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Abstract 

This thesis proposes strategies to improve the crystallinity and mechanical properties of poly(lactic acid) 

(PLA) and investigates the effects of these modifications on hydrolytic degradation. The effect of long-

chain branching (LCB) on the hydrolytic degradation at 60°C was monitored through the mass loss, molar 

mass distributions, and thermal properties of degraded specimens. A three-week induction period prior to 

the onset of mass loss coupled with an immediate loss in molar mass of over 80% in the same timeframe 

pointed to a bulk erosion mechanism. The highest loss in molar mass was observed in the z-average molar 

mass (Mz) of LCB PLA, exceeding 90% in the first three-weeks, and was attributed to the cleavage of the 

LCB segments from the polymer chain. Degradation-induced crystallinity resulted from the enhanced 

chain mobility at the experimental conditions, owing to the combined influence of annealing and the 

plasticizing effect of water. Although the hydrolysis profile differed between the linear and branched 

PLAs, branching did not affect negatively the extent of degradation over a 12-week period. 

Increases in the crystallinity of PLA from 5% to 20% were achieved through reactive extrusion and the 

addition of biofiller (BF), a novel type of cross-linked PLA-based nucleating agent. The crystallinity of 

the nucleated formulations was further increased to over 50% by annealing at temperatures between 80 

and 120C. The BF additive was particularly effective in improving the crystallinity due to its PLA-based 

nature, which provided good compatibility with the matrix material. Owing to the improved 

crystallinities, the annealed materials demonstrated over 30% increases in flexural moduli compared to 

the neat material, while impact strength was maintained. Annealing of the modified PLA also resulted in 

10°C increases in the glass transition temperatures followed by improvements in the heat deflection 

temperature (HDT) by as much as 7°C. An annealing temperature of 100C was selected as optimum, due 

to evidence of thermal degradation taking place above this temperature. When subjected to hydrolysis 

over a 12-week period, the nucleated and annealed PLA degraded to the same extent as the untreated 

PLA, with over 30% loss in mass and 90% loss in molar mass.  
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Chapter 1 

Introduction 

The widespread use of plastics has resulted in rapid industry growth, with global production surging from 

50 million metric tons in 1976 to 348 million metric tons in 20171. Although plastics are a convenient and 

versatile material, their functional benefits come at a cost to the environment. Many of the most 

commonly used plastics including polyethylene (PE), polypropylene (PP), and polystyrene (PS) are 

derived from non-renewable fossil fuels and are termed petroleum-based plastics (PBPs). The 

manufacturing of PBPs is responsible for 70 million tonnes of CO2 emission per year, contributing to 

climate change through approximately 1% of the annual U.S. greenhouse gas emissions (GHG)2. 

Traditional PBPs do not degrade and contribute heavily to landfill waste. Given these issues, recent 

research and development efforts have focused on the use of bioplastics, which may offer an effective 

way to maintain the advantages of conventional plastics, while reducing environmental impact3. 

1.1 Bioplastics 

A thermoplastic material is defined as a bioplastic if it is either biobased, biodegradable, or features both 

properties4. A biobased plastic is one that is derived from biomass, such as polysaccharides, cellulose, or 

bacteria, or renewable natural resources, such as corn, sugarcane, or rice. Biodegradable plastics are those 

which can breakdown through microbial action into compounds which include water, carbon dioxide, 

biomass, and humus3. 

Many inherent limitations have restricted the growth and development of bioplastics. From an economic 

standpoint, the higher cost of bioplastics relative to PBPs hinders their widespread market acceptance5,6. 

Furthermore, the thermal and mechanical properties of bioplastics must match or improve upon those of 

PBPs in order to effectively to replace them. Other issues such as a lack of policy development 

surrounding bioplastics and limited end-of-life composting facilities have also hindered their acceptance 

and implementation5–8.  
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Despite these limitations, factors such as the geopolitical challenges associated with petroleum 

availability and the growing environmental concerns surrounding PBP production and disposal have 

contributed to significant interest in PBP alternatives and continued research and development in 

bioplastics. Bioplastics offer advantages compared with PBPs in their energy consumption during 

production, waste management, and carbon footprint, in addition to contributing to a circular economy 

through their sustainable life cycle5–7,9. The most popular and sustainable type of bioplastics are those 

which are both biobased and biodegradable, such as poly(hydroxyalkanoate) (PHA), poly(3-

hydroxybutyrate) (PHB), poly(butylene succinate) (PBS), and poly(lactic acid) (PLA)10.  

1.2 Poly(lactic acid) (PLA) 

One of the most promising bioplastics is PLA, which attracts wide interest as a viable alternative to 

traditional PBPs11. PLA is a colourless, glossy, stiff, thermoplastic polyester with mechanical properties 

that resemble those of commodity plastics such as polyethylene (PE), polypropylene (PP), and 

polystyrene (PS)12.  

PLA is an inherently sustainable material: it is derived from renewable resources and is biodegradable, 

recyclable, and compostable at the end of its life13,14. The production of PLA utilizes 30-50% less fossil 

fuels, requires 25-55% less energy, and generates 50-70% less CO2 emissions compared to PBPs15,16. The 

biocompatibility of PLA is advantageous when considering potential medical applications. In-vivo, PLA 

hydrolyzes to lactic acid which is incorporated into the tricarboxylic acid cycle and excreted from the 

body as carbon dioxide and water17,18.  

1.2.1 Processing, Properties, and Applications 

Given that PLA is derived from a chiral compound, lactic acid, its stereochemistry can be modified by 

polymerizing a controlled mixture of L- or D-isomers19. PLA is naturally hydrophilic due to its polar 

oxygen linkages20 (Figure 1.1) and this characteristic is responsible for its decomposition in response to 

surrounding moisture and temperature. PLA is degraded by simple hydrolysis of the ester bond and does 

not require the presence of enzymes to catalyze this hydrolysis21.  
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Figure 1.1: Structure of PLA 

PLA can be processed using standard plastics equipment, such as injection molding, film casting, and 

extrusion, to yield molded parts, film, or fibers12,22,23. PLA has glass transition and melt temperatures of 

approximately 55°C and 175°C, respectively, and requires processing temperatures in excess of 185-

190C12,24. However, at temperatures above 200°C, PLA undergoes unzipping and chain scission 

reactions leading to loss of molar mass and thermal degradation12. Consequently, PLA has a very narrow 

processing window. PLA is also limited by its lack of melt strength, slow crystallization rates, and poor 

engineering properties such as impact strength and heat resistance25. These deficiencies mainly stem from 

the linear chain architecture of PLA, and limit its success in processing methods involving high stretch 

rates such as film blowing, thermoforming, and foaming25. 

Despite the processing difficulties, a number of consumer products currently use PLA26. Initially, most 

PLA applications were focused on high-value-added biomedical applications such as sutures, stents, and 

drug delivery systems due to the high initial cost of synthesizing PLA. More recently PLA has gained 

popularity in the packaging and textile industries26,27, offering mechanical properties superior to 

polystyrene (PS) and comparable to polyethylene terephthalate (PET). According to the Food and Drug 

Administration (FDA), PLA is Generally Recognized As Safe (GRAS) when used in contact with food 

and therefore has become a sustainable material of choice in the food packaging industry28. PLA is also 

widely used as a material in the field of 3D printing29.  

1.2.2 Branching by Reactive Extrusion 

To address the lack of melt strength and poor properties of PLA, several approaches have been proposed 

to achieve chain extension and/or branching in PLA. In contrast to adopting synthetic routes to develop 

branched PLA, methods which employ reactive modifications in the melt state are generally considered to 

be more convenient and industrially relevant25. Peroxide-initiated reactive extrusion in the melt state, 
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assisted by coagents, has frequently been used as a means to introduce long-chain branching in linear 

polymers, such as polypropylene30,31. More recently, branched or cross-linked PLA has been obtained 

through free-radical processing, initiated by organic peroxides32,33, in the presence of multifunctional 

coagents, such as pentaerythritol triacrylate (PETA), trimethylolpropane triacrylate (TMPTA), and triallyl 

isocyanurate (TAIC)34–39. In comparison to commonly employed acrylate-based coagents, a trifunctional 

allylic coagent, triallyl trimesate (TAM), has been identified by our group as a particularly advantageous 

coagent at very low concentrations25,40,41. 

The solvent-free, peroxide-initiated grafting of TAM resulted in substantial improvements in the melt 

strength, strain-hardening, crystallinity, and crystallization kinetics of PLA25,40. Characterization of the 

chain architecture of TAM-modified PLA revealed that it is comprised of two types of chain populations: 

linear chains, which remain unreacted, and long-chain branched (LCB) structures generated through the 

combination of the trifunctional coagent with PLA macroradicals34,38,42,43. The formation of complex 

TAM structures interpenetrated within the PLA matrix was also proposed42. TAM is prone to 

oligomerization reactions and in the presence of peroxide, free radicals may react with the aliphatic 

unsaturated sites present in TAM, rather than abstracting hydrogen from the PLA chain42,44,45. The LCB 

structure was confirmed by the pronounced deviations of the intrinsic viscosity from the linear Mark-

Houwink trends and its presence was associated with increases in molar mass, viscosity, elasticity, and 

strain hardening characteristics, along with pronounced shear thinning42,46. In addition, it was proposed 

that the branched chains act as nucleating sites, promoting crystallization under controlled cooling rates of 

5Cmin-1 provided by differential scanning calorimetry (DSC)42.  

Coagent modification using allylic coagents is very effective because of the better oligomer solubility in 

the ester-based matrix, compared to hydrocarbon systems47. Unlike TAM conversion in hydrocarbons, 

which leads to a precipitation polymerization reaction and thus loss of coagent48, reactions with TAM 

conducted in polyesters do not incur loss of oligomeric intermediates. This phase stability advantage of 
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PLA allows all coagent charged to a formulation to be used for LCB production and is the cause of the 

remarkable LCB grafting yields of TAM-modified PLA47. 

The extensive studies on TAM-modified PLA have unambiguously confirmed improvements to the 

processing characteristics and properties of PLA, suggesting that peroxide-initiated reactive extrusion 

using TAM is an industrially relevant and promising approach for PLA modification. The improvements 

observed in TAM-modified PLA are expected to facilitate its use in operations such as foaming, injection 

molding, and film processing25. Despite such promise, there remain challenges which must be addressed, 

including the selection of processing conditions to optimize the crystallinity and mechanical properties, 

and the assessment of the effect of LCB on the degradability of PLA. 

1.3 Thesis Objective 

The peroxide-initiated reactive modification of PLA using multifunctional coagents has been well 

researched by our group25,40,42,46,47. However, despite the literature on the topic, the impact of such 

modifications on the degradation of PLA is largely unknown. The first objective of this thesis is to 

conduct an in-depth, long-term degradation study on reactively modified PLA, and to investigate the 

effect of LCB on the degradation characteristics of these materials. This knowledge will determine the 

relevance of this modification method, as degradability is a key contributor to the sustainability and 

market value of PLA. 

Although TAM-modified PLA has accelerated crystallization kinetics compared to its parent material, 

such improvements were only demonstrated during controlled cooling conditions using DSC25,42. The 

second objective of this research is therefore to study the thermal and mechanical properties of PLA 

processed under well-controlled conditions. The detailed study of the structure-process-property relations 

of reactively modified PLA will enable the identification of processing conditions to achieve optimum 

thermal and mechanical properties.  
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1.4 Thesis Organization 

This thesis is organized into five chapters. The present chapter, Chapter 1, has served as an introduction to 

bioplastics, and has demonstrated the motivation to use branched PLA. Chapter 2 is a comprehensive 

literature review focused on PLA lifecycle, degradation, and composting, as well as the structure-process-

property relations of PLA and their relation to crystallinity development during processing. Chapter 3 

focuses on the effects of branching on the hydrolytic degradation of LCB PLA. Chapter 4 examines the 

effects of annealing PLA at various temperatures on its thermal and mechanical properties. Finally, 

Chapter 5 summarizes the major conclusions of this work and recommends avenues of research to pursue 

in future work. 
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Chapter 2 

Literature Review 

2.1 Life Cycle Analysis 

Life cycle assessment (LCA) is a commonly used methodology to assess the environmental performance 

and impact of products, considering all stages of life1. According to ISO standards, a LCA consists of four 

phases: i) goal and scope definition (establishing the extent of the analysis and system boundaries); ii) 

inventory analysis (input/output analysis of mass and energy flows from operations along the product’s 

value chain); iii) impact assessment (evaluation of environmental effects and relevance); and iv) 

interpretation (e.g. optimization potential)2,3. LCA can be useful for product development and 

improvement, strategizing plans, making public policies, and developing new marketing norms4.  

LCA considers materials as product systems, accounting for various stages throughout their life. 

Optimally, LCA is performed by a cradle-to-grave analysis, including all inputs and outputs, extending 

from the production of raw materials (the “cradle”) to the final disposal of all possible consumer products 

(the “grave”)5 (Figure 2.1). The scope of an LCA can be narrowed through a cradle-to-gate study, which 

starts with the extraction of raw material and ends when the finished product leaves the factory gate. 

Cradle-to-cradle analysis is sometimes used in place of cradle-to-grave and indicates that a product can be 

disposed of and returned back to the natural environment2.  

 

Figure 2.1: Life cycle stages, from Landis 2010 2 

PLA is generally regarded as a sustainable material, due to its inherent renewability and ability to be 

recycled and to degrade. The life cycle of PLA is based on a closed loop system which includes: 
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polymerization, processing and production, distribution, consumption or use, collection and sorting, 

recycling, and composting (Figure 2.2). 

 

Figure 2.2: Life cycle of PLA, from Environmental Resources Ltd 6 

A significant amount of research has been conducted on the life cycle of PLA, with findings supporting 

its sustainability and potential to reduce the environmental impact of plastic products compared to PBPs7. 

A comparative LCA of cold drink cups composed of PLA, polyethylene terephthalate (PET), and 

polypropylene (PP) showed that the PET life cycle had the highest demand for non-renewable resources, 

followed by PP, and then PLA7. 

Vink et al. published a series of LCAs considering PLA production from cradle-to-gate5,8,9. The PLA 

production process presented less generation of greenhouse gases (GHGs), less use of material resources 

and non-renewable energy, and a lower global warming potential compared to the processing of PBPs9. A 

similar study on PLA blends made from cane sugar reached the same conclusions, but also highlighted 

the contributions of PLA production to acidification, eutrophication, and farm land use1. 

LCAs have also been conducted on PLA end-of-life scenarios. Studies on PLA disposal showed that 

composting, chemical recycling, and mechanical recycling present low environmental impact. The 
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recycling methods had the lowest environmental impact due to the potential re-use and re-polymerization 

of the output material of such processes, thus extending the life cycle10,11. Other studies have compared 

mechanical and chemical recycling of PLA, showing that chemical recycling has a larger environmental 

footprint, while the use of mechanical recycling yields lower quality PLA with loss of polymer 

properties12–15.  

To provide context to LCA, it is important to have a fundamental understanding of the key life cycle 

stages. This literature review will highlight two aspects of the PLA life cycle, namely, the production and 

processing of PLA, along with the disposal of PLA through degradation and composting mechanisms.   

2.2 Structure-Process-Property Relations of PLA 

2.2.1 Effects of Chemical Structure on Crystallinity 

It is well known that the crystallinity, crystalline morphology, and spherulite size of PLA affect its 

processability, mechanical strength, biodegradability, and service temperature16–20. Crystallization of a 

thermoplastic polymer is limited by the mobility of chain segments, which depends on the polymer 

microstructure, molecular weight, and temperature21,22.  

The chiral nature of lactic acid results in distinct forms of PLA, namely, poly(L-lactide) (PLLA), poly(D-

lactide) (PDLA), and poly(D,L-lactide) (PDLLA), synthesized from the L-, D-, and meso (D,L-) lactide 

monomers, respectively23,24 (Figure 2.3). The ratio of the lactides influences polymer chain 

stereochemistry, mechanical properties, crystallinity, and degradation characteristics25,26. PLLA and 

PDLA are crystalline polymers due to the enantiomeric purity of the monomers and the stereoregularity 

of the polymer chain. Conversely, PDLLA, which is an equimolar relatively random copolymer of L- and 

D-lactic acid, is fully amorphous because of its irregular structure. For a commercial PLA, a blend of a 

higher amount of L-lactide and a lower amount of D-lactide is used to tune the crystallization properties 

as needed27.  
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Figure 2.3: Structures of lactic acid, lactide, and PLA, from Groot and Boren 2010 1 

Many authors have studied the crystalline structure of PLA17,28,37–39,29–36. PLA crystals present three 

structural conformations which develop under various processing conditions40. Melt or cold 

crystallization and solution spinning processes at low drawing temperatures and/or ratios induce the 

formation of -structures, characterized by a left-handed 103 helix that packs in an orthorhombic unit 

cell41. Stretching, solution spinning, or high hot draw ratios induce the formation of -crystal structures 

with a chain conformation of left-handed 31 helices42. More recently, an additional crystalline form, , has 

been reported, which develops under epitaxial crystallization43. 

2.2.2 Effect of Crystalline Structure on Solid-State Properties 

The crystalline phase of PLA tends to increase stiffness and tensile strength, while the amorphous phase 

is more effective in absorbing impact energy44,45. Therefore an increase in the total percentage 

crystallinity of PLA can effectively improve its HDT, stiffness, and chemical resistance, while the impact 

strength of PLA usually varies inversely with the percent crystallinity46. The tensile properties of PLA 

depend on the degree of crystallinity, in addition to the molecular weight and molecular orientation47,48. A 

lower extrusion temperature49, collection speed increase50–52, draw ratio increase, and hot drawing50 have 
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strong effects on the tensile strength of PLA fibers due to higher molecular orientation and crystallinity 

development under these conditions. In addition, increasing the crystallization rate of PLA is of great 

importance, as higher amounts of the crystalline form contribute to HDT53.  

Given the strong correlation between crystallinity and material properties, many methods and processing 

techniques have been implemented to improve the level of crystallinity in PLA products54. PLA with high 

crystallinity has been obtained through methods such as block copolymerization, chemical modification, 

nucleation, plasticization18,55–60, polymer blending61–64, compounding with inorganic particles63,65,66, strain-

induced crystallization67–69, and isothermal annealing70–72.  

2.2.3 Processing 

Melt processing is by far the most widely adopted method for converting PLA resins into various end 

products73. It involves heating the polymer above its melting point, shaping the molten polymer, and 

cooling to stabilize its dimensions. Examples of melt processed PLA include injection molded disposable 

cutlery, thermoformed containers and cups, injection stretch blown bottles, extruded cast and oriented 

films, and melt-spun fibers for textiles27,74. Melt processing is affected by the stereochemical makeup and 

the structural and rheological properties of the PLA resins, while also having a significant influence on 

the final properties of the end products.  

The processing of PLA is intimately related to its thermal properties. The glass transition temperature (Tg) 

of PLA can range from 35 to 60C depending on the molecular weight, presence of plasticizers, physical 

aging, polymer architecture, degree of crystallinity, and thermal history of the polymer75. In extrusion, the 

process temperature must be greater than Tm to form a homogeneous melt, but low enough to minimize 

thermal degradation. During the cooling phase, sufficient in-mold cooling time must be given such that 

the part is cooled below the Tg to stabilize its dimensions. The degree of crystallinity of a polymeric part 

is dictated by the processing conditions. Quenching the polymer from the melt at a high cooling rate 

results in a highly amorphous polymer, while a slow rate of cooling allows for crystallinity development.  



 14 

2.2.4 Nucleation and Thermal Treatment (Annealing) 

The addition of nucleating agents during the processing of a thermoplastic can have a positive effect on 

the crystallization kinetics and morphology, by offering nucleating sites for initializing the crystallization 

process. A variety of nucleating agents for PLA have been reported, including talc76, calcium carbonate77, 

cellulose78,79, and nanoclays65,66,80–87. Nucleating agents lower the surface free energy barrier for 

nucleation and enable crystallization at higher temperatures27. Lowering of the crystallization half time 

achieved with the presence of a nucleating agent can also help in shortening the molding cycle times88.  

In addition to various additives and chemical modification techniques, changes to PLA processing 

conditions have also been proposed to enhance its crystallization. Typically, in conventional processing 

techniques, obtaining a highly crystalline part remains difficult, due to the high cooling rates coupled with 

the slow crystallization rate of PLA18,25. To maximize the degree of crystallinity, the cooling rate must be 

slow, which leads to a long cycle time, or alternatively, annealing of the post-processed part is 

required18,89–91. Annealing can be done offline and in batches, offering a cost-effective way to improve the 

performance of PLA parts without impacting cycle time.  

Originally used in metallurgy to increase the strength of metal objects, annealing is a heat treatment 

method which can change the physical properties of a material without changing its existing shape. In the 

plastics industry, annealing is the process of heating a plastic to a controlled temperature, often 

approximately half the polymer melting temperature, for a duration of time before cooling it down to 

room temperature92. This treatment increases the sample crystallinity since at a temperature above Tg, 

polymer chains gain mobility, which allows for the rearrangement of segments and the formation of an 

ordered phase89,90. Increasing the crystallinity through annealing also enhances the mechanical properties 

of the material93. The improvements offered by annealing treatment to the thermal and mechanical 

properties of PLA have been the focus of recent literature18,25,94–97. 

The effect of annealing on the fracture toughness of PLLA has been investigated in the work of Park et 

al.98. PLLA samples prepared by annealing showed slight increases in Tg and Tm, and drastic increases in 
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crystallinity compared to quenched samples98. The density and size of spherulites also increased with 

annealing time and temperature99. Reported increases in mechanical properties for annealed PLA reach a 

maximum at a crystallinity of 65%73, since above this value, material embrittlement becomes 

predominant100. Carrasco et al. extensively studied the chemical structure, crystallinity, thermal stability, 

and mechanical properties of PLA after processing with or without annealing treatment15. Upon 

evaluation of the degree of crystallinity, it was found that mechanical processing led to the quasi 

disappearance of crystal structure, whereas it was recovered after annealing. In addition, annealed 

samples showed an increase in Young’s modulus and in yield strength, attributed to the higher degree of 

crystallinity of these materials15. 

2.3 Composting and Biodegradation 

A degradable plastic is one which undergoes a significant change in its chemical structure under specified 

environmental conditions, while a biodegradable plastic is one in which the degradation results from the 

action of naturally occurring microorganisms such as bacteria, fungi, and algae101. Standards related to the 

composting of plastics include ASTM D6400, ISO 17088, EN 13432, and DIN 14995101–104, which define 

a compostable plastic as one that undergoes degradation by biological processes to yield carbon dioxide, 

water, inorganic compounds, and biomass at a rate consistent with other known compostable materials, 

leaving no visually distinguishable or toxic residues101. 

Composting requires specific conditions, including temperature, moisture, aeration, pH, and carbon to 

nitrogen (C/N) ratio, and consists of three phases: i) the mesophilic phase, ii) the thermophilic phase, and 

iii) the cooling and maturation phase105. In the first phase, mesophilic bacteria and fungi degrade organic 

matter over the duration of a few hours to several days. This phase results in the production of organic 

acids and a decrease in pH106. Temperature starts to rise spontaneously as heat is released from 

exothermic degradation reactions and the compost enters the thermophilic phase when the temperature 

reaches 40C106. In this stage, thermophilic bacteria and fungi take over, and the degradation rate 

increases. After peak heating, the pH stabilizes to a neutral level. The thermophilic phase can last from a 
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few days to several months. In the maturation phase, the compost starts to cool and become stable as 

mesophilic bacteria and fungi reappear. The biological processes are slow in this phase, but the compost 

continues to be further humified, becoming mature.  

Composting of polymers occurs mainly through mechanical, thermal, and chemical degradation. 

Photodegradation is only present on the surface of a compost pile where the material is exposed to 

ultraviolet (UV) and gamma radiation107. Of all the degradation mechanisms, chemical degradation is the 

most important for biodegradable polymers. Chemical degradation initiates the process of polymer 

erosion since biodegradable polymers have hydrolysable functional groups in the polymer backbone, 

which are susceptible to attack by water107.  

2.3.1 PLA as a Biodegradable and Compostable Polymer 

PLA is a fully compostable polymer when composted in a large-scale operation with temperatures of 

60C and above108. The high moisture content and temperature in compost promote PLA hydrolysis and 

assimilation by thermophilic microorganisms109–111. On the contrary, PLA degradation in soil is much 

slower. 

Biodegradation of PLA proceeds via a two-step mechanism112. Chemical degradation occurs in the first 

step, where the ester bond of the PLA backbone is cleaved through hydrolysis. This step can be 

accelerated by acid or bases and is affected by both temperature and moisture levels113. In this primary 

degradation phase, no microorganisms are involved. As the molar mass of the material decreases, 

microorganisms begin to digest the lower molecular weight lactic acid oligomers, producing carbon 

dioxide and water. According to the most commonly suggested mechanism, microorganisms can degrade 

PLA only after the molecular weight of PLA falls to 10,000 Da or less109,112,121,122,113–120. This is a distinct 

feature of PLA, since typically biodegradable polymers are degraded by microbial attack in a single 

step112.   
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2.4 Hydrolysis 

The first stage of PLA degradation is hydrolysis, which yields water soluble compounds and lactic acid, 

then followed by metabolization by microorganisms into carbon dioxide, water, and biomass123. Many 

researchers exclusively study hydrolysis as this provides an initial understanding of the propensity of a 

PLA-based material towards degradation, without requiring the complexity of a composting set-up. 

2.4.1 Mechanism 

PLA is susceptible to hydrolysis due to the hydrolysable functional groups in its backbone113,124,125. The 

hydrolytic degradation of PLA occurs via chain end scission and random cleavage of the ester bond, 

which are controlled by four basic parameters: the rate constant, the amount of absorbed water, the 

diffusion coefficient of chain fragments within the polymer, and the solubility of degradation 

products126,127. Random hydrolytic cleavage of ester bonds proceeds upon the diffusion of water into the 

amorphous regions (Figure 2.4). Chain end scission occurs through the action of carboxylic end groups 

accelerating the hydrolytic degradation of PLA in a self-catalyzed and self-maintaining process128–131. It 

has been reported in previous work that the scission kinetic constant of the terminal groups is much larger 

than that of the internal esters132–134. Following scission and cleavage of the polymer bonds, oligomers 

which are soluble in the surrounding aqueous medium can diffuse from the matrix. Soluble oligomers 

close to the surface can diffuse out easily, while those in the core of the matrix remain entrapped. As the 

latter fraction starts to degrade into lactic acid, it will lead to the reduction of pH in the core, further 

accelerating hydrolysis135. 

 

Figure 2.4: Scheme of PLA hydrolysis mechanism, from Hartmann et al. 2000 136 
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The hydrolytic degradation of PLA-based solid polymer matrices can proceed through two different 

mechanisms: i) surface (heterogeneous) erosion or ii) bulk (homogeneous) erosion (Figure 2.5)137. The 

hydrolysis mechanism of PLA depends on the competition between the rate of diffusion of water 

molecules and the rate of hydrolysis reactions138. Surface erosion takes place when the hydrolytic 

degradation rate of the material surface is much higher than the diffusion of water molecules, causing 

hydrolysis to mainly occur in the near-surface regions139. On the contrary, bulk erosion occurs when the 

diffusion rate of water molecules is higher than the hydrolysis rate, causing hydrolysis to occur 

throughout the polymer matrix irrespective of the thickness of the material73. Degradation has been found 

to become a bulk process above the glass transition temperature (Tg), and is restricted to the surface below 

such temperature140. Material thickness is another important factor in determining the hydrolytic 

degradation mechanism. As expected, the hydrolytic degradation mechanism changes from bulk erosion 

to surface erosion when the material thickness exceeds a threshold device dimension, termed the critical 

thickness, Lcritical, which is 7.4 cm for PLA73,141.  

 

Figure 2.5: Schematic illustration of changes to a polymer matrix during surface and bulk erosion, from 

Burkersroda et al. 2002141  

When PLA-based materials are hydrolytically degraded via the bulk erosion mechanism, the degradation 

occurs in three distinct stages: i) initial hydration and water absorption, ii) gradual decrease in molecular 

weight without weight loss, and iii) weight loss through the formation and dissolution of water-soluble 
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oligomers and monomers142. In a surface erosion mechanism, weight loss is observed nearly 

instantaneously, while molecular weight does not change for a period of time143. 

2.4.2 Parameters Influencing Degradation 

Polymer degradation is the result of the interplay between chemical hydrolysis and the diffusion of water 

and oligomers141,144 and largely depends on the molecular weight, crystallinity, geometry, and surrounding 

environment (temperature, moisture, pH, presence of micro-organisms, etc)145.  

The hydrolytic degradation rate of PLA is a strong function of pH, which can affect both the degradation 

mechanism and kinetics. Both alkaline and acidic media have been found to accelerate the hydrolytic 

degradation of PLA materials134,139,146–151. Schliecker et al. investigated the degradation of D,L-lactic acid 

oligomers at varying pH conditions, finding that the degradation rate was higher at two extreme pH 

conditions than at 4.5126. The mode of the reaction was chain-end cleavage under acidic conditions, while 

degradation proceeded via random ester cleavage under basic conditions. Shih also reports that acid-

catalyzed hydrolysis proceeds predominantly through a chain-end scission mechanism, with the scission 

kinetic constant of the terminal groups exceeding that of the internal esters 10-fold152. Similar results were 

obtained by Batycky et al. who found that the difference in reaction rate between terminal and backbone 

esters under acidic conditions is 4-fold153.  

Crystallinity can largely impact the rate of hydrolysis, since the chains in crystalline regions of PLA are 

more resistant to hydrolysis, compared to those in amorphous regions. Therefore, diffusion and chain 

cleavage proceed preferentially in the amorphous regions, resulting in an increase in the crystallinity of 

samples as degradation proceeds154–156. Due to the preferential degradation of amorphous regions, 

hydrolytic degradation rates tend to decrease with increasing sample crystallinity148,149,156,157. In the early 

stages of hydrolytic degradation, the crystalline thickness of a sample only has an indirect effect on 

degradation. However, in the late stages of hydrolytic degradation wherein the crystalline residues are 

degraded, the effect of crystalline thickness has direct and crucial influence on the rate of 

degradation149,158–160.  
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The temperature of hydrolytic degradation (Th) has a strong effect on the rate of degradation and can 

occur within three ranges, depending upon its relation to the glass transition temperature, Tg and melting 

temperature, Tm, of the polymer: Th < Tg, Tg < Th < Tm, and Tm < Th
161. Reed and Gilding revealed that the 

rate of hydrolytic degradation dramatically increased when the degradation temperature was elevated over 

Tg
162. This is attributed to enhanced chain mobility above Tg, which can enhance the diffusion of water161. 

At Th exceeding Tm, crystalline regions melt and disappear, and hydrolytic degradation in the melt takes 

place homogeneously.  

The molecular weight can have a strong influence on degradation behaviour and rates161. The effect of the 

initial molecular weight on degradation has been found to be minimal; however, as degradation proceeds, 

the effect of the degraded low molecular weight material becomes significant158,163–165. Decreases in 

molecular weight result in elevated molecular mobility, increased density of hydrophilic and catalytic 

terminal carboxyl groups, and higher probability of the formation of water-soluble oligomers and 

monomers, all of which contribute to the overall degradation process.  

The rate of PLA degradation also depends on sample thickness166,167. Grizzi et al. demonstrated that 

materials with a greater thickness degrade faster than those that are thinner166. This is attributed to the 

autocatalytic effect of PLA terminal groups161. Decreased thickness results in quick removal of formed 

oligomers and monomers, resulting in a reduced autocatalytic effect, and therefore a lower degradation 

rate161. Conversely, core-accelerated erosion takes place in the case of PLA materials with a thickness of 

over 2 mm100,168–172. 

Various modification approaches to PLA such as copolymerization, terminal group modification, 

blending, and branching can impact the hydrolysis rate by affecting the crystallinity and diffusivity of 

water. Branching in PLA was found to increase the rate of hydrolytic degradation during later stages 

compared to linear PLA, due to the increased density of hydrophilic and catalytic carboxyl end groups173. 

While branches are thought to increase the rate of degradation, cross-linking reduces hydrolyzability due 

to the reduced diffusion of water and a reduction in the number of catalytic terminal groups161.  
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2.4.3 Structural and Property Changes 

PLA degradation leads to changes in mechanical and thermal properties, molecular weight, and 

morphology132,145,166,168–170,174–177. As PLA degrades and chain cleavage occurs, there is a decrease in 

molecular weight and the release of low molecular weight soluble oligomers and monomers73,113. The loss 

of molecular weight can be evaluated by means of gel permeation chromatography (GPC) or by 

conducting intrinsic viscosity measurements178. Since only monomeric and oligomeric degradation 

products are soluble, very large reductions in both the molecular weight and mechanical strength typically 

occur before a decrease in the weight of the sample is observed179.  

At a late stage in the hydrolytic degradation of PLA, a decrease in the mechanical properties occurs, 

resulting from the loss in molecular weight161. However, during the early stages of degradation, 

mechanical properties may increase due to the stabilized chain packing in amorphous regions, resulting 

from low-temperature annealing in the presence of water molecules as a plasticizer130,155. 

Crystallization of PLA is known to occur during hydrolytic degradation130,148,155,163,168–170,180. Crystalline 

regions are hydrolysis resistant, and experience slower rates of hydrolysis compared to amorphous 

regions. This is attributed to the preferential diffusion of water and hydrolysis in amorphous regions, 

which results in an increase in crystallinity over degradation time114,130,149,160,161,181,182.  

The thermal properties of PLA also change as a result of degradation. At a late stage in the hydrolytic 

degradation of high molecular weight PLA, Tg decreases due to enhanced molecular mobility resulting 

from reduced molecular weight, and Tm decreases due to the decreased crystalline thickness and surface 

structural changes of crystalline regions130,155,183. However, at an early stage of hydrolytic degradation, the 

effect of stabilized chain packing in the presence of water is higher than the reduced molecular weight 

effect, causing an increase in Tg
130,155,183. An increase in Tm can also take place at early stages of 

degradation due to the thickening of crystallites and reduced disorder in the crystalline lattice130,155,183. As 

degradation proceeds, the selective degradation and removal of amorphous chains occurs, causing the 

peak area of melting to increase while that of cold crystallization decreases130,139,148,149,155,170,180.   
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Chapter 3 

Hydrolytic degradation of branched PLA produced by reactive extrusion* 

3.1 Introduction 

The ability to manufacture thermoplastic-based products from renewable resources is becoming 

increasingly important as both consumers and industry seek alternatives to the use of fossil fuels for 

commodity applications. Poly(lactic acid) or poly(lactide) (PLA) is a bioderived and biodegradable 

thermoplastic polyester, which attracts wide interest as a viable replacement for commercial petroleum-

based polymers such as polyethylene, polypropylene, and polystyrene1. 

Even though PLA is used commercially in a variety of polymer processes, it suffers from slow 

crystallization kinetics2,3 and poor melt strength2,4–6. These shortcomings pose limitations in the 

processing of PLA using conventional thermoplastics processing equipment, such as injection molding, 

blow molding, and film processing7. Reactive modification approaches have been implemented to 

produce PLA containing long-chain branching (LCB), thus extending the applicability and improving the 

processability of PLA8–12. The effects of various modification approaches, such as the addition of chain 

extenders13,14 and other additives15–17 on the degradation of PLA have also been investigated. 

The hydrolysis of polyesters, including PLA, occurs via an auto-catalytic random chain scission 

reaction18–23. During hydrolysis, the ester bonds of PLA are broken down, forming carboxyl end groups 

which have been demonstrated to self-catalyze the hydrolysis reaction24.  

The physical structure of PLA impacts its degradation, as diffusion and chain cleavage of the ester bond 

proceeds preferentially in the amorphous regions, resulting in an increase in the crystallinity of degraded 

samples25–27. The rate of polymer degradation is controlled by kinetics and transport phenomena which 

can be affected by factors such as the shape of the specimens and the hydrolysis conditions including pH 

                                                      

* A version of this chapter has been published: Simmons, H.; Kontopoulou, M. Hydrolytic Degradation of Branched 

PLA Produced by Reactive Extrusion. Polymer Degradation and Stability. 2018, 158, 228-237. 
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and temperature28–30. It was demonstrated that degradation becomes a bulk process above the glass 

transition temperature, Tg, while at temperatures below Tg, degradation of the polymer matrix is restricted 

to its surface31,32. 

Recent work in our group showed that substantial improvements in the melt strength, crystallization 

properties, foaming, and strain hardening characteristics of PLA can be achieved by introducing 

branching through solvent-free, peroxide-initiated grafting of the multi-functional co-agent triallyl 

trimesate (TAM)33–35. However, the effects of this promising and industrially relevant modification on the 

degradability of PLA have not been studied. In this work, this is achieved by examining the evolution of 

molar mass distributions, mass, and thermal properties as a function of the degradation time. To further 

facilitate interpretation, the degradation profiles for branched and nucleated PLAs obtained by 

conventional means are compared to those obtained for TAM-modified formulations. 

3.2 Materials and Methods 

3.2.1 Materials 

PLA 3251D, designated as PLA1 (MFI 35g·10 min-1 at 190°C / 2.16 kg, injection molding grade) was 

obtained from Natureworks®. PLA 2500HP, also obtained from Natureworks®, and designated as PLA2 

(MFI 8 g·10 min-1 at 210°C / 2.16 kg, extrusion grade), is a high molar mass linear material, used for 

comparison with the reactively modified PLA1 formulations. Joncryl® ADR 4368, a multifunctional 

epoxide styrene-acrylic oligomeric chain extender with glycidyl methacrylate (GMA) functionality of 9, 

epoxy equivalent weight of 285 g·mol-1, and molar mass of 6800 g·mol-1, was supplied by BASF®. Boron 

Nitride (BN) powder (CarboTherm®, Grade CTP 05) was obtained from Saint-Gobain Ceramics and used 

as a nucleating agent. DCP (98% purity, Sigma-Aldrich), TAM (98% purity, Monomer-Polymer and 

Dajac Labs), and tetrahydrofuran (THF, HPLC grade, Sigma-Aldrich) were used as received. 

3.2.2 Reactive Extrusion 

Reactive extrusion of TAM-modified PLA1 formulations was conducted using a twin screw co-rotating 

extruder (TSE, Coperion ZSK 18 ML) equipped with a strand die, water cooling bath, and pelletizer, as 
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described in previous work35. A masterbatch was prepared by coating ground PLA powder with an 

acetone solution containing DCP and TAM and allowing the solvent to evaporate. The masterbatch was 

mixed with dried PLA1 in appropriate ratios to yield the desired concentrations of DCP and TAM (0.1 

wt% - 0.3 wt %). The formulations of the coagent-modified PLA are designated as PLA1/a/b where ‘a’ 

and ‘b’ denote the concentrations of DCP and TAM respectively, in weight percentage. The extruder 

operated with a temperature of 190°C throughout (170°C in the feed zone), a hopper speed of 30 min-1, 

screw speed of 120 min-1, and an average residence time of 2.5 min to allow for a complete reaction. The 

neat PLA samples were processed in the twin screw extruder in a similar fashion. 

We have previously demonstrated that PLA-TAM contains branching, and exhibits enhanced 

crystallization kinetics35. Therefore, standards for comparison were selected by preparing samples that 

contain LCB only, by reacting PLA with Joncryl (GMA), a multifunctional epoxide styrene-acrylic 

oligomeric chain extender, and a nucleated formulation containing Boron Nitride (BN), which is a well-

known nucleating agent34. For the preparation of PLA1/GMA, PLA1 powder was coated with an acetone 

solution containing 1.2 wt% GMA and the solvent was allowed to evaporate. PLA1/BN was prepared by 

adding 0.5 wt% BN to PLA1. Both compounds were prepared using a co-rotating DSM micro-

compounder operating at 100 rpm and a temperature of 180°C with a residence time of 6 minutes.  

3.2.3 Specimen Preparation 

Thin films with a thickness of 200 m were prepared for the hydrolytic degradation tests by compression 

molding for 5 minutes using a Carver hydraulic press at 180°C and cooling rapidly in a room temperature 

press below the Tg. Prior to molding, pellets of each formulation were dried for 24 h under vacuum at a 

temperature of 60°C. The compression molding procedures were designed to minimize the impact of 

thermal degradation and remained consistent between each formulation. 

3.2.4 Hydrolytic Degradation Tests 

Long-term hydrolytic degradation tests were conducted at 60°C in a Thermo Scientific Forma 3911 

environmental chamber. Individual films with dimensions of 1x3 cm2 and a thickness of 200 m were 
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placed in labelled and tared scintillation vials containing 20 ml of phosphate buffer solution (PBS) with a 

pH of 7.3. PBS was used to minimize the changes in pH throughout the study. Every week, two samples 

per formulation were extracted and the PBS was replaced for all remaining vials. The total duration of the 

study was 12 weeks (84 days). Photographs of the degraded films were taken after drying for 24 h under 

vacuum at 60°C. 

3.2.5 Mass Loss 

Mass loss measurements were carried out by weighing the samples after extraction. Each extracted vial 

was dried for 24 h under vacuum at 60°C. The mass of the sample was determined by subtracting the 

original tare of each vial and mass loss was calculated using Equation 3.1: 

𝑀𝑎𝑠𝑠 𝐿𝑜𝑠𝑠 =  
𝑀𝑖 − 𝑀𝑓

𝑀𝑖
× 100% (3.1) 

where Mi is the initial mass of the sample and Mf is the final mass of the degraded sample extracted at 

each time period.  

3.2.6 Gel Permeation Chromatography (GPC) 

GPC characterization of the starting samples, and samples obtained after one week of hydrolytic exposure 

was performed using a Viscotek 270 max separation module equipped with triple detectors: differential 

refractive index (DRI), viscosity (IV), and light scattering (low angle, LALS and right angle, RALS). The 

separation module was maintained at 40°C and contained two porous PolyAnalytik columns in series with 

an exclusion molar mass limit of 20x106 g·mol-1. HPLC grade THF was used as the eluent at a flow rate 

of 1 ml·min-1. Due to the drastic drop in molar mass, characterization of Week 2-Week 12 samples was 

performed using a Waters 2960 separation module connected to a Waters 410 differential refractometer 

(DRI) which allowed for better detection of low molar masses. Four Styragel columns were maintained at 

35°C with HPLC grade THF as the eluent at a flow rate of 0.3 ml·min-1. The DRI detector was calibrated 

by polystyrene standards with narrow dispersities over the range of 300-850,000 g·mol-1. Samples were 

prepared for GPC analysis by dissolving a PLA film cross-section in THF to achieve solutions with 
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concentrations of 5 mg·ml-1 and 2 mg·ml-1 for the Viscotek and Waters machines respectively. Dissolved 

samples were filtered using Chromspec 13 mm UV syringe filters with a 0.22 µm pore size.  

3.2.7 Differential Scanning Calorimetry (DSC) 

DSC measurements were obtained using a DSC Q1000 by TA Instruments. Samples weighing 5-10 mg 

were sealed in aluminum hermetic pans and heated to 210°C at a rate of 5°C·min-1. After the first heating, 

each sample was held isothermally at 210°C for 3 minutes before cooling at a rate of 5°C·min-1 to -30°C, 

to accurately determine the crystallization onset and peak. The second heating scanned from -30°C to 

210°C at a rate of 5°C·min-1. The percent crystallinity of each polymer formulation, 𝜒𝑐, was calculated 

using Equation 3.2: 

𝜒𝑐 =
Δ𝐻𝑚 − Δ𝐻𝑐𝑐

Δ𝐻100
× 100 (3.2) 

where Δ𝐻𝑚 is the enthalpy of melting, Δ𝐻𝑐𝑐  is the enthalpy of cold crystallization, and Δ𝐻100 is the 

theoretical enthalpy of melting for a 100% crystalline polymer, which is 93 J·g-1 for PLA36. 

3.3 Results  

The formulations investigated in this work present a range of properties and structures. PLA1 and PLA2 

are unmodified, linear grades, having low and high molar mass respectively. TAM-modified PLA 

formulations are nucleated and have long-chain branching, with a range of molar masses depending on 

the concentration of coagent used34,35. BN-modified PLA is nucleated, while GMA-modified PLA is 

branched. The range of PLA formulations used in this work allows the effects of branching and 

nucleation on the hydrolysis profile of PLA to be assessed. 

3.3.1 Mass Loss 

Figure 3.1 shows the mass loss of the PLA samples as a function of the degradation time. All 

formulations experienced substantial loss in mass, up to 40% over the 12 week study; however, there are 

notable differences in the trends between modified and unmodified samples.  
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Irrespective of their molar mass, both the linear unmodified samples, PLA1 and PLA2 showed negligible 

rates of mass loss in the first 70 days of the study, followed by a high rate of loss in the last 14 days. The 

modified samples demonstrated a more complex profile with an induction period for the first 20 days, 

followed by a high rate of loss between days 20 and 30, a plateau with minimal mass loss between days 

30 and 56, and a period with a high rate of loss during the final 28 days.  

 

Figure 3.1: Mass loss as a function of hydrolysis time. Lines are drawn to guide the eye. 

Although not illustrated in Figure 3.1, the branched PLA1/GMA followed similar trends to the TAM-

modified PLA, whereas the nucleated PLA1/BN behaved similarly to the unmodified samples.  

As degradation proceeded, the samples became progressively more brittle, with the original films being 

reduced to small powdered fragments over the course of the study. Figure 3.2 presents visual changes in 

extracted linear and branched specimens, depicting an increase in opacity as hydrolysis proceeds. 

Increased opacity is a known consequence of degradation and has been attributed to the increase in 

crystallinity of the polymer matrix37,38. This is further discussed in Section 3.4.3.  
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Figure 3.2: Physical changes in PLA1 (a) and PLA1/0.1/0.3 (b) resulting from hydrolytic exposure 

3.3.2 Molar Mass Loss 

The molar mass data of the starting materials, as compounded, is summarized in Table 3.1. The reaction 

of PLA with peroxide and coagent altered the molar mass and molar mass distributions compared with 

unmodified linear PLA. The formation of high molar mass fractions is evident by the significant increase 

in Mz from 129 kg·mol-1 for the neat PLA to over 600 kg·mol-1 in the modified formulations. Previous 

research has shown that TAM-modified PLA consists of two types of chain populations: linear chains 

which remain unreacted, and LCB structures which are generated through combination of the tri-

functional coagent with the PLA macroradicals35,39–41. It must also be noted that TAM is prone to 

oligomerization reactions in the presence of free radicals, and may form highly crosslinked structures42,43. 

In the presence of peroxide and TAM, free radicals may react directly with the aliphatic unsaturated sites 

present in TAM rather than abstracting hydrogen from the PLA chain, favouring these side-reactions42,43. 

These free-radical pathways would contribute to the formation of complex short and long-chain TAM 

structures, interpenetrated with the PLA matrix35, and thus result in a broad molar mass distribution 

(MMD), with distinct tails attributed to low and high molar mass fractions. This is illustrated in Figure 
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3.3 which presents representative MMD curves for PLA1 and PLA1/0.1/0.3, and is evident in Table 3.1, 

which shows that the modified samples had higher dispersity compared to the linear PLA.  

Table 3.1: Initial properties of various PLA formulations 

Sample Mw (kg·mol-1) Ð Mz (kg·mol-1) 𝛘𝐂 (%) 

PLA1 84 1.5 129 8 

PLA2 126 1.6 189 17 

PLA1/0.1/0.1  156 3.0 640 52 

PLA1/0.1/0.3  175 4.2 976 47 

PLA1/0.3/0.1  187 4.2 1293 55 

PLA1/BN 73 1.8 114 52 

PLA1/GMA 159 3.1 438 2 

Mw – Weight average molar mass 

Mz – Z-average molar mass 

Đ – Dispersity (Mw/Mn) 

χc  – Percent crystallinity determined from the second heating 

Upon degradation, all the formulations experienced a shift in the MMD curve towards lower molar mass 

(Figure 3.3). In the modified formulations the high molar mass tail disappeared over time, indicating loss 

of the highly branched regions of the polymer, which are known to reside in the higher molar mass 

fractions35. The MMD curves became narrower as a result of degradation, and the dispersity was reduced, 

as shown in Figure 3.4. Owing to their broader initial dispersity, the branched formulations experienced a 

greater decrease in dispersity, from 3.0 to 1.2, compared with the linear PLA which only saw a marginal 

decrease in dispersity from 1.5 to 1.2.    
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Figure 3.3: Initial and final MMD curves for (a) PLA1 and (b) PLA1/0.1/0.3 
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Figure 3.4: Changes in dispersity as a function of degradation time 

Upon hydrolysis, significant decreases in molar mass averages were observed in all formulations, 

attributed to polymer degradation (Figure 3.5). Across all molar mass averages, the rate of loss was 

highest in the first three weeks, with all formulations exhibiting over 70% loss. Similar rates of loss are 

reported in the literature under comparable experimental conditions14,44,45. The final nine weeks of the 

study were characterized by minimal rate of change in molar mass.  

Comparison of the Mz averages shown in Figure 3.5(c), reveals that the TAM-modified PLA exhibited 

the highest rates of loss in Mz, followed by the unmodified PLA, and lastly by the BN and GMA 

formulations.  
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Figure 3.5: Molar mass averages as a function of time (a) Mn; (b) Mw; and (c) Mz 
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3.3.3 Thermal Properties 

Figure 3.6 shows representative thermograms for PLA1 and PLA1/0.1/0.3. The rest of the modified 

compositions showed similar trends as the latter. The initial and final thermal properties are compared in 

Table 3.2. 

As expected, the unmodified PLAs exhibited cold crystallization during both the first and second heating 

sequences (Figure 3.6). Unlike the starting materials, the degraded samples did not exhibit cold 

crystallization peaks in their first heating scans; however, in the second heating scan, cold crystallization 

peaks were observed for all unmodified and modified degraded samples (Figure 3.6). Both the cold 

crystallization and melting peaks shifted toward lower temperatures as hydrolysis proceeded. 

Additionally, broad and double melting peaks are observed which could be attributed to melting-

recrystallization-remelting mechanisms or the occurrence of at least two distinct crystal populations46. 

While neat PLA did not exhibit crystallization upon cooling, sharp crystallization peaks were present in 

the modified PLA, along with the absence of the cold crystallization peak from the second heating scan. 

This is consistent with the previously reported presence of sharp crystallization peaks, and higher 

crystallinity of these modified materials35. However, the crystallization peak decreased in intensity upon 

degradation, and disappeared from 42 days onwards for the modified formulations, resulting in a 

reduction in the crystallinity of the samples upon second heating. 

Degradation affects crystallinity substantially, as shown by Figure 3.7, which summarizes the crystallinity 

as a function of degradation time. During the first heating, an overall increase in crystallinity was 

observed with time (Figure 3.7(a)), while the data obtained during the second heating showed an overall 

decrease (Figure 3.7(b)).  
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Figure 3.6: DSC curves for PLA1 (a, c, e) and PLA1/0.1/0.3 (b, d, f). First heating (a-b), cooling (c-d), 

and second heating (e-f) curves are shown. Curves are shifted vertically by an arbitrary factor and 

exothermic peaks are up. 
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Table 3.2: Thermal properties of initial samples and final samples obtained after 84 days of degradation 

Sample 
First Heating Cooling Second Heating 

Tcc1
 a Tcc2

b Tm
 c Tg

 d χc 
e Tc

 f Tcc1 Tcc2 Tm Tg χc 

PLA1 (Initial) 98 157 172 62 5 - 97 155 170 59 8 

PLA1 (Final) - - 151 -* 44 - 106 - 131 46 1 

PLA2 (Initial) 94 162 180 60 8 - 96 162 178 60 17 

PLA2 (Final) - - 160 -* 56 - 99 - 148 49 4 

PLA1/0.1/0.1 (Initial)  99 157 171 62 5 123 - - 166 59 52 

PLA1/0.1/0.1 (Final) - - 151 -* 45 - 106 - 136 50 7 

PLA1/0.1/0.3 (Initial) 98 155 170 62 14 126 - - 167 59 47 

PLA1/0.1/0.3 (Final) - - 151 -* 50 - 105 - 135 47 1 

PLA1/BN (Initial) 96 156 171 58 2 119 - - 167, 171 59 52 

PLA1/BN (Final) - - 150 -* 36 - - - 131 45 7 

PLA1/GMA (Initial) 93 154 169 59 2 94 95 154 168 59 5 

PLA1/GMA (Final) - - 150 -* 43 - - - 140 42 1 

a Tcc1 – cold crystallization peak temperature measured in heating 

b Tcc2 – cold crystallization peak temperature measured in heating just before melting 

c Tm – melting peak temperature measured in heating 

d Tg – glass transition temperature measured in heating 

e χc – percentage crystallinity 

f Tc – crystallization peak temperature measured in cooling 

* – Tg could not be detected 

All temperatures are reported in °C. 
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Figure 3.7: PLA crystallinity calculated from the first heating (a) and second heating (b) scans. Lines are 

drawn to guide the eye 

3.4 Discussion 

3.4.1 Mechanism and Kinetics of Degradation 

The hydrolytic degradation of a solid polymer matrix may proceed through two alternative mechanisms: 

bulk (homogeneous) erosion, or surface (heterogeneous) erosion47. In surface eroding matrices, the rate of 

hydrolysis is higher than the rate of water diffusion. Degradation occurs mainly in the outermost polymer 
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layers before reaching the inner parts of a matrix. In contrast, bulk eroding polymers degrade slowly, with 

the rate of water diffusion into the system being higher than the rate of hydrolysis. This results in 

hydration and cleavage of polymer chains throughout the entire matrix.  

Comparing molar mass loss and specimen mass loss provides insight into the predominant type of erosion 

mechanism. During bulk erosion, the process can be divided into two stages: in the first stage, significant 

molar mass decrease with minimal mass loss occurs, while in the second stage, significant mass loss takes 

place. In contrast, during surface erosion, significant mass loss occurs with no significant molar mass 

changes in the bulk. In all the PLA samples investigated in this work, comparison of Figure 3.1 and 

Figure 3.5 reveals that mass loss lagged behind molar mass loss, which implies that hydrolysis proceeded 

throughout the polymer bulk44. Materials which degrade through a bulk mechanism typically must reach a 

critical molar mass below which they are water soluble and mass loss can be observed44. This is 

substantiated by the observation that considerable mass loss only begins following the initial three weeks 

of rapid loss in molar mass.  

The degradation of the samples through a bulk erosion mechanism is also supported by the critical device 

dimension (Lcritical) for poly(α-hydroxy esters) such as PLA. This parameter was defined in work by von 

Burkersroda et al. and represents the device thickness at which the erosion mechanism of a polymer 

changes48. If the thickness of a matrix is larger than Lcritical, then it will undergo surface erosion, whereas if 

it is smaller, bulk erosion is said to occur. The Lcritical  for poly(α-hydroxy esters) is 7.4 cm48, which is 

substantially larger than the sample thickness of 200 m, pointing to a bulk mechanism. A bulk 

mechanism is also inferred by the MMD of the samples (Figure 3.5). With this type of erosion it is 

expected that changes in the shape of the curves are observed, along with an overall shift13,49. In all 

formulations, a shift in the MMD curve towards low molar mass was observed, along with a narrowing of 

the MMD towards the end of the study.   

The scission of polymer chains during degradation is reflected by changes in the number-average molar 

mass, Mn.  A number of relationships have been derived relating the changes in Mn to the hydrolysis rate 
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of the ester linkages50. A model accounting for the possibility of autocatalysis by the generated carboxylic 

acid end groups is described by Equation 3.3: 

𝑀𝑛(𝑡) = 𝑀𝑛 (𝑡0)𝑒−𝑘𝑡  (3.3) 

where Mn (t) is the number average molar mass at any time, Mn (t0) is the initial number average molar 

mass before hydrolytic degradation, k is the hydrolytic degradation rate constant, and t is time. 

The values for the hydrolytic degradation rate constant (k) can be calculated from the evolution of 

logarithmic Mn values as a function of degradation time (Figure 3.8). Table 3.3 presents the hydrolytic 

degradation rate constants for all formulations used in this study. 

 

Figure 3.8: Logarithmic number average molar mass during degradation 

Since the rate of loss in Mn differs between the periods of 0-42 days and 42-84 days, the k values were 

evaluated separately for these two periods (Table 3.3) and are comparable in magnitude to the rate 

constant values found in literature24,51–54. The k values for all formulations were higher during early 

degradation and correlate with the significant loss in Mn from 0-42 days (Figure 3.5(a)). The lower k 

values found for 42-84 days coincide with the minimal molar mass loss observed during the second half 

of the study. The rate constants among all formulations are comparable and decrease with degradation 

time. This suggests that the linear chains, which are present in both starting and modified PLA and are 
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represented by Mn, exhibit similar degradation kinetics. Hence the overall differences in the degradation 

profiles seen in Figure 3.1 stem from the presence of LCB in the modified formulations. This is further 

analyzed below. 

Table 3.3: Hydrolytic degradation rate constants for various timeframes during the study 

Sample 
k · 10-3 (Days-1) 

0-42 Days 42-84 Days 

PLA1 53 7 

PLA2 58 5 

PLA1/0.1/0.1 58 5 

PLA1/0.1/0.3 57 4 

PLA1/0.3/0.1 58 4 

PLA1/BN 53 8 

PLA1/GMA 59 10 

3.4.2 Mass Loss of Linear and LCB PLA 

As PLA undergoes hydrolysis, changes in the mechanical properties, thermal properties, molar mass, and 

specimen mass take place13,14,16,52,55,56. These changes are strongly affected by the temperature of the 

degradation environment, which influences the chain mobility, especially close to the glass transition 

temperature, Tg. The temperature of 60°C used in this study is slightly above the Tg of PLA which allows 

measurable data to be obtained and is comparable to temperatures used in relevant standards57,58 and 

literature16,17,45,51,52. 

PLA hydrolysis is a three-phase process comprised of: i) diffusion of water into the polymeric bulk, ii) 

hydrolysis reaction, iii) counter-diffusion of reaction products (ie. carboxylic acids, alcohols, oligomers, 

etc)52. These phases resulted in distinct degradation stages, which were unique to linear and branched 

PLA, as shown in Figure 3.9.   
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Figure 3.9: Schematic depicting the phases of mass loss in linear PLA (a) and LCB PLA (b) 

Mass loss during hydrolytic degradation is caused by the formation of water-soluble low molar mass 

fragments through chain cleavage53. For mass loss to be recorded, these fragments must be released from 

the materials by counter-diffusion. The time-scale for this to happen can span the course of weeks, 

resulting in the prolonged induction period seen in the linear, unmodified PLA (Stage 1A in Figure 

3.9(a)). During that time-frame, all molar mass averages decreased drastically (Figure 3.5).  The rapid 

loss in mass illustrated by Stage 2A in Figure 3.9(a), signifies that the water soluble, low molar mass 

reaction products have counter-diffused and have been released from the material. This is consistent with 
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literature reports for neat PLA, where an initial period of low mass loss rates is observed, followed by 

higher rates of loss after significant hydrolytic exposure times with a total loss of approximately 40-

50%14,55. 

On the other hand, in addition to an initial plateau, the modified PLAs demonstrated a complex profile 

illustrated by Figure 3.9(b). An induction period is observed (Stage 1B), which is clearly associated with 

the time needed for the diffusion of water into the polymer bulk, followed by a high rate of loss (Stage 

2B), a plateau with minimal mass loss (Stage 3B), and finally a period with a high rate of loss (Stage 4B). 

The latter has a slope that is similar to the unmodified material and is associated with the counter-

diffusion of the reaction products.  

The degradation profile is expected to depend on properties such as the crystallinity and the architecture 

of the polymer chains. The PLA1/TAM samples differ from the unmodified parent material in both their 

molar mass distributions (Figure 3.5) and in their crystallinity (Table 3.1). We note that the degradation 

profile of the PLA1/BN samples, which also have higher crystallinity, did not differ compared to the neat 

PLA1. On the other hand, the branched PLA1/GMA, behaved similar to PLA1/TAM, even though its 

crystallinity is similar to that of the linear PLA1 (Table 3.1). This suggests that the branched chain 

architecture is primarily responsible for the changes in the degradation behavior.  

As shown in Figure 3.3(b), LCB PLA has a broad MMD, with pronounced tails both in the low and high 

molar mass region. The first region of mass loss in LCB PLA (Stage 2B in Figure 3.9(b)) appears to be 

associated with the disappearance of the low molar mass fractions of the polymer chains (as revealed by 

comparing Figure 3.3(b) to Figure 3.3(a)). The degradation of these segments would result in low molar 

mass oligomers, which would readily diffuse out of the polymer resulting in the initial phase of rapid 

degradation. On the other hand, unmodified PLA, which is comprised of linear chains and does not have 

the same low molar mass fractions imparted from modification as the branched PLA, experiences 

minimal mass loss in the same time frame. 

Furthermore, branched PLA would contain a higher number of chain ends compared to the unmodified 

linear polymers. It has been found that the carboxyl end group in PLA plays a crucial role in 
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degradation56. An increase in the number of branches (chain ends) in PLA results in enhanced 

hydrolyzability59. The elevated rate of hydrolysis in LCB structures can be attributed to the hydrophilicity 

of carboxyl groups helping to attract more water molecules, and the higher number of terminal hydroxyl 

groups around which cleavage of the ester groups occurs53. The larger numbers of carboxylic chain ends 

may also hinder close packing, further facilitating water penetration and counter-diffusion of oligomers60. 

Therefore, it is evident that the branching architecture and the increased number of terminal hydroxyl 

groups in the modified samples contributed to an enhanced initial hydrolytic degradation rate53,60.  

Once the initial phase of loss of low and high molar mass oligomers is complete in the branched 

formulations, the rest of the material follows closely the trends of the linear PLAs, consistent with the 

degradation profile that would be expected for the remaining mostly linear chains.  Examining the trends 

shown in the molar mass distributions of Figure 3.5, we also note that the almost complete loss in the Mz 

of the branched samples occurs within the first 10 days. Since hydrolysis of ester bonds of PLA occurs 

randomly, longer chains with high molar mass would be more susceptible to cleavage than shorter 

chains61, explaining the susceptibility of the high molar mass fractions to degradation. Furthermore, it is 

worth noting that in Figure 3.5(c), the TAM-modified PLA experienced a much higher rate of loss in Mz 

compared to all other formulations, including PLA1/GMA, even though the latter also contains 

branching. This trend points to an influence of TAM structures on hydrolysis. Owing to the free-radical 

mechanism, TAM-modified PLA consists of mixtures of linear and highly branched chains. It is also 

possible that complex LCB TAM structures, interpenetrated with the PLA matrix, exist35. The TAM-

grafted chains and TAM-structures, which are primarily present in the higher molar mass fractions appear 

to be more susceptible to degradation than the unmodified, linear chains.  

3.4.3 Thermal Properties 

This work confirmed previous findings that hydrolytic degradation affects substantially the thermal 

properties of PLA13,16,17,44,52,55. Upon prolonged hydrolysis, the cold crystallization peak disappeared while 

a strong melting peak remained present in the first heating scan (Figure 3.6). This resulted in a higher 
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crystallinity of the degraded materials based on Equation 3.2 and was indicative of the transformation of 

amorphous regions into crystalline phases17. Double melting peaks similar to those present in the 

degraded PLA samples, have been observed in other work, attributed both to lamellar rearrangement and 

the melting of hydrolytic degradation products of PLA16,17.  

The samples exhibited increases in the degree of crystallinity of over 200% during the first 20 days 

(Figure 3.7(a)). The increase in crystallinity is generally attributed to the crystallization of the amorphous 

parts and/or erosion of the amorphous parts and explains the increase in the opacity of the samples shown 

in Figure 3.252. Hydrolysis of semi-crystalline PLA is expected to initially proceed in the amorphous 

regions, transforming these domains to crystalline phases17. Eventually, the crystallinity may decrease if 

the degradation process is extended beyond the total hydrolysis of the amorphous regions17. An increase 

in crystallinity can also be attributed to the shortening of polymer chains which results in enhanced 

mobility, allowing the chains to rearrange into a more crystalline structure. 

In this work we show that the strong increase in crystallinity with time from the first heating scan (Figure 

3.7(a)), can also be attributed to the conditioning during the hydrolytic degradation experiments. Given 

that this study was conducted at 60°C, slightly above the Tg of PLA, the conditions were similar to 

exposing the samples to annealing, which would allow the polymer chains to crystallize as they gain 

mobility. Enhanced crystallization may also be attributed to the plasticizing effect of water 52. On the 

other hand, the second heating scan, which eliminates the previous thermal history, shows an overall 

decrease in crystallinity for all samples (Figure 3.7(b)), thus proving that the increase in the crystallinity 

was attributed the hydrolysis conditions only. 

We further undertook a separate short-term study to differentiate the effects of plasticizing, due to the 

presence of water, and annealing, due to the conditioning above Tg, on the crystallinity of the samples. 

Unmodified PLA1 and modified PLA1/0.1/0.3 were maintained in two environments: water at room 

temperature and air at 60°C, which were chosen to simulate the effects of plasticizing and annealing, 

respectively. For a duration of three weeks, the same procedures used for the full-scale degradation 

experiment were implemented, and DSC was performed on the extracted samples to evaluate any 
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changes. Table 3.4 shows the changes in thermal properties observed in PLA1/0.1/0.3 after 3 weeks. This 

data is representative of similar changes seen in PLA1.  

In the presence of water at 20°C, the changes in the thermal properties were minimal. Dry conditioning at 

60°C resulted in substantial changes, with a crystallinity increase of over 200% compared to the initial 

material, proving the overwhelming effect of annealing. These changes are even more pronounced when 

facilitated by the plasticizing effect of water at this temperature, such as the conditions of the 12-week 

study. These findings prove that the increase in crystallinity as hydrolysis proceeds can be attributed to a 

combined annealing and plasticizing effect and it is thus dependent on the conditions of the degradation 

experiments. 

Table 3.4: Thermal properties of PLA1/0.1/0.3 at various conditions 

Sample 
First Heating Cooling Second Heating 

Tcc1
 a Tcc2

b Tm
 c Tg

 d χc 
e Tc

 f Tcc1 Tm Tg χc 

Initial Material 98 155 170 62 14 126 - 167 59 47 

Water at 20°C 88 152 168 59 17 133 - 168 59 55 

Air at 60°C - 151 169 - 43 133 - 168 59 55 

Water at 60°C - - 159 - 56 - 86 141 44 25 

a Tcc1 – cold crystallization peak temperature measured in heating 

b Tcc2 – cold crystallization peak temperature measured in heating just before melting 

c Tm – melting peak temperature measured in heating 

dTg – glass transition temperature 

e χc – percentage crystallinity 

f  Tc – crystallization peak temperature measured in cooling 

All temperatures are reported in °C. 

3.5 Conclusions 

This study investigated the effects of long-chain branching through TAM-modification on the hydrolytic 

degradation of PLA at 60°C. Within a 12-week time frame, linear and branched samples experienced 

substantial degradation, with notable losses in mass, molar mass, structural integrity, and changes in 

thermal properties.  
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A comparison of mass loss and molar mass loss profiles suggested a bulk mechanism as the predominant 

erosion phenomenon for all formulations. Additionally, increases in crystallinity were caused by the 

combined effects of annealing and plasticizing at the given experimental conditions. Hydrolytic 

degradation caused significant reductions in molar mass (>90%) along with narrowing of the molar mass 

distributions within the first 20 days of exposure.   

The mass loss profiles of the modified formulations differed from those of the neat PLA due to the 

preferential degradation of low and high molar mass segments from the polymer chains and counter-

diffusion of the resulting oligomers. These results demonstrated that reactive modification of PLA to 

introduce LCB did not hinder the hydrolytic degradation of PLA, thus making this modification approach 

highly promising for various commodity applications that would benefit from the use of degradable 

biopolyesters. 
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Chapter 4 

Improvements in the crystallinity and mechanical properties of PLA by 

nucleation and annealing† 

4.1 Introduction 

As a result of significant research and development efforts, PLA is becoming the sustainable material of 

choice for applications such as packaging, fibers, and other commodity materials which traditionally use 

petroleum-based polymers1–3. However, widespread adoption of PLA in industry is significantly hindered 

by its inherent slow crystallization kinetics4,5, low melt strength4,6–8, poor mechanical properties1,5, and 

low heat deflection temperature (HDT)2,3. The high cooling rates used in conventional polymer 

processing techniques are not conducive to the development of significant crystallinity in PLA, thus 

necessitating extra annealing steps. This contributes to increased cycle times and higher production costs, 

along with difficulty in the demolding and ejection of parts9–11, therefore restricting PLA from use in 

conventional polymer processing applications, such as injection molding, blow molding, and film 

processing2,3,12. 

Due to a growing demand for sustainable materials, many manufacturers seek to use PLA in more durable 

and high heat applications. As a result, there is a pressing need to develop strategies to overcome its 

inherent limitations. Common approaches include block copolymerization, chemical modification, and 

the use of nucleating agents, plasticizers, blends, and chain extenders13. The incorporation of a nucleating 

agent is one of the most economical and widely used methods for accelerating the crystallization process 

and increasing the crystallinity content of PLA9.  

Nucleating agents can be categorized into two types: i) those which remain as dispersed solid particulate 

in the polymer melt, such as organic dicarboxylic acid salts14,15 and ii) those that dissolve in the polymer 

                                                      

† A version of this chapter is under review for publication: Simmons, H.; Tiwary, P.; Colwell, J.E.; Kontopoulou, 

M. Improvements in the crystallinity and mechanical properties of PLA by nucleation and annealing. Polymer 

Degradation and Stability. 2019. 



 57 

melt and phase separate during cooling to produce heterogeneous nuclei, such as sorbitol and its 

derivatives16. Upon cooling, these nucleating agents crystallize in the form of nanoscale three-

dimensional fibrillar networks, which serve as nucleating sites17–20. It is thought that the polymer lamellae 

subsequently grow epitaxially on the nanofibrillar network21,22.  

Several nucleating agents for PLA such as talc23, calcium carbonate24, cellulose25,26, and LAK 301, an 

aromatic sulphonate derivative (potassium salt of 5-sulphoisophthalic acid dimethyl ester)9 have been 

reported in the literature. LAK is an organic nucleating agent which differs from the more traditional 

particulate fillers due to its ability to dissolve in the polymer melt, similarly to the sorbitol derivatives 

described above. It has been found to be highly effective in achieving property and processing 

improvements when combined with PLA in small amounts9,27,28. 

In addition to the use of nucleating agents, reactive modification approaches have also been employed to 

produce PLA containing long-chain branching (LCB), which results in improvements in the properties 

and processability of PLA29–33. Recently our group accomplished improvements in the melt strength, 

crystallization properties, and foaming of PLA, by employing peroxide-initiated grafting of the multi-

functional co-agent triallyl trimesate (TAM) in a reactive extrusion process34–37. PLA modified with TAM 

has been shown to contain LCB, and exhibits enhanced crystallization kinetics as a result of the 

nucleating effect in the presence of branching and of oligomerized coagent36. In addition to these benefits, 

TAM-modification does not compromise the degradability of PLA38. Given the positive effects of 

peroxide and TAM on the properties of PLA, these components were used in a proprietary technology to 

develop a novel, fully bio-based nucleating agent, biofiller (BF), which consists of cross-linked PLA 

particles39. The compounding of cross-linked polymers into neat linear formulations is known to induce 

nucleation39. 

The remarkable crystallization properties of TAM-modified PLA34,36, were previously demonstrated 

through DSC characterization, which employs controlled cooling conditions. The conditions encountered 

in industry differ, thus making it imperative to investigate the performance of these materials under a 

range of molding conditions. In this work, we investigate the thermal and mechanical properties of 
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compression molded PLA branched by reactive extrusion using TAM coagent, as well as PLA samples 

containing various amounts of the BF nucleation agent. These are compared to PLA combined with LAK, 

a highly effective nucleating agent. We implement post-processing annealing, to achieve further property 

enhancements. The effects of annealing on the hydrolytic degradation of PLA are also investigated.  

4.2 Materials and Methods 

4.2.1 Materials 

PLA 3251D, designated as PLA (MFI 35g·10 min-1 at 190°C / 2.16 kg, injection molding grade, weight 

average molar mass of 84 kgmol-1, dispersity of 1.5) was obtained from Natureworks®. LAK 301 was 

obtained from Takemoto Oil & Fat Co and used as a nucleating agent. Dicumyl peroxide, DCP (98% 

purity, Sigma-Aldrich), triallyl trimesate, TAM (98% purity, Monomer-Polymer and Dajac Labs), and 

tetrahydrofuran (THF, HPLC grade, Sigma-Aldrich) were used as received. The BF additive was prepared 

according to a proprietary process, by coating powdered PLA with 1 wt% DCP and 1 wt% TAM in an 

acetone solution and allowing the solvent to evaporate39. The mixture was then charged to a batch mixer 

operating at 185°C and 100 rpm for 10 min, producing a highly cross-linked material.  

4.2.2 Reactive Extrusion and Compounding 

Reactive modification of PLA with TAM was performed in a twin screw co-rotating extruder (TSE, 

Coperion ZSK 18 ML) equipped with a strand die, water cooling bath, and pelletizer, as described in 

previous work36. A masterbatch was prepared by solution coating PLA powder with DCP, TAM, and 

acetone, and allowing the solvent to evaporate. The masterbatch was mixed with dried PLA to yield a 0.1 

wt% DCP and 0.3 wt% TAM formulation, designated as PLA/TAM. The extruder operated with a 

temperature of 190°C throughout, with a temperature of 170°C in the feed zone, feeder speed of 30 min-1, 

screw speed of 120 min-1, and an average residence time of 2.5 min to allow for a complete reaction (the 

half-life time of DCP is 0.3-0.8 min at 190C40). The neat PLA samples were processed in the TSE using 

the same conditions. 
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LAK was compounded with PLA using a Haake Polylab R600 internal batch mixer equipped with roller 

rotors and with a chamber volume of 70 cm3. PLA was coated with an acetone solution containing 1 wt% 

LAK 301 and the solvent was allowed to evaporate. The resulting mixture was charged to the mixer at 

185°C at 120 rpm, using a fill factor of 70%, and mixed for 5 min. The formulation which contains 1 wt% 

LAK 301 is designated as PLA/LAK. Similarly, the BF was added to PLA using the Haake Polylab R600 

batch mixer in ratios of 1-10 wt% BF at 185°C and 120 rpm for 5 min. The sample designation used in 

this work is PLA/xBF where ‘x’ denotes the weight percentage of BF. 

4.2.3 Sample Preparation and Annealing  

Following processing, PLA samples were dried for 24 h under vacuum at 60°C. Samples were prepared 

for mechanical testing and degradation by melting and shaping PLA through compression molding for 5 

minutes using a Carver Hydraulic Press at 180°C. These samples were cooled at room temperature and 

are designated as compression molded (CM).  

Selected samples were subjected to further annealing treatment immediately following the melting step by 

exposing the mold to temperatures ranging from 80-120°C for an additional 5 minutes. After annealing, 

the samples were cooled at room temperature and are designated as annealed (CM xC, where ‘x’ denotes 

the annealing temperature). The sample preparation and annealing methodology remained consistent 

between the various PLA formulations used in this work. 

4.2.4 Gel Permeation Chromatography (GPC) 

GPC characterization of molded samples was conducted using a Viscotek 270 max separation module 

equipped with triple detectors: differential refractive index (DRI), viscosity (IV), and light scattering (low 

angle, LALS; and right angle, RALS). The separation module was maintained at 40°C and contained two 

porous PolyAnalytik columns in series with an exclusion molar mass limit of 20x106 g·mol-1. HPLC 

grade THF was used as the eluent at a flow rate of 1 ml·min-1.  
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Samples were prepared for GPC analysis by dissolving a film cross-section in THF to achieve a solution 

of a 2 mg·ml-1 concentration. Chromspec 13 mm UV syringe filters with a 0.22 µm pore size were used 

to filter the samples prior to measurement.  

4.2.5 Differential Scanning Calorimetry (DSC) 

The non-isothermal crystallization behaviour of neat, branched, and nucleated PLA was studied through 

differential scanning calorimetry (DSC) using a TA Instruments DSC Q1000. Samples weighing 5-10 mg 

were sealed in aluminum hermetic pans and heated to 210°C at a rate of 5°C·min-1. Following the first 

heating scan, the samples were held isothermally for 3 min at 210°C. To determine the crystallization 

onset and peak, the samples were cooled to -30°C at a rate of 5°C·min-1. The second heating scan was 

conducted between -30 and 210°C at a rate of 5°C·min-1. The percent crystallinity, χc, was determined 

using Equation 4.1: 

𝜒𝑐 =
Δ𝐻𝑚 − Δ𝐻𝑐𝑐

Δ𝐻100 (
𝜙𝑃𝐿𝐴
100 )

× 100 (4.1) 

where Δ𝐻𝑚 is the enthalpy of melting, Δ𝐻𝑐𝑐  is the enthalpy of cold crystallization, Δ𝐻100 is the 

theoretical enthalpy of melting for a 100% crystalline polymer, which is 93 J·g-1 for PLA 41, and PLA is 

the polymer matrix weight percentage of the samples. 

4.2.6 X-ray Diffraction (XRD) 

X-ray diffraction (XRD) analysis of compression molded discs (32 mm diameter, 2 mm thickness) was 

conducted with a Philips X’Pert Pro diffractometer using Co kα radiation (λ = 1.79 Å). Measurements 

were performed at 40 kV and 45 mA, with data recorded in the range of 2θ = 10-30°.  

4.2.7 Mechanical Properties and Heat Deflection Temperature (HDT) Testing 

Flexural tests were performed on 127 mm x 13 mm x 3 mm compression molded specimens with an 

Instron 3369 universal testing machine using a three-point loading system with a cross head speed of 2 

mm·min-1 according to ISO 17842. An impact tester from Satec System Inc. equipped with a 7 lb hammer 
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was used to perform unnotched Izod impact tests on 63.5 mm x 13 mm x 3 mm compression molded 

specimens according to ASTM D25643.  

Heat deflection temperature (HDT) measurements were performed on 127 mm x 13 mm x 3 mm 

compression molded specimens. Samples were lowered in a silicon oil bath and the temperature was 

increased from 23°C at a heating rate of 120°C·h-1 until 0.25 mm deflection occurred under a load of 1.82 

MPa, consistent with ASTM D64844. All mechanical tests were performed 48 h after molding. 

4.2.8 Hydrolytic Degradation 

Thin films with a thickness of 200 μm were prepared for hydrolytic degradation tests by compression 

molding and annealing at 100C. Long-term hydrolytic degradation tests were conducted at 60°C in a 

Thermo Scientific Forma 3911 environmental chamber using methods described in previous work38. 

Individual films having dimensions of 1x3 cm2 were placed in scintillation vials containing 20 ml of 

phosphate buffer solution (PBS). The total duration of the experiment was 12 weeks (84 days), with 

sampling intervals of 1 week. Films were weighed after 24 h drying in a vacuum oven at 60°C to obtain 

the mass loss measurements. The degradation medium was replaced upon each extraction. 

Due to their lower molar mass compared to the original material, GPC characterization of the degraded 

samples was performed using a Waters 2960 separation module connected to a Waters 410 differential 

refractometer (DRI), which allowed for better detection of low molar masses. Four Styragel columns were 

maintained at 35°C with HPLC grade THF as the eluent at a flow rate of 0.3 ml·min-1. The DRI detector 

was calibrated by polystyrene standards with narrow dispersities over the range of 300-850,000 g·mol-1. 

GPC analysis was performed on samples dissolved in THF at a concentration of 2 mg·ml-1 and filtered 

using Chromspec 13 mm UV syringe filters with a 0.22 µm pore size. 
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4.3 Results and Discussion 

4.3.1 Thermal Properties and Crystallinity 

Thermograms of selected compression molded samples, obtained by DSC, are shown in Figure 4.1(a). 

The detailed thermal properties, including cold crystallization temperature (Tcc), melting temperature 

(Tm), and glass transition temperature (Tg) of all compositions are summarized in Table A.1. 

 

Figure 4.1: First heating DSC curves for PLA samples compression molded (a) and annealed at 100°C 

(b). Curves are shifted vertically by an arbitrary factor and exothermic peaks are up. 
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As seen in Figure 4.2, the compression molded PLA/LAK had slightly improved crystallinity compared 

to the neat PLA. The branched PLA/TAM exhibited a crystallinity of 13%, whereas the PLA/BF 

formulations containing 5 wt% BF and above showed an impressive improvement in crystallinity, higher 

than 20%. These results suggest that the PLA-based BF acts as a very effective nucleating agent, owing to 

its good compatibility with the matrix material. 

 

Figure 4.2: Crystallinity of all formulations compression molded and annealed at 100°C 

Nucleating agents enhance crystallinity by introducing sites for nucleation and increasing the 

crystallization rates. However, achieving high crystallinity in nucleated PLA after molding operations 

remains difficult. To achieve a high degree of crystallinity, the cooling rate must be reduced (leading to a 

long cycle time), or alternatively, annealing of the parts offline may be implemented45,46. Annealing 

involves submitting samples to a controlled temperature for a limited time47. This manifests in changes in 

the sample crystallinity, since PLA can crystallize between its glass transition and melting 

temperature48,49. Annealing treatment can impart significant improvements in the thermal and mechanical 

properties of PLA45,50–54. In this work annealing was performed by conditioning the compression molded 

samples at different temperatures. 

The effect of annealing at 100°C on the thermal properties is illustrated in Figure 4.1(b) and summarized 

in Table A.1. The annealed non-nucleated neat PLA sample did not exhibit remarkable changes in its 
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thermal properties, and only a slight increase in crystallinity was achieved (Figure 4.2). However, 

remarkable enhancements in the crystallinity up to 45% for PLA/TAM and PLA/LAK and up to 50% for 

the formulations containing the BF nucleating agent were achieved. 

The disappearance of the cold crystallization peak (Figure 4.1(b)) in the branched (PLA/TAM) and 

nucleated samples (PLA/LAK, PLA/5BF) confirms that the crystallization process was promoted at the 

slower cooling rates provided by annealing conditions55. This is a phenomenon which has been previously 

observed when nucleating agents are added to PLA, and demonstrates the efficiency of a nucleating agent 

in enhancing the crystallization process56,57. Our results show that the nucleated formulations of PLA are 

more responsive to annealing treatment, and there is a combined effect of nucleation and thermal 

treatment in improving the crystallinity of a sample. 

Figure 4.3 shows the effect of annealing temperature on crystallinity. The most dramatic effects were 

obtained when the annealing temperature was increased from 80°C to 100°C, whereas the improvements 

were marginal above this temperature. Therefore 100°C is deemed as an appropriate temperature for 

annealing of these samples, while avoiding possible degradation concerns at higher temperatures. 

 

Figure 4.3: Effect of annealing temperature on sample crystallinity 
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The most common crystal structure is α, with two distinct phases, α (stable) and α (disordered)58–62. 

Differences between the crystalline structures are associated with chain conformation and packing 

between the disordered and ordered forms. Compression molded PLA/5BF and PLA/TAM, exhibit only 

two low intensity diffraction peaks at 16.5° and 18.9°, corresponding to the (110)/(200) and (203) 

reflection of the disordered α crystals, respectively61,62. The presence of these peaks, along with their low 

intensity indicates the development of some crystallinity in these samples compared to the compression 

molded neat PLA, consistent with the results shown in Figure 4.2. 

Notable differences in the XRD patterns were observed between the compression molded and annealed 

samples. Upon annealing, the (110)/(200) reflection increased in intensity, providing evidence of higher 

crystallinity. Several diffraction peaks of lower intensity were also present in the annealed samples at 

14.8°, 18.9°, and 22.2°,  corresponding to the (010), (203), and (015) reflections respectively61–63. The 

occurrence of the lower intensity reflections supports the development of α-crystals upon annealing at 

100C. It should be noted that in addition to the (010), (110)/(200), and (203) reflections detected in this 

work, for the presence of α-crystal, literature reports peaks at 12.5, 20.8, 23.0, 24.1, and 25.1 

corresponding to the (004)/(103), (204), (115), (016), and (206) planes respectively61. Evidently, at an 

annealing temperature of 100C, neither the α or α crystal form was developed exclusively and instead a 

combination of the two crystal forms is present. The α and α crystal forms are known to exclusively 

develop at 85C and 145C, respectively58,60–62. Therefore the annealing temperature of 100°C falls 

directly in a transition region between the α and α crystal forms58,64,65.  
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Figure 4.4: XRD patterns for PLA, PLA/5BF, and PLA/TAM compression molded and annealed at  

100°C. Curves are shifted vertically by an arbitrary factor. 

The glass transition temperature, Tg, was sensitive to the various modification strategies and to annealing.  

In the compression molded samples, the modified PLA have lower and less well-defined Tg compared to 

the linear neat PLA (Figure 4.5). However, upon annealing, increases of over 10C in the Tg of 

PLA/TAM and the PLA/BF samples were observed. These results suggest that post-molding treatment is 

an effective method to increase Tg, with a positive influence on important properties, such as the HDT, as 

described in the next section.  
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Figure 4.5: Tg of all formulations compression molded and annealed at 100°C 

Figure 4.6 shows the effect of annealing temperature on Tg. For both LAK and TAM-modified PLA, 

similar improvements in Tg were obtained across all annealing temperatures, while the Tg of neat PLA 

remained relatively unchanged upon annealing, with only a moderate improvement when annealed at 

100°C. 

 

Figure 4.6: Effect of annealing temperature on Tg 
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4.3.2 Mechanical Properties and Heat Deflection Temperature (HDT) 

It is well known that the properties of molded polymeric parts such as the crystalline morphology, 

spherulite size, and crystallinity are largely governed by the processing conditions45,66,67. The mechanical 

properties such as flexural modulus, impact strength, and HDT depend on crystalline structure, molecular 

weight, and chain architecture59, and are important factors in determining the end-use applications of 

PLA. In this section, we establish structure-property relations between the thermal and mechanical 

properties of the PLA formulations under investigation.  

Prior to annealing, all of the formulations exhibited similar flexural moduli, with only modest 

improvements seen in the branched and nucleated samples compared to neat PLA (Figure 4.7). However, 

improvements were observed post-annealing, with PLA/TAM and PLA containing above 7 wt% BF, 

experiencing over 40% increases in flexural moduli compared with the neat material, while also matching 

within statistical error the performance of PLA/LAK, which was the benchmark material.  

The presence of stable nucleation sites and an increase in chain mobility at higher molding temperatures 

facilitate crystallization35,36,68,69, as shown in Section 4.3.1 above. The combined effect of these two 

phenomena is evident in the flexural moduli of annealed PLA formulations. A comparison of the 

crystallinity (Figure 4.2, Table A.1) and the flexural moduli (Figure 4.7, Table A.2), reveals a direct 

correlation. The neat PLA does not develop significant crystallinity even upon annealing, and 

consequently its flexural modulus showed only modest improvement. In contrast, the nucleated 

formulations experienced substantial increases in crystallinity, followed by large increases in the flexural 

moduli as a result of annealing.    
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Figure 4.7: Flexural modulus of all formulations compression molded and annealed at 100°C 

The effects of annealing temperature on the flexural moduli are shown in Figure 4.8 for three selected 

materials. Evidently, the flexural modulus of PLA/TAM is most strongly influenced by annealing 

treatment, showing improvement across all temperatures, while PLA/LAK only exhibits substantial 

improvements when annealed at 100C and 120C. 

 

Figure 4.8: Effect of annealing temperature on flexural modulus 

2000

2600

3200

3800

PLA PLA/LAK PLA/TAM PLA/1BF PLA/5BF PLA/7BF PLA/10BF

Fl
ex

u
ra

l M
o

d
u

lu
s 

(M
P

a)

CM

CM 100°C

2000

2400

2800

3200

3600

PLA PLA/LAK PLA/TAM

Fl
ex

u
ra

l M
o

d
u

lu
s 

(M
P

a)

CM

CM 80°C

CM 100°C

CM 120°C



 70 

The unnotched Izod impact strength of the non-annealed and annealed samples are presented in Figure 

4.9. There were no significant differences in the impact strength of the compression molded samples, 

except for the PLA/5BF composition. PLA/LAK and PLA/TAM exhibited improvements in their impact 

strength upon annealing treatment that were comparable within statistical error.  

The impact strength of the BF-based PLAs decreased upon annealing. This may be attributed to the 

higher crystallinity of these materials, which would typically affect impact strength negatively. 

Accordingly, PLA/LAK and PLA/TAM, which had lower crystallinity (Figure 4.2) had better impact 

properties. This suggests that there is a balance between the increase in the crystallinity and the impact 

properties. Differences in the crystalline structure may also be responsible for these observations. 

Nevertheless, in all cases, nucleation and branching of PLA did not compromise the properties of the 

initial PLA material, except for the composition containing 10 wt% BF. 

 

Figure 4.9: Impact strength of all formulations molded and annealed at 100°C 
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The effect of annealing temperature on the impact strength is summarized in Figure 4.10. While modest 

improvements are observed at annealing temperatures of 80C and 100C, the impact strength of the 

nucleated samples is compromised at a temperature of 120C, decreasing nearly to the values of the initial 

compression molded material.  

 

Figure 4.10: Effect of annealing temperature on impact strength 
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non-annealed samples. The annealed PLA/TAM exhibited the largest increase in HDT, by 7°C, followed 

closely by PLA/5BF. This enhancement can be correlated to the increase in Tg also observed for these 

materials (Figure 4.5).  

Taking into consideration differences in composition and experimental methodology, the annealed HDT 

values are comparable with literature. Nagarajan et al. conducted studies with PLA and LAK, finding that 

a 1 wt% loading of LAK and exposure to a heated injection mold at 90°C for 60 s resulted in an HDT of 

65°C74. More substantial changes in HDT (>85°C) have been recorded for higher mold temperatures 

exceeding 110°C74; however, such mold conditions can compromise the mechanical properties of the 

material, as was observed for the annealing temperature of 120C in this work (Figure 4.8, Figure 4.10).  

 

Figure 4.11: HDT of PLA samples annealed at 100°C 
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degradation of PLA. In this section we investigate the effect of annealing at 100°C on the long-term 

hydrolytic degradation profile of neat and modified PLA.  

Figure 4.12 shows the mass loss of the PLA samples as a function of degradation time. All samples show 

the same principal erosion behaviour; the matrices start to lose mass after an induction period of minimal 

mass loss. However, the time point at which mass loss begins is quite different between the compression 

molded and annealed samples. The original PLA sample showed an initial period of minimal mass loss of 

about 70 days, followed by rapid mass loss toward the end of the degradation period. The delay in the 

onset of mass loss coupled with immediate and rapid loss in molecular weight was attributed to a bulk 

erosion mechanism that is prevalent in these samples38.   

On the contrary, all annealed formulations, which had higher crystallinity, experienced substantial mass 

loss and followed similar profiles, with an induction period of only 14 days, followed by constant and 

linear loss. Given the immediate onset of molar mass loss in the annealed samples (Figure 4.13), it is 

evident that these samples also follow a bulk erosion mechanism.  

 

Figure 4.12: Mass loss and representative visual changes as a function of hydrolysis time for PLA 

samples compression molded and annealed at 100°C. Lines are drawn to guide the eye. 

Several researchers have reported accelerated degradation rates with increasing polymer crystallinity76,77. 

Tsuji and Ikada propose that higher crystallinities introduce more defects into the amorphous region, 

1 cm 
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which allows for easier diffusion of water into such regions76. Accelerated hydrolysis of PLA with high 

crystallinity may also be ascribed to an enhanced catalytic effect caused by the exclusion of the terminal 

group from the crystalline region during crystallization. This results in an increased density of hydrophilic 

and catalytic carboxyl terminal groups in the amorphous region76.  

Despite the differences in the induction period of mass loss, all samples followed a bulk erosion 

mechanism and achieved over 30% mass loss at the end of the study irrespective of their prior thermal 

treatment. The annealed samples experienced higher rates of mass loss and surpassed the overall mass 

loss over the course of the study compared to the non-conditioned PLA. 

As degradation proceeded, significant physical changes were also observed in the samples (Figure 4.12), 

including increased brittleness and fragmentation, along with a notable increase in sample opacity as 

degradation proceeded. This is a well-known consequence of degradation, attributed to increased 

crystallinity in the polymer matrix as a result of the preferential degradation of amorphous regions38,78,79. 

No significant visual differences between the non-annealed and annealed samples were observed upon 

hydrolytic degradation in this work.  

Molar mass loss occurs upon hydrolytic degradation, with its rate dictated by the type of erosion 

mechanism present. Across all formulations, significant decreases in the molar mass averages were 

observed (Figure 4.13), attributed to the hydrolytic degradation process and the loss of low and high 

molar mass fragments. In all molar mass averages, the rate of loss was highest in the first three weeks of 

the study, reaching over 70% loss. Beyond the sixth week of the study, the molar mass loss plateaued 

amongst all molar mass averages and across all PLA formulations. These trends are consistent with those 

seen previously for non-annealed samples38. 

Comparison of the Mz averages (Figure 4.13(c)), reveals that PLA/TAM exhibited the highest rates of 

loss in the first two weeks, while the neat, LAK, and BF-modified PLA formulations did not experience 

such rates of loss in Mz in the same timeframe. PLA/TAM contains a higher number of chain ends 

compared to unmodified PLA, owed to the presence of LCB and complex TAM structures interpenetrated 

with the PLA matrix36,38. The carboxyl end group has been found to play a crucial role in degradation, 
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hindering close packing and providing enhanced hydrolyzability80–82. Branching architecture, particularly 

that provided by TAM, has also been found previously to be responsible for changes in degradation 

behaviour, and a more accelerated rate of molar mass loss38,80,83. 

 

Figure 4.13: Molar mass averages for PLA samples as a function of time (a) Mn; (b) Mw; and (c) Mz for 

PLA annealed at 100°C 
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Irrespective of the formulation, comparable rates of specimen mass loss and molar mass loss were 

achieved to our previous work, which focused on the degradation of non-annealed neat and TAM-

modified PLA under the same environmental conditions38. These results demonstrate that the use of 

annealing to introduce crystallinity in neat, branched, and nucleated PLA did not hinder the hydrolytic 

degradation of PLA on a 12-week time scale.  

4.4 Conclusions 

We have demonstrated strategies to obtain PLA with high crystallinity and enhanced mechanical 

properties, as well as HDT. The two proposed methods include the introduction of long-chain branching 

by reactive extrusion, and the addition of a PLA-based, cross-linked nucleating agent. In the former case, 

the improvements in crystallization behaviour are attributed to the nucleating effect of the long-chain 

branched structures. In the latter approach, the improvements were attributed to the exceptional 

nucleating capacity of the BF nucleating agent, which owing to its PLA-based nature had good 

compatibility with the matrix material. 

Further improvements to the crystallinity were achieved through annealing at temperatures in the range of 

80-120C, demonstrating the combined effects of controlled cooling and nucleating agents in promoting 

crystallization. The improvements in crystallinity achieved by annealing translated to significant 

improvements in the flexural modulus, with all modified formulations experiencing over 30% increases 

relative to non-annealed neat PLA. Additionally, the impact strength of the original materials was 

maintained upon annealing. An annealing temperature of 100C was selected as optimum, due to 

maximum property improvements achieved at this temperature and thermal degradation occurring above 

100C. Improvements in the glass transition temperatures of over 10°C were also achieved upon 

annealing, resulting in a 7°C increase in HDT. 

Given the known influence of crystallinity on degradation, the effects of nucleation and annealing on the 

hydrolysis of PLA were studied. Within a 12-week timeframe, annealed PLA samples experienced 

substantial loss in sample mass, molar mass, and structural integrity, comparable to those previously 
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recorded for the degradation of non-annealed PLA. The results of this work demonstrated that annealing 

is an effective method to provide the required crystallinity for PLA while maintaining its degradability. 

This extends the range of use of PLA in commodity applications that require biodegradable polymers 

with high heat resistance and durability. 
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Chapter 5 

Conclusions and Future Recommendations 

5.1 Thesis Conclusions 

Reactive extrusion in the presence of peroxide and TAM provides an effective and industrially relevant 

means to introduce branching in PLA, yielding improvements in processing characteristics and properties. 

This work addressed two major gaps in the research on coagent-modified PLA: the effect of LCB on 

degradation, and the optimization of thermal and mechanical properties through controlled process 

conditions. 

TAM-modified PLA experienced substantial degradation within a 12-week time frame, with losses in 

mass (>30%), molar mass (>90%), structural integrity, and changes in thermal properties. Due to the 

immediate decrease in molar mass over the first three-weeks of the study and the initial lag period for 

mass loss in the same timeframe, a bulk mechanism was proposed as the predominant erosion 

phenomenon. The significant increase in crystallinity of the degraded samples beyond 50% was attributed 

to the combined effects of annealing and plasticizing under the experimental conditions. Differences in 

the degradation profiles of the neat and modified PLA were observed due to the preferential degradation 

of low and high molar mass segments from the polymer chains and counter-diffusion of the resulting 

oligomers. It is noteworthy that the LCB introduced by reactive extrusion did not affect the capacity of 

the modified PLA to degrade.       

Improvements to the crystallinity of PLA from 5% to nearly 20% were achieved both through the 

introduction of LCB by reactive extrusion, and the addition of BF, a novel PLA-based, cross-linked 

nucleating agent. Such improvements were attributed to the nucleating effects of LCB structures in the 

former approach, and the exceptional nucleating ability of the BF, due to its good compatibility with the 

matrix material, in the latter approach.  
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Further improvements in crystallinity (>50%) were achieved by annealing at 80-120C, illustrating the 

combined effects of controlled cooling and nucleating agents in promoting crystallization. These 

improvements translated to over 30% increases in the flexural moduli, while the impact strength of the 

original materials was maintained. Improvements in the glass transition temperatures by as much as 12C 

were also achieved upon annealing, resulting in a 7°C increase in HDT. In addition, the hydrolytic 

degradation was found to be unhindered by the increased crystallinity in the annealed samples. 

The results of this work demonstrate that the use of reactive modification to introduce LCB in PLA, the 

addition of the BF, and the controlled cooling achieved by annealing conditions all serve as effective 

methods to improve the properties and crystallinity of  PLA, without sacrificing degradability. These 

improvements will extend the range of use of PLA in various commodity applications that require 

degradable polymers. 

5.2 Future Work 

There are many opportunities for future work in this field, several of which are described below. 

I. Given the promising results obtained from a 12-week hydrolytic degradation study, a long-

term degradation study under composting conditions would present a lot of opportunities for 

further understanding the degradation mechanisms of coagent-modified PLA. The 

composting study should be investigated according to ASTM and ISO standards and would 

determine the true sustainability of the coagent-modified PLA and its potential to replace 

PBPs in applications requiring degradable polymers. 

II. Further study into the kinetics of degradation and the diffusivity of various PLA formulations 

would prove useful in understanding the mechanisms and phases of degradation. 

III. It would be interesting to examine the degradation extracts in detail, particularly soil extracts 

in the case of a composting study, to determine the products of degradation at various stages. 

This would prove critical for the market acceptance of coagent-modified PLA as a 
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biodegradable and compostable material, ensuring no toxic or harmful compounds are 

produced during degradation, and that the end products abide by composting standards. 

IV. Scale-up of the processing of the BF-modified PLA to a twin-screw extruder and injection 

molding set-up would better simulate industrial processing conditions and yield better sample 

quality compared to compression molding. The use of injection molding also opens up 

significant opportunities to further investigate the effects of cooling rates on the 

crystallization through the use of heated molds and controlled cooling.  

V. Further optimization of annealing conditions could be completed. Investigating the effects of 

annealing time and temperature using statistical methods such as design of experiments 

(DOE) would highlight optimal conditions for the post-processing treatment of coagent- 

modified PLA, which could be proposed to industry for implementation when using such 

materials.   
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Appendix A 

Thermal and mechanical properties of annealed PLA 

Table A.1: Thermal properties of PLA samples at various annealing temperatures 

Sample Annealing Temperature Tcc1
 a Tcc2

b Tm
 c Tg

 d χc 
e 

PLA 

CM 98 157 172 60 5 

CM 80°C 95 157 173 59 15 

CM 100°C 96 157 173 62 6 

CM 120°C 97 157 173 60 9 

PLA/LAK 

CM 93 155 172 58 9 

CM 80°C 95 156 173 62 27 

CM 100°C 94 n/a 172 62 44 

CM 120°C n/a n/a 172 63 47 

PLA/TAM 

CM 98 155 170 59 13 

CM 80°C n/a n/a 170 69 50 

CM 100°C n/a n/a 169 69 47 

CM 120°C n/a n/a 168 69 54 

PLA/1BF 
CM 92 152 172 56 19 

CM 100°C n/a n/a 172 68 51 

PLA/5BF 
CM 94 156 172 56 22 

CM 100°C n/a n/a 166, 173 68 51 

PLA/7BF 
CM 93 156 173 58 21 

CM 100°C n/a n/a 167, 172 68 55 

PLA/10BF 
CM 95 156 172 59 23 

CM 100°C n/a n/a 173 68 47 

a Tcc1 – cold crystallization peak temperature 
b Tcc2 – cold crystallization peak temperature measured just before melting 
c Tm – melting peak temperature 
d Tg – glass transition temperature 
e χc – percentage crystallinity 

n/a – Temperature was not detected 

All temperatures are reported in °C and measured during the first heating scan. 
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Table A.2: Mechanical properties of PLA samples at various annealing temperatures 

Sample 
Annealing 

Temperature 
Flexural Modulus (MPa) Unnotched Izod Impact Strengtha 

(kJ·m-2) 

PLA 

CM  2256  38  19  0.9 

CM 80°C  2440  99  21  1 

CM 100°C  2665  89  21  2 

CM 120°C  2513  173  21  1 

PLA/LAK 

CM  2343  102  20  1 

CM 80°C  2499  71  27  2 

CM 100°C  3174  142  27  3 

CM 120°C  3145  88  22  1 

PLA/TAM 

CM  2446  57  20  1 

CM 80°C  3145  118  24  2 

CM 100°C  3236  98  25  2 

CM 120°C  3280  60  21  1 

PLA/1BF 
CM  2371  22  19  2 

CM 100°C  2948  152  20  2 

PLA/5BF 
CM  2419  57  23  1 

CM 100°C  3106  161  21  2 

PLA/7BF 
CM  2416  89  20  2 

CM 100°C  3223  182  18  2 

PLA/10BF 
CM  2364  67  20  1 

CM 100°C  3421  234  14  2 

a All Izod impact specimens exhibited complete break.  
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