

Table 5.1 DSC results of blends of HMW PLLA and HMW PMLA 

Blend 

Composition 

Tg1 (°C) Tg2 (°C) Tm (°C) Tcc (°C) X (%) 

30% HMW PLLA 

70% HMW PMLA 

48.6 52.7 ± 0.40 175.69 ± 0.02  4.2 ± 0.10 

50% HMW PMLA 

50% HMW PMLA 

48.79 ± 0.05 62.0 ± 0.40 175.36 ± 0.06 97.82 ± 

0.06 

7.35 ± 0.05 

70% HMW PMLA 

30% HMW PMLA 

47.91 ± 0.04 61.54 ± 0.02 183.2 ± 0.20 97.82 ± 

0.06 

20.7 ± 0.40 
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Table 5.2 DSC results of blends of LMW PLLA and HMW PMLA 

Blend 

Composition 

Tg1 (°C) Tg2 (°C) Tm (°C) Tcc (°C) X (%) 

30% LMW PLLA 

70% HMW PMLA 

48.45 ± 0.09 60.53 ± 0.03 175.65 ± 0.02 123.2 ± 0.40 11.2 ± 0.90 

50% LMW PLLA 

50% HMW PMLA 

48.9 ± 0.20 60.6 ± 0.20 175.8 ± 0.20 123.2 ± 0.20 10.8 ± 0.10 

 

Table 5.3 DSC results of blends of HMW PLLA and LMW PMLA 

Blend 

Composition 

Tg1 (°C) Tg2 (°C) Tm (°C) Tcc (°C) X (%) 

50% HMW PLLA 

50% LMW PMLA 

48.2 ± 0.10 60.04 ± 0.01 175.5 ± 0.20 99.5 ± 0.50 6.2 ± 0.20 

 

Table 5.4 DSC results of blends of LMW PLLA and LMW PMLA 

Blend 

Composition 

Tg1 (°C) Tg2 (°C) Tm (°C) Tcc (°C) X (%) 

50% LMW PLLA 

50% LMW PMLA 

47.7 ± 0.10 60.00 ± 0.04 175.2 ± 0.40 97.9 ± 0.2 13.4 ± 0.40 

 

All the blends exhibit two distinct glass transitions for the compositions tested, 30, 50 and 70 wt% 

PLLA. This further confirms immiscibility at these compositions, as found in the high molecular 

blends, indicative that immiscibility of PLLA and PMLA is present for different molecular weights. 
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5.1.2 Dynamic Mechanical Analysis  

Dynamic Mechanical Analysis (DMA) was not performed due to difficulties encountered during 

sample demolding. Because PLA is relatively brittle, the use of a release agent in the mold did not 

prevent fracture during unmolding, and several specimens broke upon removal. Attempts to use a 

PTFE sheet to facilitate demolding were also unsuccessful, as slight deformation of the samples 

occurred. Since DMA measurements are conducted in the solid state and require specimens with 

precise and well-defined geometry, these deformations rendered the samples unsuitable for reliable 

analysis. 

   

5.2 Rheology 

The temperature selected for the rheological measurements was first determined by DSC analysis. 

A temperature of 190 °C was chosen, as the melting transition of high-molecular-weight PLLA 

ends at 187 °C, ensuring that all samples were fully molten during rheological characterization. 

 

5.2.1 Steady Shear Measurements 

Rheological experiments were first performed in steady shear. In figure 5.1, the steady state and 

the complex viscosity were plotted against the shear rate/angular frequency for the HMW PLLA, the 

HMW PMLA and the LMW PLLA. The concordance between both acquired viscosities confirms that 

the Cox Merz rule, presented in Equation 5.1, is valid for all three tested neat PLA, as is observed 

in literature for PLA. Indeed, The Cox Merz rule is valid for linear PLA for a large range of shear 

rates and frequencies [35]. The validity of the rule implies that the data acquired in SAOS is valid 

under steady state [3]. 

 

𝜂∗(𝜔) = 𝜂(𝛾̇)	 (5.1) 
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Figure 5.1 Complex and steady shear viscosity of HMW PLLA, HMW PMLA and LMW PLLA  

 

5.2.2 Small-Amplitude Oscillatory Shear Measurements 

The main rheological data were acquired in Small-Amplitude Oscillatory Shear (SAOS) mode. 

Prior to performing SAOS measurements, preliminary tests were conducted to ensure experimental 

conditions where within the linear viscoelastic (LVE) region. Both time sweep and amplitude 

sweep experiments were carried out to verify material stability and to identify the strain amplitude 

corresponding to the LVE domain.  

 

An example of amplitude sweep is presented in Figure 5.2. High and low frequency were tested on 

multiple shear strain. Results concluded that a shear strain of 0.1, or 10%, was a good option for 

measurements, as no complex viscosity data went down, but the strain was also high enough to 

have good data resolution.  
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Figure 5.2 Complex viscosity of HMW PLLA obtain from amplitude sweep at 190 °C 

 

Time sweep experiments were also performed, at an angular frequency of 10 rad/s and a strain 

amplitude of 10%. These measurements were carried out to evaluate the stability in time of the 

samples and to determine the time window over which the rheological data remain reliable. Figure 

5.3 presents an example of time sweep for HMW PLLA and HMW PMLA.  
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Figure 5.3 Complex viscosity of HMW PLLA and HMW PMLA obtained from time sweep at 190 °C 

 

Only high molecular weight PLLA and PMLA blends rheology results were presented in the article. 

However, SAOS measurements were realised for all blends of PMLA and PLLA. Figures 5.4, 5.5 

and 5.6 present the results of these blends. The beginning of the shoulder in the storage modulus at 

low frequency is visible for all blends. This shoulder is the clear sign of interfacial contribution, 

therefore confirming immiscibility for the compositions of 30, 50 and 70 wt% PLLA of all blends, 

low or high molecular weight.  
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Figure 5.4 SAOS data for LMW PLLA and LMW PMLA blends obtained at 190 °C 

 

 

Figure 5.5 SAOS data for HMW PLLA and LMW PMLA blends obtained at 190 °C 
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Figure 5.6 SAOS data for LMW PLLA and HMW PMLA blends obtained at 190 °C 

 

5.2.3 Model Fitting  

The Palierne model, presented in Equation 5.2, is a classic and well-known model to fit viscoelastic 

material with an emulsion type morphology. This model was selected because it is commonly 

applied to immiscible PLA-based blends with droplet–matrix morphologies. However, this model 

has important limitations as it assumes no interactions between phases [6].  

 

 

𝐺#∗(𝜔) =
1 + 3∑ 𝜙$𝐻$∗(𝜔)$

1 − 2∑ 𝜙$𝐻$∗(𝜔)$
𝐺%∗ (𝜔)	 (5.2) 

where 

𝐻$∗(𝜔) =
4: 𝛼𝑅&

< [2𝐺'∗ (𝜔) + 5𝐺(∗(𝜔)] + [𝐺(∗(𝜔) − 𝐺'∗ (𝜔)][16𝐺'∗ (𝜔) + 19𝐺(∗(𝜔)]

40 : 𝛼𝑅&
< [𝐺'∗ (𝜔) + 𝐺(∗(𝜔)] + [2𝐺(∗(𝜔) + 3𝐺'∗ (𝜔)][16𝐺'∗ (𝜔) + 19𝐺(∗(𝜔)]

	 (5.3) 
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The Gramespacher–Meissner (GM) model was also evaluated. The GM model loss and storage 

moduli are described by Equations 5.4 and 5.5. The relaxation time of the dispersed phase can 

directly be estimated from Equation 5.7. The GM model is typically considered when the Palierne 

model fails to adequately describe the experimental data [80]. The GM model considers slips at the 

interphase, unlike the Palierne model which assumes perfect stress transfer and no slip. This can 

arise in immiscible polymer blends with weak interfacial interactions or in the absence of 

compatibilization [6], [70], [80], [81]. Figure 5.7 shows the Palierne and the GM models for the 

blend of 10% HMW PLLA and 90% HMW PMLA while Tables 5.5 and 5.6 presents respectively the 

interfacial tension and the relaxation time of the dispersed phase obtained from both models. The 

GM model provided a comparable fit and yielded similar interfacial tension values to those 

obtained with the Palierne model. However, the relaxation time predicted by the GM model showed 

poorer agreement to the SAOS data than Palierne. The GM model was therefore not further 

pursued, as no new information was provided from this model fitting.  

 

 

𝐺)890(" = 𝜙(𝐺(" (𝜔) + (1 − 𝜙()𝐺'" (𝜔) +
𝜂
𝜆5
]1 −

𝜆.
𝜆5
^

𝜔.𝜆5.

1 + 𝜔.𝜆5.
(5.4) 

 

𝐺)890("" = 𝜙(𝐺(""(𝜔) + (1 − 𝜙()𝐺'""(𝜔) +
𝜂
𝜆5
]1 −

𝜆.
𝜆5
^

𝜔.𝜆5.

1 + 𝜔.𝜆5.
(5.5) 

with 

𝜂 = 1 +
(5𝑘 + 2)
2(𝑘 + 1)𝜙( +

5(5𝑘 + 2).

8(𝑘 + 1). 𝜙(
. 	 (5.6) 

 

𝜆5 = 𝜆7 	 `1 +
5(19𝑘 + 16)

4(𝑘 + 1)(2𝑘 + 3)𝜙(a	
(5.7) 
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𝜆. = 𝜆7 	`1 +
3(19𝑘 + 16)

4(𝑘 + 1)(2𝑘 + 3)𝜙(a	
(5.8) 

 

𝑘 =
𝜂(
𝜂'

	 (5.9) 

 

 

Where 𝜂( and 𝜂' are the viscosity of the dispersed phase and the matrix, 𝐺("  and 𝐺'"  and are the 

storage module of the dispersed phase and the matrix, 𝐺(""and 𝐺'""are the loss moduli of the dispersed 

phase and the matrix, 𝜔 the angular frequency, 𝜙( the volume fraction of the dispersed phase.  
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Figure 5.7 Storage and loss moduli experimental data (EXP) of (a) 30% HMW PLLA and (b) 70% 

HMW PMLA(c) 10% HMW PLLA and (d) 90% HMW PMLA fitted with the Palierne model and the 

Gramespacher–Meissner (GM) model 
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Table 5.5 Interfacial tension obtained from the Palierne an GM fit of the 30% and 70% HMW PLLA 

blend 

HMW PLLA 

Content (%) 

Radius Rv (µm) Interfacial Tension a 

Palierne (mN/m) 

Interfacial Tension a 

GM (mN/m) 

30 1.70 ± 0.20 0.17 ± 0.02 0.73 

70 0.64 ± 0.03 0.10 ± 0.01 0.50  

 

Table 5.6 Relaxation times of the dispersed phase 𝜆( obtained from the relaxation spectra, from 

the Palierne and the GM model for 30% and 70% HMW PLLA blend 

HMW PLLA 

Content (%) 

Relaxation Time 𝜆( 

(s) from SAOS data   

Relaxation Time 𝜆( 

(s) Estimated by the 

Palierne model  

Relaxation Time 𝜆( 

(s) Estimated by the 

GM model 

30 31 30 28 

70 23 23 18 

 

The Lee–Park model could represent a relevant alternative for future work, as it accounts for 

interfacial interactions. However, it is more complex to implement and was therefore beyond the 

scope of the present study. 

 

5.3 Thermal Degradation  

Thermal degradation was first investigated through rheology. Time sweeps were performed at 

190°C during at least 30 minutes for all neat PLA and for all blends prior to SAOS measurements 

for new blends. As previously presented in Figure 5.3, PMLA degrades faster than PLLA.  
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Time sweeps where also performed on all four neat PLA pellets. Solid metal inserts mounted on 

the parallel-plate geometry of the MCR 302 rheometer were used for these measurements. These 

inserts allowed for direct comparison between pellets and compression-molded disks by melting 

polymer pellets directly in the rheometer prior to measurements. By avoiding the thermal pressing 

step required for disk preparation, this procedure minimized the thermal history and reduced the 

risk of degradation. Figure 5.8 compares the complex viscosity of HMW PLLA obtain directly from 

pellets with that measured from compression molded disks. The disks sample exhibit clear signs 

of thermal degradation due to the processing steps. This is evidenced by the lower viscosity over 

the entirety of the experiment and by a steeper decrease in viscosity after approximately 10 min, 

suggesting a more pronounced degradation than pellets samples. However, for all SAOS 

measurements presented in the article, the neat polymers were blended and compression-molded 

into disks using a thermal press to ensured consistent sample preparation and direct comparison 

with the blends, which were also prepared as molded disks.  

 

 

Figure 5.8 Complex viscosity of HMW PLLA obtain from pellets and from compression molded 

disks 
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Thermogravimetric analysis (TGA) was performed on the neat PMLA grades to evaluate their 

thermal stability. The results confirmed that the LMW PMLA exhibits thermal degradation at a lower 

temperature than the HMW PMLA, as can be seen in Figures 5.9 and 5.10. The degradation initiated 

in the range of 250–270 °C, which is slightly above the rheological testing temperature of 190 °C.  

These results all suggests that prolonged thermal exposure influences the rheological results of 

PLA and contributes to variations in the measured data. 

 

 

Figure 5.9 TGA results of LMW PMLA 
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Figure 5.10 TGA results of HMW PMLA 

 

 

5.4 Film Casting 

Miscibility can be assessed by simple optical observation. For polymer blends, visual inspection 

of compression-molded films provides a qualitative indication of phase behavior: transparent films 

generally suggest miscibility due to the absence of large-scale phase separation, whereas turbidity 

or opacity indicates light scattering caused by phase domains, which is characteristic of immiscible 

systems [82]. 

 

Film casting was investing for both high molecular weight PLLA and PMLA, as well as their 70 

and 90 wt% PLLA blends. Prior to film preparation, the polymers were melt-blended at 190 °C 

under a nitrogen atmosphere for 15 min at 50 rpm. Polymers were than molded into films of a 

thickness of about 200 𝜇𝑚 by compression molding under nitrogen at 190 °C. Films were 

subsequently placed between room temperature metal plates in order to quench the samples. The 
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same conditions and equipment were used as any sample preparation done in this research to ensure 

comparable results.  

 

However, as shown in Figure 5.11, the results obtain were inconclusive. The text placed behind the 

films remained clearly visible in all four samples, two blends and two neat polymers, indicating 

that no significant turbidity was observed. Turbidity would be expected in both blends, mostly in 

70% (image c)) from rheological, thermal and morphology conclusions. Neat PLLA (image a) 

exhibits the most turbid sample, likely due to crystallization resulting from insufficient quenching 

during processing. Therefore, optical observations were deemed inconclusive and insufficient to 

draw definitive conclusions regarding the miscibility of the blends. 

 

 

Figure 5.11 Films of thickness of around 200 𝜇𝑚 of (a) HMW PLLA (b) HMW PMLA (c) 70/30 HMW 

PLLA/ HMW PMLA (d) 90/10 HMW PLLA/ HMW PMLA  
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5.5 Biodegradation and degradation 

Biodegradation and degradation study between PMLA and PLLA were considered. Because of the 

structural and thermal differences between PMLA and PLLA, such as a lower glass transition 

temperature, it is reasonable to hypothesize that PMLA may degrade faster than PLLA. However, 

these investigations were abandoned due to the complexity of experimental conditions.  Multiple 

environments and standards were considered for testing, including saline water, freshwater and 

compost., standardized biodegradation and degradation testing requires controlled environmental 

conditions and often specific factors such as elevated temperature, specific microorganisms or 

enzyme to trigger the degradation mechanisms. Implementing such protocols would have required 

additional equipment and long-term monitoring beyond the scope of this work. 

 

Nevertheless, these analyses remain an important direction for future work. The impact of added 

PMLA to PLLA on degradation should be investigated as well. A systematic study would help 

determine whether PMLA indeed degrades more readily than PLLA and provide deeper insight on 

the mechanisms governing their environmental degradation. 
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CHAPTER 6 CONCLUSION AND RECOMMENDATIONS 

 

This thesis aimed to clarify the behavior of poly(meso)lactide (PMLA) via blends with poly-l-

lactide (PLLA). While PLLA is widely studied and industrially relevant, PMLA remains mainly 

uncharacterized, particularly regarding its miscibility, rheological and thermal behavior when 

blended with semicrystalline PLA. 

 

The results demonstrate that PLLA/PMLA blends exhibit immiscibility and possible sign of partial 

miscibility at intermediate compositions, while they exhibited partial miscibility at extreme 

compositions. Morphological observations realized via AFM confirmed the presence of distinct 

phases for all blend, precisely of co-continuous morphology for the blend of 50% HMW PLLA and 

of an emulsion-type morphology for all other blends tested. They also highlighted the presence of 

minor phase inclusions in the major phase and vice versa for the 30% and 70% HMW PLLA blends. 

 

Thermal and rheological analyses provided insight into phase behavior and miscibility as well. 

DSC indicated immiscibility by showcasing two different Tg for the blends of 30%, 50% and 70% 

HMW PLLA blends, but could only revealed the presence of a single Tg for the 10% and 90% HMW 

PLLA blends. SAOS measurements revealed the presence of a shoulder in the storage modulus at 

low frequency, indicative of interfacial tension effects. The immiscibility conclusion for the blends 

of 30%, 50% and 70% HMW PLLA blends was further supported by the presence of a relaxation 

mechanism associated with interfacial tension in the relaxation spectra, as well as by model fitting 

consistent with immiscible polymer blends, the Palierne model. The blends with suspected partial 

miscibility, 10% and 90% HMW PLLA blends, displayed a smaller relaxation mechanism associated 

with interfacial tension and could not be successfully fitted by either Palierne model or the ideal 

mixing law.  

 

Thermal stability was also investigated, revealing that PMLA exhibits different degradation 

behavior compared to PLLA. A decreased in the molecular weight of PMLA also implied a lower 
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degradation temperature. These differences suggest that incorporation of PMLA may influence 

processing stability, which is critical for melt-based manufacturing techniques.  

 

Some experimental approaches initially planned in this work could not be fully realized. Dynamic 

mechanical analysis (DMA) was abandoned due to demolding issues associated with the brittleness 

of PLA-based materials, which prevented the preparation of geometrically precise specimens 

required for solid-state measurements. Similarly, the intended biodegradation study was not 

completed, primarily due to experimental complexity and time limits. Although these aspects were 

not experimentally finalized, they revealed important processing limitations and highlighted the 

inherent brittleness of PLLA and PMLA, as well as the need for further research.  

 

In conclusion, this thesis advances the understanding of PLLA/PMLA blends by elucidating their 

miscibility limits, morphological development, rheological and thermal behavior. It highlights both 

the potential and the limitations of incorporating PMLA into PLA-based materials, as well as 

clarifying rheological and thermal behavior of PMLA.   

 

Future research should further investigate compatibilization strategies, detailed degradation 

mechanisms in various environments (hydrolytic, enzymatic, and composting conditions), and the 

influence of molecular weight on phase morphology. DMA analysis could also be pursued in order 

to confirm DSC findings, which were limited in the present study by instrument resolution. A 

deeper understanding of interfacial properties and long-term stability would also be valuable for 

evaluating the industrial viability of these blends. 
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APPENDIX A ARTICLE SUPPLEMENTARY MATERIAL  

 

Figure S1. SAOS data for LMW PLLA and LMW PMLA blends obtained at 190 °C 

 

Figure S2.  SAOS data for HMW PLLA and LMW PMLA blends obtained at 190 °C 
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Figure S3.  SAOS data for LMW PLLA and HMW PMLA blends obtained at 190 °C 


