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Abstract

Nikolaos Kassos

Novel PLA-based materials with improved thermomechanical properties
and processability through control of morphology and stereochemistry:

A study in improving toughness and processability of PLA by blending with

biodegradable polymers and the two PLA enantiomers PLLA and PDLA to

accelerate crystallinity and heat resistance.
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Polylactic acid (PLA) is an aliphatic polyester, derived from sustainable natural

sources that is biodegradable and can be industrially composted. This material

has been in the spotlight recently due to its sustainability and properties.

However it has been invented in 1932 by Carothers and then patented by

DuPont in 1954 (Standau et al. 2019). The properties of this material though

limit its use for applications mainly in the medical sector and in some cases

single use packaging. In this research, PLA based blends with improved

rheological and thermomechanical properties are investigated. The focus is

based in proposing strategies in improving these properties based on

commercial methods and processing techniques.

In this work, commercial grade PLA has been blended with polycaprolactone

(PCL) and polybutylene succinate (PBS) in binary and ternary formulations via

twin screw extrusion. PCL has been known to act as an impact modifier for PLA,

but to cause a corresponding reduction in strength. Results showed that the

binary PLA blends containing PBS and PCL, had reduced viscosity, elastic



ii

modulus and strength, but increased strain at break and impact strength.

Morphological and thermal analysis showed that the immiscibility of these

additives with PLA caused these modifications. Incorporation of a small loading

of PBS had a synergistic effect on the PLA-PCL blend properties. Miscibility

was improved and enhanced mechanical properties were observed for a ternary

blend containing 5wt% of both PBS and PCL compared to binary blends

containing 10% of each additive.

To increase heat resistance of PLA, the material’s crystallinity has to be

increased. However PLA has a relatively slow crystallisation rate making it

difficult and expensive to be used in commercial applications where heat

resistance is needed. For this reason the chiral nature of PLA has been used to

investigate the effect of stereochemistry of PLA in crystallisation. Optically pure

PDLA was added to its enantiomer in small amounts (up to 15%) and the

properties and crystallisation mechanism of these blends was investigated.

Results showed that the addition of PDLA accelerated crystallinity and

developed a stucture that increased heat resistance, melt strength and stiffness.

Finally, a processing model of developing a fully stereocomplex PLA part based

in commercial techniques is proposed. Injection moulded PLA showed even

higher heat resistance without the need of further processing the product

(increasing crystallinity).
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Chapter 1. Introduction

Currently, the status of polymer waste accumulated in the environment, and the

excessive atmospheric pollution due to emissions of processing oil based

materials adds to the already burdened atmosphere. Recycling polymers,

although nowadays established as a sustainable option in the minds of many

citizens, has not however had an effective impact on environmental needs.

Reports showed that nearly 4.8-12.7 million tonnes of plastic enter the oceans

every year and the Mediterranean sea in surface and sea bed, both as full

plastic products and fractured microplastics(Barnes et al. 2009; Cózar et al.

2014; Cózar et al. 2015; Jambeck et al. 2015). In many cases it is not

economically and practically feasible to recycle plastics on a mass scale. Either

due to the complexity of the materials (multi-layered films) or the variation of

polymers that have been used and get mixed when disposed. By looking at the

circular economy figures from the problems and their solutions, it has become

very clear that a collective strategy has to be adopted.

Reducing the use of polymers, improving the recycling facilities and collection

systems, reusing these products as much as possible, and of the increasing the

use of polymers that can be degraded will minimise the effect of the problem

(Luyt and Malik 2019). So, a potential part of the solution for this environmental

issue is the use of polymers that have less fossil fuel emissions when produced

and do not accumulate in the environment when disposed. Biopolymers or

bioplastics are polymers whose components are derived entirely from

renewable raw materials such as sugarcanes, corn, soybeans or

microorganisms (Vroman and Tighzert 2009).
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Most bioplastics are biodegradable, but that ability is not a necessary and

sufficient condition, which means that it does not go both ways (i.e. not all

biodegradable polymers are bioplastics). The classification of biodegradable

biopolymers is based on the life cycle, where it begins with photosynthesis and

absorption of carbon dioxide and ending with its degradation by microorganisms

of the soil and returning carbon dioxide to the atmosphere. Biodegradable

biopolymers are therefore not accumulated in the environment.

Smithers Rapra’s published bioplastics report showed that from 2016 to 2021

the bioplastics demand, production and utilisation forecasts are set to be

increased by nearly double in size (Savinov 2016) with a global consumption

from 200,000 tonnes to half a million from 2016 to 2021, which shows how the

industry demands development in these materials in the near future.

Polylactic acid (PLA) is one of the most widely used biodegradable bio-based

polymer with applications in various fields such as medicine, packaging, and the

textile industry. Especially in recent decades this bio-based polymer has

attracted the interest of many researchers in polymer engineering and widely

known organisations, for its utilization. PLA can be processed in various ways

and techniques and can have interesting properties, it is considered

inexpensive compared to other bioplastics, making it suitable for numerous

applications. This is why it has the potential of being competitive with the other

fossil fuel based polymers (Masutani and Kimura 2015).
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Polylactic acid is an aliphatic polyester derived from renewable raw materials

such as plants or bacteria. Specifically, it is considered as a corn derived

polymer, although corn is not the only raw material from which the monomer

can be produced. A polymer that can be industrially composted and can be

recycled by hydrolysis allows it to be considered as a 100% renewable and

sustainable material.

Figure 1- 1: Chemical structure of lactic acid isomers (left, (R)-lactic acid or (D)/ right, (S)-lactic acid
or (L)) (Gunawardena; Gunawardena 2015)

PLA is one of the few polymers that can form two isomers during its

polymerisation with the same molecules which are optical isomers, each of

them is basically the mirror of the other. This is happening due to the chiral

nature of lactic acid. Lactic acid (2-hydroxy propionic acid), is an asymmetric

carbon atom and can exist in two optically active configurations (enantiomers)

the L (levo-lactic acid) or S and D (dextro-lactic acid) or R (Figure 1-1). The

concentration of L-and D- isomers can affect the morphology and the properties

of the material. The properties of PLA are determined by the ratio of the isomers

of (L/D) and the content of homo-polymers and copolymers of the isomers

(PLLA and PDLA) (Xiao et al. 2010). Commercially, the polylactic acid that is

mostly used due to its properties is PLLA with a small percentage of D lactide in

it.
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PLA is a strong polymer with high stiffness and is brittle below its glass

transition temperature (Tg=50-60°C), but it becomes rubbery at temperatures

above Tg. This limits this material for mass production, to applications that take

place in low temperatures (e.g. food packaging). In addition, PLA has low melt

strength which limits it to certain processing techniques. Currently PLA is used

primarily in medicine, disposable packaging and textile applications where the

glass-transition temperature of the material can be used as an advantage.

However, many attempts have been made in modifying the properties of this

material, either by blending it with other organic (carbon based) materials such

as polymers, nucleating agents, solvents or inorganic materials (non-carbon

based materials such as chalk, talc etc.), or by changing the properties during

or after processing (orientation, annealing, changing processing conditions).
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1.1 Project description

Polylactic acid, has been introduced as a potential sustainable replacement

material for various applications, however its limitations do not allow it to be fully

established in the market. The material is brittle, making it unfit for many

applications, it has low melt strength making it difficult to process and it has

slow crystal formation, which means that higher cycle times are required to

produce crystallised PLA for higher heat resistant materials. The key in

overcoming the limitations of polylactic acid is based on the combination of

controlling the morphology of this material and its physical properties. The focus

of this research will be the investigation of optically pure polylactic acid

enantiomers and their counteraction, providing a range of polylactic acid blends

in which the morphology of the resulting products is controllable resulting in

lower cycle time. Practically through this research PLA-based compounds will

be blended, to achieve enhanced toughness, modified melt behaviour and heat

resistance while maintaining or increasing the current mechanical properties

that are considered to be advantageous such as strength and stiffness. Three

strategies have been utilised that will include:

1) Toughening study: Blending PLA with other biopolymers to control the

physical properties of the material and improve processability and

toughness.

2) Crystallisation study: Create compounds with improved crystallinity by

controlling the stereochemistry of PLA to act as nucleating agent.

3) Stereocomplex (sc) formation study: Develop fully stereocomplex PLA

blends for the introduction of PLA in durable applications.
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1.2 Aims & Objectives

The first strategy (toughening study) was aimed to increase the toughness of

PLA by investigating the effects of two biodegradable polymers blended with

polylactic acid. The materials used were commercial grades of PLA, Poly

(butylene succinate) PBS and PCL (polycaprolactone).

 Develop a range of formulations of both binary and ternary blends.

 Investigate the properties of the compounds by performing various

characterisation techniques, including mechanical, thermal, rheological

and optical/microscopic.

To optimise PLA’s crystallinity behaviour the second strategy (crystallisation

study) is aiming to accelerate the crystal formation of PLA by investigating the

nucleation effect of small amounts of commercial grades of PDLA (Sulzer) on

optically pure PLLA (NatureWorks).

 Develop PLLA/PDLA blends through twin screw extrusion.

 Investigate the effect that PDLA has on PLLA through isothermal and

non-isothermal crystallisation, including thermomechanical properties,

flow and crystal formation behaviour.

For the development of a robust biobased material a fully stereocomplex blend

(50/50 PLLA/PDLA) was produced by melt processing techniques on the third

and last strategy (sc formation study). This study was focused in producing fully

stereocomplex PLA products by investigating the main variables that are used

in industry (temperature, shear, screw speed).

 Investigate the optimum conditions in which a scPLA blend can be

produced via twin screw extrusion and how the stereocomplex formation

can be maintained on further processing (injection moulding).

 Evaluate the thermomechanical and morphological properties of the

processed stereocomplex PLA.
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1.3 Research Scope

This report will be presented in five chapters, followed by a discussion chapter

and the conclusions summary. Specifically, the scope of the report is:

Chapter 2. Background & Literature Survey

 This chapter will include a brief introduction to polymers and

biopolymers and a general background of polylactic acid

(synthesis, structure, processing).

 Followed by a detailed literature survey based on the different

strategies attempted in modification of polylactic acid (blending

with other materials, modifying crystallinity, attempts on

stereochemistry of PLA).

Chapter 3. Materials & Methodology

 In this chapter the materials used (PLLA, PDLA, PBS, PCL) will be

described

 The methodology of each processing and characterisation

technique (mechanical, thermal optical/microscopic) and analysis

(data analysis functions and methods) used.

Chapter 4. Results

 This chapter will present the analysis of the data from the

characterisation techniques and the resulting graphs, specifically

the effect of the additives in PLA, the acceleration of crystallinity

that PDLA provides and the properties that the fully stereocomplex

PLA has.

 Followed by several observations and a comparison between the

properties of the blends.

Chapter 5. Discussion

 In this chapter a discussion of the findings will be presented and

how this can be linked to applications.

Chapter 6. Conclusions & future work

 The final chapter of this report includes a brief summary of the key

findings and conclusions, followed by recommended future work.
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Chapter 2. Background & Literature Survey

This chapter consists of a background analysis of the science behind polylactic

acid, introduced by a brief background on relevant aspects of polymer

engineering. Specifically, there will be two sections in this chapter. In the first

section, a brief background on polymer engineering terms that are crucial for

this research, followed by a description of biopolymers and biodegradability. In

addition, the synthesis and structure of PLA will be introduced and related to

material behaviour under conventional processing conditions. The second

section will focus on reviewing published attempts to modify the properties of

PLA. Specifically, the key modification methods that are discussed include

blending PLA with other materials (bio-based and conventional polymers, or

inorganic materials), attempts in controlling the stereochemistry of PLA and use

of several agents. The main focus is based on modifications of properties such

as increasing toughness, processing modification, accelerating crystallinity and

stereocomplex formation.
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2.1 General background

2.1.1 Polymers

Polymers are high molecular weight, organic based chemical compounds,

resulting from the covalent bonds created between long carbon chains, called

monomers. The process of linking these chains (identical or not) is called

polymerisation and the amount of monomers used to create the polymer is

termed degree of polymerisation. However, determining the number of chains of

which a polymer comprises is subject to deviation, so in practice the average

degree of polymerisation is used ��� ��� . The molecular weight and more

practically the average ��� ��� is defined as the product between the degree of

polymerisation and the sum of the atomic weight of every element used in the

repeated structural unit (Sperling 2006).

The factor which defines the state of matter is based on the movement of the

molecules that it consists of. For instance, water in temperatures between 0-

100°C in one atmospheric pressure is a liquid. Where its molecules are

randomly rolling one on top of the other inside a predefined space (container).

As the temperature increases, the movement of the molecules is becoming

more intense resulting in saturation (gas form). When it is cooled though in

temperatures below 0 °C, the molecular movement is decelerated, providing the

possibility of bonding between the molecules, which prevents them from

randomly moving.

This results in having an ordered molecular structure, ergo the water solidifies.

This process is called nucleation, and is referred to as the inaugural factor of

crystal formation by creating a molecular pattern in which the crystals will be

grown (Britannica 2006).
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This crystallisation process can be homogenous or heterogeneous. In the first

case, the molecules come to the proper juxtaposition during their random

movement. This nucleation is not that common and is the result of super-

saturation and super-cooling. The second case is conducted by the effect of an

external factor, such as the surface of a substance (ions in water help in

formation of ice). These particles act as the centre of which the molecules are

orientated resulting in crystal formation. These factors are called nucleating

agents.

In molten state, the polymer chains are randomly moving, creating a tangled

system likened to a bundle of ‘wires’. When the formation of crystals occurs

inside a polymer, the chains are folded back and forth and, in some cases,

twisted as well. This results in helical formation of the polymeric chains, with (n)

number of folds and distance (h) between the ends of the helix. The orientated

helices are then packed in a polymeric lamellar structure, which practically

means that a 50cm randomly shaped “wire” system is ordered and packed in a

10 cm size plate (Muthukumar 2010).

Figure 2- 1: Semi-crystalline structure (Noels 2015)
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The molecular structure of a polymer under specific conditions can be arranged

symmetrically (crystalline), randomly (amorphous), or contain portions of both

(semi-crystalline). This arrangement is referred to as the morphology of the

polymer which has a direct effect on its properties. An amorphous (Greek: a-

morph, means no form) solid is defined as any substance that lacks long-range

order or geometrical shape whereas crystalline solids have a long-range order,

so they have a much defined structure and carries a distinct pattern.

There is a limited number of highly crystalline and amorphous polymers and

they are mostly used in specific applications (e.g. Kevlar, nylon/polycarbonate).

Most products, semi-crystalline polymers are used. These have both formations

in their morphology, an ability that allows the manufacturers to tailor the

properties of the material based on the requirements of the application. A typical

example of semi-crystalline formation is explained in Figure 2-1.

Controlling crystallinity in semi-crystalline polymers, allows a range of products

for different applications to be created. There are certain variables that change

the morphology of a polymer, including molecular weight (longer chains,

increased time in ordered orientation of the monomers) and the combination of

temperature/time during the solidification of the material. In Table 2- 1, polymer

properties are listed with respect to morphology.
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Polymers with increased crystallinity Amorphous polymers

 High heat resistance

(bonds have higher resistance when
temperature is increased)

 Low heat resistance

(several bonds break at increased
temp. making it less resistant to
stress)

 Sharp melting point with high
heat flow

(atomic bonds have the same
strength)

 Softening point

(bonds are relaxed (glass transition)

 Opaque

(crystalline regions scatter light)

 Transparent

(light passes through)

 Increased mechanical
properties

(increased strength and stiffness due
to having a more uniform atomic
structure)

 Low mechanical properties

 Lower creep

( can withstand stress for longer
time)

 Higher creep

( can withstand stress for shorter
time)

 Higher shrinkage upon cooling  Lower shrinkage upon cooling

Table 2- 1: Properties of highly crystalline and amorphous polymers.
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2.1.2 Biopolymers & biodegradable polymers

There are different ways of producing bioplastics, based on the procedure and

the raw material used (Chandra and Rustgi 1998).

 Biopolymers derived directly from natural source.

Such bioplastics may include starch, casein, and castor oil.

 Bioplastics produced by fermentation processes.

By fermentation processes, microorganisms that feed on vegetable substrates

can produce monomers that are used for the polymerisation of biopolymers in

large quantities such as PHA, PHB, and PHBV.

 Bioplastics produced from plant-based monomers.

Polylactic acid (PLA) is derived from lactic acid, or by fermentation of sugar-

based raw materials such as dextrose (glycose), recovered directly from

sugarcane or the conversion of starch from corn, potatoes, rice and other

carbohydrates.

In industry, biodegradable polymers are classified in two major groups, the

biodegradable polymers derived from petroleum resources and the ones

derived from renewable resources as shown in Figure 2-2 and Figure 2-3. The

first class are the carbon-based synthetic polymers mixed with other additives

like antioxidants. The latter type includes polymers derived from sustainable

resources and used to reduce carbon footprint in atmosphere. Both of these

groups are divided into subgroups, based on their synthesis (Vroman and

Tighzert 2009).
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Figure 2- 2 Biodegradable and OXO degradable polymers derived from
petroleum resources

However, there are some conventional plastics like PBAT, PET that, with proper

treatment, can become biodegradable or OXO degradable(Gómez and Michel

Jr 2013). OXO degradation process is referred to as the addition of additives in

the polymers that accelerate their degradation when exposed to heat and UV

radiation(Chiellini et al. 2006). However, there have been reports where this

process is harmful for the environment, because it accelerates the accumulation

of microplastics due to the existence of polymeric microfractures that can no

longer be degraded (Katz 2015). There are certain advantages and

disadvantages regarding the production and utilisation of bio-based polymers.

Bioplastics are independent of fossil oil, which is the raw material to produce

conventional plastics, an unsustainable raw material. Using everyday products

based on bioplastics would reduce the accumulation and therefore pollution of
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the environment from plastics that do not degrade (large numbers in half-life)

and require a large amount of energy in recycling.

However the idea of land not used for food production creates an ethical

problem given that there are countries with food shortage (Ross et al. 2017).

Therefore, to produce bioplastics, semi-arid lands are used, located near the

production sites. In addition, the cost of bioplastics is still high, and the fossil

based competitive products have established a rigid position in the plastics

market. Finally, bioplastics do not have the same durability and behaviour as

conventional plastics. However they can be improved with appropriate

processing (Emadian et al. 2017).

Figure 2- 3 Biodegradable polymers derived from renewable resources
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2.1.3 Other biodegradable polymers currently used in the market

Common biodegradable polymers used in various applications are described in

this section. Polyhydroxyalkanoate (PHA), a recently developed material with

similar properties as PLA that can be home composted but is not currently

produced in bulk (Bugnicourt et al. 2014). Polyhydroxy butyrate (PHB) is mainly

used in tissue engineering (Sastri 2010) as well as PHBV

( poly(hydroxybutyrate-co-hydroxyvulerate)) (Wang et al. 2013a). These

materials have been blended with PLA but in this study, Polybutylene succinate

(PBS) and polycaprolactone (PCL) were the materials that have been chosen

for the modification of PLA. Poly (succinic ester) is a linear aliphatic polyester

that belongs to the poly (alkene dicarboxylate) family, with relatively high

melting point (90-120°C) and glass transition temperature between PE and PP

(around -45 to -10°C).
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Figure 2- 4 Chemical structure of different succinic acid based polymers (Rudnik 2013a)

This polymer is industrially produced through polycondensation reactions

between 1.4 butanediol and succinic acid (both are derived from maleic

anhydrite) in the presence of a titanium catalyst in a two-path technical melt

stage. Nowadays poly (butylene succinate) is an extremely important

biodegradable polyester. The rates of hydrolysis of the poly-succinic acid are

higher than polyesters derived from higher dicarboxylic acids. This polymer is

the result of polymerisation of succinic acid (SA), a bio-based monomer that is

produced from sugars based in fermentation technology. It has elongation at

break around 330% and tensile strength about 35 MPa. Furthermore, PBS has

good biodegradability and processability.
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Table 2- 2 Properties of commercial grades of PBS (Rudnik 2019)
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The melting temperature of PBS and its degradation temperature is the highest

of all the other products of poly(succinate). Therefore, this material is mostly

used, rather than the other succinic esters; ethylene succinate and PBSA poly

(butylene succinate-co-adipate). Due to its excellent processability, PBS

products can be produced with melt processing methods such as injection

moulding, extrusion and blow film extrusion. New grades of PBS copolymers

have been also produced with a high crystallisation rate and a high degradation

temperature, suitable for preparing films and especially expanding foams. This

biobased polymer has general applications which include packaging films, bags

and hygiene products, and similarly to PLA it is achieving steady growth in the

market of biodegradable plastics.

Figure 2- 5: BioPBS compostable double-wall cup promoted on BVO international website (GmbH
2018)
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Poly (caprolactone) is an aliphatic polyester synthesized by hexanoate

monomer called ε-caprolactone. The polymer is derived by a ring opening

polymerisation of the monomer in presence of a tin octoate catalyst. PCL is a

semi-crystalline polymer with low thermal and mechanical properties. It is

considered as a very user-friendly material, which can reach a degree of

crystallinity up to 69%. It is mostly used for the controlled release of fertilisers,

insecticides, herbicides and even as packaging material (often as an additive in

polymer compounds).

Figure 2- 6 Polycaprolactone chemical structure (McKeen 2012)
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The degradation process of PCL is slow and for this reason it is studied for

biomedical applications (e.g. bone tissue repair). At room temperature, it has a

semi-rigid character and a modulus similar to polyethylene. It is highly soluble in

acidic environments and insoluble in alcohol-based ones.

Table 2- 3 commercial polycaprolactone (PCL) properties (Rudnik 2013b)
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2.1.4 Polylactic acid: synthesis, properties and processability

Lactic acid is a monomer firstly introduced in 1780 by Carl Wilhelm Scheele,

who derived an acid (then named “acid of milk”) from sour whey. Theophile-

Jules Pelouze in 1845, managed to condensate lactic acid, developing poly-

lactic acid. Lactic acid was then produced in industry in the 1880s in U.S by

Holten and Benninga. Wallace Hume Carothers was able then to polymerise

lactic acid and create PLA, which was then patented by DuPont in 1954. PLA

was introduced and processed many decades ago, but due to the high price of

the material at that time, the high expense of producing it (only low molecular

weight PLA existed at that time) it was rarely used (Auras et al. 2010). This

situation changed when Cargill Inc. managed to polymerise high molecular

weight PLA in 1990, and seven years later in cooperation with DOW chemical

company, they formed the trade name NatureWorks™.
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This year is considered a crucial milestone in PLA history, because it is when

the large-scale production of PLA started, making it more financially and

practically feasible to be introduced in the market of polymer engineering. That

is when PLA started to gain more interest in polymer engineering with the

number of papers published increasing dramatically, especially the last decade

and companies starting to either produce or process PLA (Arrieta et al. 2013).

In Figure 2-7, a graph of the publications based on PLA is shown from the last

two decades. It is notable how the number of studies have increased from

2010-2018.

Figure 2- 7: Number of publications the past 2 decades based on the key words: PLA, polylactic
acid, poly (lactic acid) from science direct database.
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2.1.4.1 PLA synthesis
Lactic acid is a fermentation product of bacteria at 40-45 °C, within the

presence of microorganisms, in which water is used as a solvent (Madigan et al.

2000). This results in generating around two lactic acid molecules from each

glucose one. Depending on the type of the Lactobacillus bacterium used, either

L or D isomer mixtures can be extracted or even mixtures that contain both

isomers (mesco-lactic), however most microorganisms provide the L isomer

(Garlotta 2001). Glucose in turn, results from the enzymatic hydrolysis of starch

from plants. Lactic acid can be also synthesized chemically, this provides a

racemic mixture of both isomers. There are two ways of synthesizing polylactic

acid, direct polycondensation of lactic acid in the presence of catalyst at low

pressure and by ring opening polymerisation (Roether et al. 2002). Figure 2-8

shows, the chemical structure of the two optically pure lactic acid enantiomers,

with the three monomers that could be produced (L-L lactic acid, D-D lactic acid

and racemic LD lactic acid.

(a)

(b)

Figure 2- 8 Chemical structure of L and D lactic acid (a) and the different
combinations of monomers that can occur (b) (Dorgan 1999)
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The direct polycondensation process consists of two stages, concentration of

lactic acid to oligomers by simultaneously removing water, and polymerisation

of the material at molten state wherein water removal is crucial. This is also the

main problem of this process, because water is formed as a product of the

chemical reaction (Masutani and Kimura 2015). This prevents the equilibrium of

the reaction to proceed in high conversions and causes additional reactions

(transesterification) which lead to the decrease of the molecular weight of the

produced polymer (Kéki et al. 2001). Over the last few decades efforts have

been made to produce high molecular weight polymers directly from lactic acid,

with the main consideration in facilitating water removal. Three additional

methods have been developed for PLA synthesis by the condensation of lactic

acid (Auras et al. 2010).

The first method is called azeotropic condensation, which is a condensation

polymerisation in a solvent, so that the mixture of the reaction would have lower

viscosity, thus making the extraction of water easier. The organic solvent is at

the appropriate boiling point in order to have easier azeotropic extraction of the

water and has the ability to allow the reaction to take place at higher

temperatures. The solvent, once dried is recycled in the reaction (Duda and

Penczek 1990). The main problem of this method is that a large amount of

solvents are needed, which has negative effects from an economic and

environmental point of view.

The second method is an improved version of the initial condensation process,

with an additional step, where the PLA oligomers are joined with the aid of

chain-coupling agents such as isocyanate compounds, which react selectively

with the hydroxyl or carboxyl groups of the PLA oligomers.
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The latest method is based on the same technique, with an additional stage,

where the resulting PLA of the final polycondensation (molten state) is left to

cool down and solidify. This is why the method is called solid state

polymerisation (SSP) and as the material is cooled down, crystallisation occurs.

In this process there are two phases, the crystalline and the amorphous

(Konishi et al. 2010). In the amorphous phase that is located between the

crystals, the functional groups and catalysts are collected and allows

polymerisation to proceed (Yoo et al. 2005). The defining stage of this SSP

method is the ability to transfer the mass of the water through diffusion (Pivsa-

Art et al. 2016).

Ring-opening polymerisation is now widely used and ideal for the production of

high molecular weight PLA (Li 2017). Having the ability to produce high

molecular weight PLA offers polymers with more controlled chemistry, which

provides the ability to tailor properties, thus widening the application spectrum

of PLA. The initial step of this method is the formation of lactide from lactic acid,

which is done in two stages.

At first, the lactic acid oligomers are concentrated to monomers and

subsequently these monomers are depolymerised for the formation of lactide.

Having now synthesised the lactide, the next step that follows is polymerisation

through ring opening (Kolstad 1996). Figure 2-9 shows the ROP reaction of the

two enantiomers.



27

This process can be carried out as a mass polymerisation, slurry polymerisation,

or as solution. In mass polymerisation, the process takes place in molten state

and is most widely used, because there are no solvents needed or further

additives (Dijkstra et al., 2011). Specifically, the process is carried out above the

melting temperature of the formed polymer and thus the stirring and

homogenization of the reaction mixture is possible. In order to start ring opening

polymerisation, a catalyst is used and is conducted under relatively mild

conditions and short reaction times, which can form polymers of high molecular

weight with high yield (Xiao et al. 2012).

Figure 2- 9: ROP of lactide reaction

Finally, the problems associated with the condensation polymerisation process,

such as high temperatures, removal of low molecular weight products (e.g.

water) and the need for precise reaction stoichiometry can be avoided by ring

opening polymerisation. The first and most important stage of this process is the

purification of the lactide.
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The lactide is a cyclic diester of lactic acid (3, 6 –dimethyl 1,4 dioxin- 2,5- Dione)

and since the lactic acid can be presented in two optically active configurations,

given that it has an asymmetric carbon atom in the molecule so the formed

lactide can exist in three isomeric configurations, as shown in Figure 2-8 (Auras

et al. 2010). Naturally from the fermentation of dextrose with the appropriate

microorganism, the product consists of 99.5% L, lactic acid, resulting in the

subsequent formation of L- lactide and very small quantities of meso-products

are presented as well as D lactide, lactic acid, water and oligomers. These

additional products can affect the polymerisation as follows:

 The non-enantiomeric forms of lactide can lead to the formation of semi-

crystalline polymer PLLA and PDLA and forming amorphous PDLLA

(Tsuji 2005).

 Small amounts of water and lactic acid can result in the formation of

polymers with low molecular weight, termination reactions of the

polymerisation and transesterification reactions (Masutani and Kimura

2015).

The process of purifying PLA is based on two methods, distillation and

crystallization. Distillation is performed in two columns usually, where in the first

column lactide is separated from acids and water, due to their significantly

different boiling temperatures. In the second column, the meso-lactide is

separated, because of the small difference of their boiling temperature

(Leenslag and Pennings 1987). The entire process requires low pressures, due

to the high temperatures in which the materials are starting to boil.
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Crystallization is a process which is conducted in vitro by using a solvent,

normally toluene and/or ethyl ester. After the lactide is dissolved (under heating)

in the solvent, it is then crystallised and separated from the impurities. This

method is effective when is repeated several times (Meerdink et al. 2005). In

industry though, the crystallisation of lactide is preferred since it is melted

without the solvent and because it is crystallised easier than the impurities

(Auras et al. 2010) this process is illustrated in Figure 2-10

Figure 2- 10: PLA production (Ramakrishna et al. 2009)

In Figure 2-11, the life cycle of PLA is described, indicating the environmental

sustainability that this material is providing to the manufacturers and users.

Leaving the biodegradability of this material aside, this is a polymer in which the

first process required to provide the raw material, is photosynthesis (Gironi and

Piemonte 2011). By using water, soil and carbon dioxide a polymer can be

produced that has the ability to compete with the other commercial polymers,

based on mineral resources (mostly oil based).
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Biodegradability allows this material to be return back to its initial substance

(lactide) by composting or by hydrolysis (Leejarkpai et al. 2016). Specifically,

the material is concentrated in compost sites, it degrades to carbon dioxide,

water and biomass, and through hydrolysis the material is again turned to lactic

acid. So by both of the these two strategies, the material is easily recyclable

and can produce products with high sustainability (Guo and Crittenden 2011).

(Tokiwa and Calabia 2006) provided an overview of the biodegradation of PLA.

This study was based on two degradation methods, microbial and enzymatic. In

both cases there were three factors that had a direct effect in the degradation

process (molecular weight. Morphology and surface conditions). The higher the

molecular weight and crystallinity of PLA, the longer it took to degrade and PLA

samples that had higher hydrolytic surfaces degraded faster. In addition during

composting thin samples have to be used according to (Sikorska et al. 2018).

However, shredding a sample prior to composting can also have faster results

as stated by (Kale et al. 2007).

Figure 2- 11: Representation of life cycle of PLA (V.Ryan 2011).
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2.1.4.2 PLA Properties & structure

Understanding the physical behaviour of a polymer provides the ability to

choose which material can be used in certain applications and predict the

product’s behaviour under certain stress conditions. In many cases a product

becomes inoperable either due to excessive deformation or breakage; both of

these cases are referred to as mechanical failures. In metallic and ceramic

products, their mechanical properties are almost constant; this is not the case

for polymers. The mechanical properties of polymers are affected by various

factors such as temperature, structure/morphology and the time in which the

stress is applied (or the rate of which it is deformed). Each application has

specific requirements including flexibility, strength, and resistance to heat,

brittleness etc.

For this reason the materials undergo certain simulations in which the data are

recorded and analysed. So there are three physical ways where a material can

undergo a mechanical failure and for each case a simulating test can describe

its behaviour.

1. Failure through tension: drawing the part to a point where it is elongated or

broken by applying stress. The simulation for this failure is tensile testing.

2. Failure through bending: bending the part where it cannot return to its

original shape or break it. This simulation is done by a bending or flexure

test.

3. Failure through instant application of large amount of stress: dropping the

part or hitting it with forces that lead to breakage. This simulation is done by

impact testing.
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However, a material is exposed to different conditions, either during its

utilisation, during storage or even when it is processed. So understanding the

thermal and rheological behaviour is also crucial in choosing, estimating

limitations and promoting one material. Measuring properties such as shear

viscosity, thermal degradation temperature and melting temperature, provides

the knowledge in processing the material in molten state at a controlled level.

By quantifying the glass transition and cold crystallisation temperature the

properties of the final product can be controlled. Either by interfering with its

crystallisation or by finding out in which temperature range the resulting product

can be used without failure.

As previously described stereochemistry of PLA is a major factor that defines

the properties of the final product. The lactide monomer can be presented in

four stereo-isomeric forms:

 Optically pure polylactic acid, (L- L lactide) and (D- D lactide)

 L-D meso-lactide

 In the racemic form of L-L/D-D lactide.

Depending the form of lactide and the initiator that is used in PLA formation,

different microstructures can be presented (Lopes et al. 2012). Polylactides in

which the asymmetric carbon atoms have the same configuration as L and D

throughout the polymer chain are isotactic and can be presented as PLLA or

PDLA, derived from the L, L and D, D lactides respectively. These polymers are

semi-crystalline and have similar chemical and physical properties except the

fact that PDLA can present higher percentage of crystallinity and PLLA has a

higher melting point (Zhang et al. 2005).
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Polylactides where the asymmetric carbon atoms have the configuration L and

D alternately across the polymer chain are called poly-meso-lactides (PDLLA)

and are derived from the meso-lactide to the racemic lactide mixture, depending

on the reaction mechanism. Polylactides where the asymmetric atoms follow

random configurations throughout the polymer chain results from heterotactic

and racemic lactides, depending on the reaction mechanism and catalyst used.

The last two polymers are amorphous and have weak mechanical properties

(Zou et al. 2015). Generally by increasing the regularity of the polymer, the

crystallinity and melt temperature are increased.

Polylactic acid, depending on the monomer structure, or composition of

monomers when more than one are used, the initiator or co-initiator of

polymerisation, the polymerisation temperature and the resulting molecular

weight may exhibit different properties (Chandra and Rustgi 1998). PLA can be

presented as completely amorphous, or even highly crystalline, and because of

its clarity and glossy surface is developing as potentially effective material for

numerous applications. It has a density of approximately 1.24� ��3 . As for the

thermal properties, PLA has a glass transition temperature ( �� ) around 50-

60 °C, while the melting temperature (��) is relatively low (130-175 °C).

These temperatures, compared to polymers widely used such as PS and PET

are significantly lower, which makes PLA an easy material for thermoforming

processes (Wilkinson and Rayan 1998). The melting enthalpy of PLA has been

expressed with various values in the literature, but most commonly used is the

93.6 J/g (Auras et al. 2010).
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Furthermore, some additional variables that effect the properties of PLA are the

thermal history of the material and its process technique and conditions, which

can affect the degree of crystallinity of the formed polymer. Generally the slower

the polymer is cooled down during processing the greater the degree of

crystallinity (Zhang et al. 2005). Even change in molecular weight affects the

properties of the polymer, specifically the higher the molecular weight, the

higher the �� and �� will be. In addition, branching results in lower values of ��

and ��, which results in more amorphous polymers (Farah et al. 2016).

The same phenomenon is caused by reducing the optical purity of PLA (i.e.

change its purity rate i.e. from a 100% PLLA (only L-lactide) to a 95% L-form

and 5% of D-form polylactic acid (PDLA). In cases where the produced polymer

consists of more than one monomer (L, D lactide), then the resulting polymer

has a stereocomplex formation (Tsuji 2005). This formation appears to have a

stable effect in PLA, regarding the key features of the material, but can present

notable differences in the polymer’s properties, depending on the rates of L, D

lactide presented in the material (Chisholm et al. 1999). The possibility of

producing stereocomplex PLA may be beneficial, because it allows the ability to

control and change some of the properties of the material depending on the

application. This occurs because the D-lactide is working as a nucleating agent

when is mixed with the L-lactide. So, depending on the amount of D lactide that

the polymer has, crystallinity can be increased faster and therefore its thermal

and mechanical properties and shorter cycle time (Fukushima and Kimura

2006).
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A commercial grade of PLLA was used to understand the thermal behaviour of

PLLA. As explained by (Auras et al. 2010), a heat-cool-heat DSC thermal cycle

was investigated with a heating and cooling rate of 10°C/min from 0 to 220°C

(Figure 2-12). Initially during heating presented a melting peak at 192°C and Tg

at 73°C were exhibited. During cooling there was no recrystallization exothermic

peak present during cooling. When the material was reheated, the glass

transition temperature and melting point shifted by approximately 10C° to lower

temperatures. The crystallisation temperature domain (100-130°C) was only

observed in the second heating cycle which indicated a formation of

crystallisation nuclei during cooling. The crystallinity content of a material can

be calculated by the following formula, where ∆�� and ∆�� represent the

melting and crystallisation enthalpies, and ∆��
0 the reference melting enthalpy

of fully crystalline PLA (93.6 J/g).

�% = 100(∆�� − ∆��)/∆��
0 (Equation 2- 1)

Figure 2- 12: Heat-cool-heat DSC test results of PLLA (Auras et al. 2010).
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Regarding the mechanical properties of PLA, the material can have values

between 2 and 3 GPa in elastic modulus, yield point at 53-70 MPa and tensile

strength at 44-66 MPa (Zhong et al. 2013). Mechanical properties of PLA are

affected substantially by the molecular weight of the material. The properties of

this material are similar to those of PET and for this reason PLA has the

possibility to replace PET in certain applications, a material used continuously

and widely by many companies with various applications (Ajioka et al. 1995).

Properties with values in the same domain as polystyrene (PS), again a widely

used material with a high market impact. PLA shows excellent printability and

also have shown positive results regarding barrier properties. It prevents air and

moisture from penetrating through the material but at the same time it allows the

inside surface to breathe. In addition, having a glass transition temperature at

50-60 C°, allows the material to work in sub-zero temperatures. At the same

time by having these low temperature value limits, PLA can be processed at low

temperatures both for solid forming techniques (thermoforming, drawing) and

general processing methods (injection moulding, extrusion etc.) (Garlotta 2001).

However, this provides a negative effect on heat deflection and generally in

storing at temperatures above the �� . These properties make it ideal for

packaging applications and in medicine, but finds a lot of difficulties in

automotive industry or other kind of applications that require materials with heat

deflection above 70 °C (Farah et al. 2016).
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2.1.4.3 Processing PLA
From the moment when high molecular weight PLA was mass produced it has

been used for various applications. Given the current global environmental

situation and the increased awareness of the last twenty years, government

policy and large companies have started to favour bioplastics. PLA, due to its

sustainability and favourable properties, is a bioplastic that can be compared

with the other widely used and preferred fossil based materials (Datta and

Henry 2006). This means that this material has similar processability with

currently used polymers, hence can be used in similar equipment and

assemblies for producing or processing products. The ability of using similar

equipment increases the applications spectrum in almost every sector

(automotive, textile, medical, packaging, electronics etc.). The methods of

producing PLA products that are mostly used and preferred are based on

processing at temperatures higher than the melting point (Fowler et al. 2006).

Example products include container lids (thermoforming) bottles (injection blow

moulding), cutlery (injection moulding), textiles, carpets (fibres) and packaging

(film extrusion). However like every polymer, PLA has specific characteristics

and properties so for every process there are certain requirements.

The basic factors that have a direct effect on the material’s characteristics and

behaviour prior, during and after processing are the enantiomeric conditions of

the polymer and its molecular weight (Llorens et al. 2015). As previously

mentioned, PLA can be synthesised from pure L-lactide (usually for medical

applications), and with its blend with the second enantiomer (D-lactide).

Commercially, the second case is mostly preferred for both production cost and

processability.
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Depending on the amount of the L, D lactide mixture, there are corresponding

differences in the physical and optical properties and their behaviour during

processing. The molecular weight of PLA significantly affects the melt state of

the material, which must be controllable in order to have the desired results in

the final products. For example, grades with lower viscosity (higher fluidity) are

used for products with complex designs and usually produced using injection

moulding machines. Grades with higher viscosity and higher melt strength are

used for the production of sheets or fibres (Auras et al. 2010).

PLA has an interesting thermal behaviour, with high Tg (35-60 °C) and low

melting point (125-180 C°). These values are affected directly by the molecular

weight of the polymer, the presence of plasticisers, the percentage of

crystallinity, the synthesis of the polymer etc. In low values of glass transition

temperature, PLA is used mostly for medical applications. For more industrial

applications, PLA has a Tg of 50-60 C°. PLA at temperatures higher than Tg

becomes rubbery, but on values bellow Tg it is a very rigid, with high strength

thermoplastic (Engels et al. 2010). The lowest temperature limit of this polymer

is at -45 C° where it is completely brittle. During the polymer’s processing, for

instance during extrusion, PLA has to be heated at about 40-50 C° above its

melting point, proper mixing and flow behaviour and to make sure that all of the

existing crystal formations have been broken.
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The solidification of the material, either with the use of a mould, rotating rollers,

or air must take place in conditions of no less than 60-70 C° below Tm. PLA has

a very slow recrystallization rate so the proper combination of temperature and

time have to be taken into account (Auras et al. 2010). PLA’s properties depend

on its morphology, so the solidification part of processing needs special

attention, which is similar to almost every polymer but in PLA, the degree of

crystallinity besides mechanical and thermal properties, also effects its

degradation and Tg relaxation as well as shown in Figure 2-13. In this graph a

relaxation peak (termed aging effect) was presented in the glass transition

region of samples that were stored after processing at different temperatures in

different times (Cai et al. 1996)

Figure 2- 13: DSC graph results around the Tg, investigated by (Cai et al. 1996) indicating the
relaxation based on aging at room temperature (left) and for 24 hrs at different temperatures (right).
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Regarding the molecular weight of PLA, in addition to choosing the appropriate

grade for each processing technique the drop of molecular weight during

processing also has to be taken into account. This is due to the fact that either

the supplied material has polymeric catalysts or plasticisers in it for better

processability and storage, or because during processing there is a significant

amount of moisture absorbed from the resin. The first case can be optimised

either by the removal or deactivation of the catalysts or plasticisers and the

second one can be avoided by drying the material at specific temperature and

time prior to processing (Albertsson and Varma 2003). For processing PLA in

the appropriate conditions and therefore to produce products with the best

properties, drying prior to and during processing is a necessary and has to be

done thoroughly. Usually, in industry the processing equipment has an inline

dryer connected to the hopper.

Pellet morphology and temperature Drying half time (�1/2)
Amorphous pellets

40°C 4 hr
Crystalline pellets

40°C 4.3 hr
50°C 3.9 hr
60°C 3.3 hr
70°C 2.1 hr
80°C 1.3 hr

100°C 0.6 hr

Table 2- 4: Drying conditions of crystallised and amorphous PLA pellets based on NatureWorks
data (NatureWorks 2017).

Desiccant dryers are typically used, where the air at a certain temperature flows

through the pellets and is filtered from the moisture that it has absorbed. The air

temperature defines the amount of time needed to dry the material, based on

the conditions that the supplier of the material has defined as shown in Table

2- 4. However the difference in the morphology of the pellets has been found to

effect the temperature at which the material needs to be dried (Lim et al. 2008).
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Crystalline pellets can be dried at 100 C° for an hour and the moisture content

is reduced to minimum, amorphous pellets though when heated near the Tg

become sticky and this could affect the processability of the material. Besides

moisture content, PLA can undergo hydrolytic degradation (results in drop of

molecular weight) resulting from the amount of time that the material is heat

treated and the amount of heat that is applied to it (Auras et al. 2010).

2.1.4.3.1 Extrusion

Extrusion is regarded as the most basic technique of processing a material.

This technique is referred to the movement and transfer of the material (can be

used for metals, plastics, ceramics, clay and even food) from a solid state to a

molten one and extruded through a die of specific design and dimension. In the

case of polymers, extrusion is used for mixing different materials (organic or

inorganic) and as a part of the assembly of the other polymer processing

techniques (Rauwendaal 2014a). A typical example of an extrusion assembly is

shown in Figure 2-14. The polymer in pellet form is fed into the equipment

through the hopper, to the barrel. This barrel is responsible for creating

conditions required for melting the polymer, by using different heating stations

(ring plates) positioned around the barrel that elevate the temperature between

the screw and the inner wall of the barrel (Giles et al. 2005). Melting the

polymer though is not exclusively due to increasing the temperature, but

through the movement of the screw, and the compression of the particles

(Rauwendaal 2014b). When the screw rotates, the friction between the pellets

the inner barrel wall and the screw blades plasticise the material quicker (shear

heating).
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So the screw has two basic operations, moving the material forward and due to

the different geometry of the screw (areas with different angle, and dimensions

of the blades) to plasticise it. This is happening because inside of the barrel

there are three basic zones; feed zone, compression zone and metering zone.

Figure 2- 14: Polymer extrusion model (Karan 2015).

In every zone the corresponding thermocouples are positioned in the heating

plates, where they can regulate the temperature conditioned based on the

process settings. The feeding zone has the lowest temperature and is below the

hopper, where the material is firstly inserted to the equipment and to avoid

blocking from sticking the pellets together the temperature is normally set at 60

C° or more, below the melting point. In this zone the screw has a higher channel

depth (deep flights) to drag the material forward. The next zone is the transition

zone feeding and melting the material and its basic function is to compress the

pellets that have been heated in temperatures around melting point. The flights

of this zone have a smaller distance from the inner wall of the barrel, in order to

have higher shear heating. The material is then transferred forward to the

metering zone where it is now at a molten state and it is heated to 40-50 C°

above Tm to break any crystalline formation that could occur in the previous

zones (Rauwendaal 2014c) .
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So, it is safe to say that the geometry of the screw is a factor of most

importance in processing a polymer, since this process is used as an initial step

for producing the resulting product. Extrusion systems can be classified as

continuous or discontinuous. In a continuous process the material has only one

direction and the function of the screw is based only in melting and moving the

material forward through the die. This technique is mostly used in processes

like film extrusion (either blown or drawn), cast sheet extrusion and extrusion

blow moulding (Auras et al. 2010). In certain cases, though the extrusion is

conducted by more than one screw. This can be done by having two screws

rotating in the same or opposite direction. By having more than one screw the

extrusion of difficult materials, either due to higher shear forces demand or

temperature sensitivity is possible. The most common application of multi-screw

systems though is for mixing different materials, either for co-extrusion or

compounding (Rauwendaal 2014c). Extrusion of PLA can be performed with a

simple screw of L/D ratio 24-30, for less shear formation to minimise the

degradation caused by that effect. Also, as already mentioned the important

factor of plasticisation is the compression of the polymer (Jamshidian et al.

2010). One way of controlling the compression level during extrusion is by

calculating the flight depth ratio of the two end zones. For PLA the

recommended ratio is 2-3 and the temperature profile that this material should

be extruded is:

 Feed zone: below Tg (around 35-60 °C)
 Compression zone: at Tm (125-180 °C)
 Metering zone =40-50 C° above Tm (190-210 °C)
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Working under higher temperatures, PLA’s molecular weight can be effected

dramatically by producing lactide molecules, CO, CO₂, oligomers or other by-

products. This is reported to happen at temperatures above 230 C° and in some

cases the optical purity of PLA can change via racemisation at temperatures

above 200 °C(Ren 2010b). The presence of lactic oligomer can affect the melt

viscosity and elasticity, which affects the cooling process by leaving a layer of

material sticking on the surfaces of either the cooling rollers or inside the

moulds (fouling). Molten PLA is affected by many factors and its flow can

change either from change in temperature, change in molecular weight

(hydrolysis depolymerisation, scission and transesterification). So depending on

the desired application of the product the correct heat and cooling treatment is

crucial, because it can result in either poor properties or even product

application risks such as migration (Auras et al. 2010).

2.1.4.3.2 Injection moulding

Polymer injection moulding was introduced in the late 1800’s for producing

combs and buttons (Ke and Sun 2003). The basic principles are still the same,

where the molten material is directed to the front of the barrel and then

forcefully pushed through a small opening into the mould. The equipment can

be broken down into four basic processes, each one has its own variables that

affect either the process or the properties of the final product. Injection moulding

can be also used in two additional techniques, micro-moulding and injection

blow moulding. Micro-nano moulding is used for small products, for

applications like medical engineering, pharmaceuticals and electrical

components. Injection blow moulding is used to produce container type
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products like bottles. All these techniques have the same principle, a loop

process mostly referred as the injection moulding cycle.

The steps of this cycle begin from feeding the system with the material that will

then be processed through a similar assembly as the extrusion process. The

difference in the extrusion and injection moulding technique on the barrel

assembly is the additional movement of the screw (Sweeney and Nelvin 1979).

Figure 2- 15: Injection moulding machine model (Plastics 2017)

In Figure 2-15, a typical injection moulding model is shown. In injection

moulding, the screw at first is rotating and transfers the material in front of the

screw tip (nozzle). As the screw is rotating at a constant direction, it then moves

backwards while the molten material is packed in front of the screw tip

(reciprocates). The screw will move at a certain distance predefined by the

operator and is called shot size. This amount of molten material has to be

sufficient to fill the mould (Olmsted and Davis 2001).

When the screw position reaches the selected shot size value, the screw is

pushed forward and the molten material is injected through the nozzle, into the

mould. Most of the moulds in injection moulding machines have temperature
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controlling systems, in order to have the mould temperature steady and the

same along its surface. When the material is injected, in order to prevent

shrinkage and be certain that the melt has reached all the cavities and corners

of the mould, the screw is kept in a forward position and continues to push the

molten polymer. This additional pressure is also predefined by the operator and

is happening during the cooling time of the material. The screw is pushing the

remaining molten material that is left in the screw tip (melt cushion), so that

extra material can be injected in the mould and air that might be trapped inside

to be released. When the cooling cycle stops, the screw rotates again to

extrude the material in front of the screw tip, then the solidified material is

removed from the nozzle (sprue break) and the moving clamp (moving mould

half is moved backwards and ejects the finished product (through the ejection

pins) and the process is repeated. Figure 2-16 represents the injection

moulding cycle (Bryce 1996).
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Figure 2- 16: Injection moulding operation cycle.

Like every polymer, when PLA undergoes changes of thermal and physical

conditions the resulting product will have the relative changes in properties. This

is either due to the change of its morphology, or due to the drop of molecular

weight. Depending on the molecular weight of PLA, the material has its

corresponding viscosity. For producing injection moulded products, depending

on the mould design, PLA with low viscosity is recommended. This is because

the material must have high fluidity so it can fill the mould rapidly and can reach

all the difficult areas (angles, cavities etc.)

Also as previously mentioned, the injection process includes the rotation and

reciprocation of the screw (Acioli-Moura and Sun 2008). When the PLA is

processed, it becomes sticky at temperatures near Tg, so if the back pressure is
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not enough, when the screw retracts to supply the shot area with molten

material, it reaches the required position without preparing enough melt. This

causes uncontrolled injection and filling of the mould which may result in

creating bubbles inside the finished part. This can compromise the structure of

the product and result in poor properties.
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Apart from the extrusion and injection processes, solidification of the material is

equally important (Cai et al. 2011). Specific conditions in which the molten

polymer is cooled have to be taken into account, the crystal mobility, cycle time

and morphology are influenced resulting with products of controlled properties.

It has been indicated above that PLA has the ability to leave residue when

processed at certain temperatures. Specifically, it leaves lactide layers on the

cold surfaces, due the temperature differences within the mould. On the other

hand PLA is quite soft near Tg, so ejecting the final product without bending it at

temperatures higher than 55-60°C is difficult (Auras et al. 2010).

For the optimum performance of PLA in producing injection moulded products,

the correct balance between temperature, screw speed, back pressure and

moulding conditions have to be set. The screw speed must be at moderate to

high, for the proper plasticisation of the material (to minimise degradation from

shear) and stable melt supply in front of the screw tip (Lim et al. 2008). The

packing step, where the screw maintains its position and continues to push

material into the mould during cooling also effects the properties of the final

product. Specifically, when the material is inserted into the mould it undergoes a

pressure profile as shown in Figure 2-17.



50

The fact that the pressure profile of the material from the moment it is injected

to the mould to its ejection is standard and calculable, provides the possibility to

estimate and predict the shrinkage behaviour of the material. This can be done

via finite element analysis by using a two-domain-modified Tait model (Moosavi

and Soltani 2013).

Figure 2- 17: pressure profile during the cooling cycle of the melt inside the mould (Lai 2007; Auras
et al. 2010)

Naturally increasing the packing pressure during cooling would minimize

shrinkage. However, the limit of the pack pressure that can be applied is based

on the clamp force, i.e. the force applied for the two halves of the mould to be

closed. Extensive pressure can result in “flash” which interferes with the cycle

time and with the moulds endurance. The final factor that effects the behaviour

of PLA during the injection moulding process is the presence of both

enantiomers in the material (L,D lactide) and other nucleating agents. Optically

pure PLA exhibits slow crystallisation, so the mould temperature is different to a

modified PLA composite.
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2.2 Modification of PLA

As previously described, PLA is a material with high strength and stiffness, but

with low elongation at break, low impact strength, high heat sensitivity and slow

recrystallisation. There are many ways of modifying the properties of PLA

during processing (conditions, orientation) and after (annealing). Blending PLA

with other materials provides benefits in processing and can be considered as a

potential solution to the limitations and in many cases may reduce the cost of

PLA based products. Through the literature it is regularly stated (and attempted)

that increasing crystallinity of PLA products provide the possibility of optimising

properties, such as strength, stiffness and heat resistance. Modifying the

crystallinity of PLA is a challenging task and can incorporate the use of

nucleating agents, investigation of stereochemistry of the material and heat

treatment.

Toughening PLA by blending it with other materials has been attempted by

several researchers (Krishnan et al. 2016). Toughness is defined as the amount

of energy that the material can absorb before it breaks, this energy can either

be instant (impact strength) or by long term (elongation at break). These

fracture conditions characterise a material as brittle/ductile and its strength, so

toughness is a property that is based on the combination of these two situations

(Anderson et al. 2008).

Modifying a material to increase its elongation at break is not that difficult,

increasing its impact strength though is more challenging, because impact

toughening depends on variables, including extrinsic and intrinsic factors

(Nagarajan et al. 2016) such as:

 Test conditions (temperature, loading mode).
 At temperatures below Tg materials are more brittle and vice versa.
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 Specimen geometry (existence of notch, fracture behaviour).
 Notched samples have more controlled fractured behaviour. Layered samples

like 3D printed materials, depending on the pattern have different impact test

results.

 Phase morphology
 Blends that have solid particulates (fillers) and increased crystallinity have lower

impact strength

 Chain architecture (engagement)
 Blends with chain extenders and higher Mw have higher impact strength.

(Wu 1990) explained how the parameters which the toughness of a material

depend on are affected by compounding. A polymer below its glass transition

can be fractured due to three mechanisms; crazing, yielding and both. Polymers

can be classified as brittle (type 1) and pseudo ductile (type 2), where the brittle

polymers fail by crazing (Figure 2-18) and type 2 polymers fail by yielding.

So when blending a brittle polymer with a more ductile one, that balance is

affected; mainly by the particle size of the additive (Nagarajan et al. 2016).

Figure 2- 18: Failure by crazing of a material (Bounamous and Chaoui
2009)
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2.2.1 PLA blends with common oil derived polymers

Numerous “super-toughened” PLA based blends have been developed

including using inorganic fillers, bio-based and oil-based polymers. Blending

PLA with other polymers is easier in processing (than inorganic fillers) and in

many cases the results are impressive. There have been attempts where PLA

blends with other polymers improved flexibility, impact strength, and toughness.

PLA has been blended with several oil based polymers, either for increasing its

HDT or decreasing the stiffness of PLA, or increasing it for materials such as

PP and PE (Ploypetchara et al. 2014; Teoh et al. 2016).

However blending PLA with polyolefins, mostly for packaging applications to

reduce carbon footprint produced poor mechanical properties since their

chemical structures were very different. Although, by using different types of PE

such as LLDPE resulted in good compatibility with increased mechanical

properties (Taib et al. 2012; Hamad et al. 2014). Furthermore using

compatibilisers provided blends with better mechanical properties, but did not

affect the thermal ones (Jiang et al. 2011). Additional examples of PLA

polyolefin blends are shown in Table 2- 5.

The only viable case where PLA could be blended with PP would be for textile

applications, where the resulting composite would have high elongation at break,

low modulus and strength and resistance to hydrolysis and moisture

absorbance (Sarazin and Favis 2003; Hamad et al. 2016; Krishnan et al. 2016).
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Polystyrene is a material with higher viscosity with high heat resistance, but

blending it with PLA resulted in materials with lower viscosity and melting

temperature. Results showed that these materials were immiscible which

promoted a porous formation in PLA. Extracting the PS with the use of solvents

for controllable pore formation, resulted in PLA samples, suitable for

manufacturing biodegradable devices in tissue engineering (Sarazin and Favis

2003; Hamad et al. 2016). Specifically (Kaseem and Ko 2016), blended PLA

with PS were in formulations from 0-100 w/w%, resulting in dropping the shear

viscosity of PS.

Techniqu

e

Additive Initiator or

compatibilis

er

(PLA,additive,initiat

or)

w/w%

Modificatio

n

Value

range

Referenc

e

Reactive

blending

Poly(Acryl-

PEG)

L101 (89/79%,10/20%,1% Impact

strength

4.2/101.

6

(��/�2)

(Kfoury et

al. 2015)

Poly(ethylen

e)

glycidyl

methacrylate

(95/80,5/20) Elongation

at break

26-89

%

(Oyama,

2009)

Poly(ethylen

e octane)

glycidyl

methacrylate

(95-80%,5-20%) Impact

strength

4-87

(��/�2)

(Feng et

al. 2013)

Physical

/melt

blending

Poly(Acryl-PEG) (80/90%,10/20%,0) Impact

strength

8.2/35.5

(��/�2)

(Kfoury et

al. 2015)

Poly(ethylene oxide-b-amide-

12) PEBA

(95-70%,5-30%) Impact

strength

7-60

��/�2)

(Han et al.

2013)

Poly(ethylene glycol) (95-80%,5-20%) Elongation

at break

25-350

%

(Li et al.

2015b)

Table 2- 5: PLA modification through blending with polyolefins.
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The final non-biobased materials used as additives for PLA are the vinyl and

vinylidene polymer candidates, such as PVPh, PEVAc and EVOH. With PVPh

having the ability to be miscible with PLA and by using tetrahydrofuran, the

resulting material has lower thermal and mechanical properties. PEVAc was

used to increase flexibility of the material, provide better clarity but lower

crystallinity, for these reasons this blend is suitable for drug release systems.

Finally by adding EVOH in low concentrations, resulted in decrease of tensile

strength and elongation at break but it increased the elastic modulus of the

material in low concentrations, the effect is reversed in higher ones (60-40,

EVOH,PLA) (Auras et al. 2010). Another efficient non biobased-PLA blend is

with the regularly used polymer ABS. Reports state that adding ABS to PLA,

increased impact strength significantly and tensile properties (PLA (polylactic

acid)/ABS (acrylonitrile-butadiene-styrene copolymers) alloy material and

preparation method thereof 2014; Dong et al. 2015).

In order to keep the sustainable nature of the material, PLA has also been

blended with other biodegradable polymers. Specifically adding poly (sebasic

anhydride) (PSA) created a uniform mixture with PLA, which resulted in

increasing the Tm and provided a smoother surface (Auras et al. 2010).

Biodegradable PVOH and PVAc were also attempted in blending with PLA

providing significant results. Adding PVOH increased the melt viscosity but

decreased the degradation temperature, crystallinity, and mechanical properties.

Solution blending of PLA with PVAc was reported that by adding the latter, the

thermal properties of PLA would decrease and that in high amounts, the Tg was

undetectable. However annealing the blends, resulted in a dramatic increase in

strain at break at values close to 225% (Auras et al. 2010).
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2.2.2 PLA blends with polycaprolactone (PCL) and polybutylene

succinate (PBS)

Poly (ε-caprolactone) has been widely used in blends with PLA, because of its

nontoxicity and biocompatibility (Lopes et al. 2012). The majority of attempts in

blending those two materials has been in biomedical applications such as tissue

engineering (Sharma and Satapathy 2019), or in processes like electrospinning

(Yao et al. 2017).. (Semba et al. 2006) investigated the effect of cross-linking on

the mechanical properties of PLA-PCL blends. In this paper, dicumyl peroxide

(DCM) was used to improve strain at break, and also increased the impact

strength and enhanced the viscosity of PCL. However, results showed that PCL

in low concentrations was able to accelerate the crystallinity of PLA. The

viscosity ratio (η0PLA/η0PCL) of these two polymers (commercial grades) was

around 16 (Wu et al. 2010). Ostafinska et al examined the properties of PLA-

PCL blends, where PLA grades with different viscosity values were blended

with 20% PCL (Ostafinska et al. 2017). Results showed that the viscosity of

PLA influenced the PCL particle size and distribution.
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(Navarro-Baena et al. 2016) investigated the effects of PCL on polylactic acid,

concluding that PCL improved the thermal degradation of PLA, and that only at

30% PCL loadings, the blends show shape memory behaviour. In the miscibility

of the two materials was investigated using Raman imaging, providing a

descriptive imaging mapping of the blend system (Figure 2-19).

Figure 2- 19: Raman image at band 1109 ��−� , where the greener part indicates the higher
intensity, PCL’s position (top). Raman image based on PLA’s band 873 ��−� (bottom)
indicating the distribution of the materials in the blend (70% PLA/30% PCL (Navarro-Baena
et al. 2016).

Given its low viscosity, PCL provides higher fluidity and its domain size,

suggested good interaction between the two polymer blends. The high degree

of immiscibility though causes the decrease of other properties (i.e elongation at

break and barrier properties), for this reason several attempts of using

compatibilisers have been made showing significant results.
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PLA/PCL blends have even investigated in foaming behaviour with the addition

of supercritical CO₂. The main observation from this report was that at loadings

of less than 30% w/w PCL, the storage modulus was increased and that it acts

as a melt modifier for PLA, providing improved foaming behaviour (Zhao et al.

2016).

(Visco et al. 2017), blended PLA with PCL in 80/20, 50/50 and 20/80 PLA/PCL

w/w ratios and investigated the effect of the addition of ethyl ester L-lysine

Triisocyanate as a compatibiliser for biomedical applications. The addition of

PCL without the use of compatibiliser reduced the elastic modulus, strength and

strain at break of PLA. The addition of the compatibiliser exhibited a significant

increase in strain at break, but reduced strength and stiffness even more.

The same compatibiliser was used for the investigation of the properties of

annealed PLA/PCL blends (85/15 PLA/PCL w/w ratio) (Takayama et al. 2011).

SEM results showed that PCL spherical structures have decreased in size by

adding the compatibiliser. Annealing resulted in rougher surfaces with additional

spherical structures presumed to be PLA spherulites. However, the void

between the PCL spheres and the annealed PLA matrix (immiscible polymers),

appeared to increase in size. This phenomenon did not occur in the crystallised

blend that had the compatibiliser, which appeared to have a morphology of

spheres that had minimised distance between them. This resulted in higher

strength and stiffness values and fracture toughness. The fractured surfaces

comparison between PLA/PCL blend and the compatibilised ones in both

amorphous and crystallised morphologies, showed that the latter had a fibriliar

orientated fractured surface and the pure PLA/PCL one had a random porous

surface.
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By preparing various contents of diblock and triblock copolymers, (Wu et al.

2010) concluded that PLA/PCL blends had a lower degree of immiscibility than

neat PLA/PCL ones (Figure 2-20), providing increased stiffness and strength.

(Jain et al. 2010), by adding micro-talc in PLA/PCL blends managed to improve

miscibility and adhesion between the PLA and PCL domains. In addition,

storage modulus, elastic modulus and Oxygen barrier properties were also

increased. Furthermore, by adding PLLA-co-PCL in the blend, resulted in

blends with higher mechanical properties (Tsuji et al. 2003; Yeh et al. 2009).

Figure 2- 20: SEM images of PLA/PCL blends and the effect of compatibilisers, where (a) is the neat
PLA/PCL blend, (b) diblock copolymers and (c) triblock (Wu et al. 2010)
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Binary PLA/PCL blends were extruded in 10,20 and 30% w/w addition of PCL

loading by (Matta et al. 2014). Again, the results showed a decrease in stiffness

and strength, followed by a decrease in strain at break as the PCL loading

increased. This was explained by the immiscibility of these two polymers and

because PCL was dispersed in a spherical formation inside the PLA matrix.

Regarding the thermomechanical properties, the DMA results showed a

declining trend in storage modulus as the amount of PCL increased but the tan-

δ value increased. This result showed that the addition of PCL had a dampening

effect and increased dissipation ability. (Todo et al. 2007) added 5,10 and 15 %

PCL to PLA and investigated the microfracture mechanisms of the blends. The

results showed that the addition of PCL caused an immisible formation that

caused a craze formation in crack-tip region. This was caused by the

deformation of the PCL spheres inside the PLA matrix, creating voids on its

interfaces. This increased the dissipated energy due to multiple craze

formations, therefore improvement of the crack initiation release value.

Figure 2- 21 The increasing effect of the addition of PCL and increase in crystallinity on impact
strength (Bai et al. 2012)

(Bai et al. 2012) investigated the effect of impact strength (izod noched impact

test) that PCL has in both amorpous and crystalline PLA matrices. Results

showed that impact strength did not only increase by the addition of PCL, but
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from the increase in crystallinity as well. From the SEM images of the fractured

surfaces, the PCL spheres seem to be tangled between a fibriliar net of PLA

matrix as the amount of crystallinity increased. This means that two types of

impact fructure occurred. In the case of the crystalline matrix, the impact is

dominated by shear yielding and the amorphous matrix undergoes crazing.

So when the area of the crystalline formation increases inside the PLA matrix,

so does the shear yielding effect during impact, thus increasing the impact

strength significantly ( from 5 KJ/m2 to 30KJ/m2).

2.2.3 PLA blends with polybutilene succinate (PBS)

PBS is a long chain polyester with Tg of -32 C°, Tm of 114-115 C°, high HDT

and elongation at break. Linear PBS has higher mechanical properties and

elongation at break, whereas long chain branched PBS has a lower melt flow

rate and tensile properties (Auras et al. 2010; Wu et al. 2012). In general PBS

has been found to increase the toughness of PLA at low concentrations and a

slight increase in heat deflection (Pivsa-Art et al. 2016).. The morphology and

thermal properties of PLA-PBS blends have been studied in detail (Anderson et

al. 2008; Yokohara and Yamaguchi 2008; Yokohara et al. 2010), where semi-

crystalline/semi-crystalline blends were observed with two distinct melting peaks.

The compatibility of PBS and PLA can be increased with the use of C30BX clay,

which increased the yield strength and the other mechanical properties with a

formulation of (75-25, PLA- PBS) (Bhatia et al. 2012).
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(Jompang et al. 2013) blended PLA with PBS to develop fibres by melt spinning

and investigated thermal and mechanical properties. With loadings of 10-50

w/w% of PBS, the melting temperature and cold crystallisation temperature of

the blend presented an insignificant change. The fractured surfaces exhibited

phase separation (Figure 2-22), but PBS was well dispersed in PLA, indicating

toughness modification.

Figure 2- 22: Phase separation SEM results, with scale line at 100 μm (Jompang et al. 2013)

(Deng and Thomas 2015) blended PLA with PBS under different formations

(PLA/PBS: 100/0,90/10,60/40,40/60,20/80,0/100). They investigated the

thermal behaviour of the blends (DSC test) and morphology, rheology effects

(capillary rheometer) and tensile tests. In analysing the DSC results, due to the

thermal immiscibility of the materials, the melting peak of PBS was overlapping

with the cold crystallisation peak of PLA. For this reason, an assumption was

made.

Neat PLA 10% PBS 20% PBS

30% PBS 40% PBS 50 % PBS
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So, to investigate the crystallisation of the blends, they assumed that cold

crystallisation and melting enthalpy of PBS are independent of the composition

ratio (for pure PBS, the ratio was 0.107±0.02). Therefore, crystallinity results

were calculated based on each peak separately as shown in Figure 2-23.

Figure 2- 23 Crystallinity-composition graph for PLA and PBS, by using enthalpies of fusion:
∆���� = �� �/� for PLA and ∆���� = ���. � �/� for PBS Deng and Thomas, 2015).

Furthermore, tensile testing showed that PBS reduced the stiffness and

strength of PLA, but increased elongation at break. The methodology though of

prediction of the trend fall in Young’s modulus by using the parallel and series

models is also notable. (Hu et al. 2017) Blended PLA and PBS in various

formulations using benzoyl peroxide (BPO) as a cross-linking agent. Results

showed that the addition of PBS had an increasing effect of elongation at break

but reduced strength. The addition of BPO though had an additional increase in

strain at break and the strength was maintained at similar values. The

recommended formulation from these results was a 20% addition of PBS and

1% of BPO. This resulted in a blend with higher elongation at break, minimised

reduction in strength and improved hydrophilicity, which accelarated

degradation. Similar results were presented by (Zhou et al. 2013) where the

addition of PBS on PLA accelerated degradation. Specifically, it was claimed



64

that the interface between the two immiscible polymers facilitated water infusion,

providing faster hydrolysis profiles.

In order to improve clarity of flexible films PLA was blended with PBS by

(Supthanyakul et al. 2016; Supthanyakul et al. 2017) with the addition of a

PBS/PLA co-polymer rPBSL. The results showed that the copolymer had a

compatibilising effect on the PLA/PBS blend, but also it plasticised the material

by increasing toughness followed by a minor nucleating effect caused by the

addition of the copolymer. Additional notable PLA modification ways via

blending with biodegradable materials are; blends with PBSL, PGA and PBAT,

which promoted flexibility and increased melt flow index and toughness.

Regarding the thermal behaviour in both of the above blends (PBS, PCL) there

were two different melting peaks, which indicated a dual lamella stack model

(Auras et al. 2010). The crystallisation and nucleation behaviour of

PLA/PBS/PCL ternary blends were investigated by (Fenni et al. 2019).

Providing descriptive morphological results showing how the binary blends had

a sea- island morphology and how the ternary blends exhibited a partial-wetting

morphology.

Figure 2- 24 SEM images from the ternary blends showing a partial-wetting morphology (Fenni et al.
2019)
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In the binary blends, the minor phase is dispersed in the form of droplets inside

the major phase. In the ternary blends, the phase with the lowest content self-

assembles around the other two major components in droplets.

(Bailey et al. 2014) developed a range of biodegradable PLA based blends for

numerous applications. These composites have different formulation of PBS,

PCL, PBAT and PHBV (polyhydroxy (butyrate-co-valerate) and polybutylene

adipate-co-terephthalate). Their main goal was to enhance the properties and

processability of PLA, by blending it with other biodegradable polymers, for

better performance in different processing techniques.

Material Grade Origin Comments
PLA Ingeo 7000D NatureWorks Matrix material
PBS Biocosafe

1903
Zheijiang Hangzhou
Xinfu pharmaceutical

Co.Ltd

Pure PBS for injection moulding
(h-PBS)

Biocosafe
2003

Modified PBS for blown-film
extrusion (l-PBS)

PBAT FBX7011 Ecoflex/BASF
PHBV 8% varelate Sigma Aldrich Ltd.
PCL Capa 6100 Perstorp caprolactones Mean molecular weight 10000 (l-

PCL)
Capa 68000 Mean molecular weight 80000 (h-

PCL)

Table 2- 6: Materials used for Floreon patent (Bailey et al. 2014)

Each additive was inserted to a 5% w/w loading, blended by using a twin-screw

extruder, followed by injection moulding of several specimens for

characterisation. A list of commercial grades of the materials used for this study

is shown in Table 2- 6.
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PBAT and both PBS grades increased the strain at break of PLA substantially,

with PHBV and l-PCL values close to neat PLA. The same cannot be said for

the elastic modulus of the specimens, having PHBV slightly increasing it and all

the other additives causing a decrease. In addition, the melt flow rate of each

blend showed that low molecular weight PCL reduced the viscosity of PLA

significantly.

Figure 2- 25: Melt flow rate of PLA blends containing 5% of each additive (Bailey et al. 2014).

A further investigation in binary and ternary PLA blends with both PBS and PCL

under different loadings was attempted regarding the effects in melt flow rate,

showing that both additives acted as melt modifiers.
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Figure 2- 26: Binary and ternary PLA blends containing different loadings of PBS and PCL, and
their effect in melt flow rate (Bailey et al. 2014).

2.2.4 PLA blends with other biodegradable materials and inorganic fillers

In Table 2- 7 a list of attempts to modify the properties of PLA is shown through
blending with other biodegradable polymers.

Additive or filler Composition Modification References

PBSL 0-30% w/w Increased melt flow index,
toughness and improved

thermal stability

(Vilay et al.
2009)

PHBV Up to 30% w/w Increased elongation at
break, reduced stiffness and

strength

(Zhao et al.
2013)

PBAT+PHBV+PBSA Up to 30% w/w Control of Elastic modulus (Pivsa-Art et al.
2013)

PBAT 5-20 %w/w Improved processability and
toughness

(Jiang et al.
2006; Weng et

al. 2013)

PBS+clay (TFC) 25% w/w Increased mechanical
properties

(Chen and Yoon
2005)

Maleated natural rubber
(MNR)

10,20 % w/w Improved impact strength
and elongation at break

(Thepthawat and
Srikulkit 2014)

poly(butylene adipate-

co21,4-
cyclohexanedicarboxylate)

(PBAC)

20 % w/w Flexibility, toughness and
shape memory

(Qiu et al. 2017)

polyhydroxybutyrate
(PHB)

0-50% Improved thermal stability,
crystallinity and heat

resistance

(Zhang and
Thomas 2011)
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PHA 5-45% w/w Develop fully amorphous
blends with Tg~(-15)-(40) °C

(Krishnaswamy
2016)

Triple pressed stearic acid
and PEG

1-30% w/w Improved biodegradability,
melt strength, chain

extension

(Scheer et al.
2012)

epoxy-functionalized
polybutadiene

1-20% w/w Foaming (Li et al. 2014)

ABS 20-70 % w/w Increase HDT by 30% (Zhu and
Avakian 2012)

Table 2- 7: List of modified biodegradable PLA based blends

Blending PLA with inorganic materials in general increases strength, stiffness

and can accelerate degradation, but mainly decreases the cost of the PLA

products since it is more expensive than the other oil-based polymers.

Starch is a very promising material that could fit on these criteria (reduce cost,

maintain properties), since starch is a naturally abundant material and is

commercially available at low cost (Acioli-Moura and Sun 2008). The detailed

microstructure is not yet fully understood but generally it is stated that it is a

heterogeneous material consisting of linear (amylose) and branched structures

(amylopectin) (Bradshaw and Kennedy 1985). The linear structure of amylose

makes it behave more like a synthetic polymer but with 10 time’s higher

molecular weight than the commercial polymers (Teoh et al. 2016).

Blending PLA with starch provides certain advantages, such as maintaining the

sustainability of the polymer and at low concentrations increases the stiffness

and strength of the polymer (Cai et al. 2011; Jariyasakoolroj and Chirachanchai

2014). However, the elongation at break is not increased and in some is

decreased. The most significant drawback of using starch is its high moisture

sensitivity, causing the blends to be more difficult to process. In many cases

combining PLA and starch blends with nucleating agents have better results but

in general PLA/starch blends has only one practical advantage, that of cost
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reduction. Attempts of modifying the nature of starch, have provided certain

improvements in PLA, such as by gelatinisation of starch, or using thermoplastic

starch (TPS) (Jun 2000; Ke and Sun 2003; Jariyasakoolroj and Chirachanchai

2014).
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2.2.5 Crystallinity modification

The crystal formation and behaviour of PLA is controlled by polymerisation

kinetics, blending with nucleating agents (organic or inorganic small particles)

and polymers or during orientation of the polymeric chains. However, the

chirality of PLA provides another method of modification of crystallinity through

controlling its stereochemistry. The thermal behaviour of PLA shows that it has

a slow crystal formation rate. This means that in industry, increasing the

crystallinity during processing (injection moulding) would be a very slow process

(Tsuji 2005). Increasing the crystallinity of the material though improves many

properties, both mechanical and thermal. Since the formation of crystallinity

during processing is impractical due to high cycle times, there are only two

ways of increasing the crystallinity of PLA; isothermal and non-isothermal

crystallisation (Martin and Avérous 2001).
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Annealing PLA (isothermal crystallisation) depends on the temperature that the

material is kept, the time that the process lasts and the molecular weight of the

material. At different values of Mw, the size of the chains affected the rate of

crystal formation through this process (spherulite growth), where PLLA with

lower molecular weight, showed higher values in crystallinity than the higher

ones under the same conditions (Renouf-Glauser et al. 2005). This also means

that since the material during processing has a drop of molecular weight,

materials under similar thermal history might show different crystal formation.

Annealed PLA can reach values of 70% crystallinity, which in thermal properties

provides an increase in melting point and Tg.

The crystallisation peak of PLLA is around 123 C° and it seems that the

spherulites are affected by the annealing time and temperature as shown from

polarised microscopy (Figure 2-27 from (Auras et al. 2010). In addition, the

storage modulus of PLA is higher in more crystalline specimens at temperatures

higher than 60 C°. In general, increasing the crystallinity of PLA causes an

increase in all of the mechanical and thermomechanical properties except the

amount of deformation that it can undergo. So, increasing crystallinity has an

increase of values in strength (impact, tensile, flexure) and stiffness even in

temperatures higher than the Tg. However, the material becomes more brittle,

with very low values of toughness.
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Figure 2- 27: Polarised micrographs of spherulites growth of PLA through annealing. (a) 70°C for
3hrs, (b) 70°C for 8hrs, (c) 70°C for 24hrs, (d) 100°C for 3 hrs, (e) 100°C for 8hrs, (f) 100°C for 24hrs
(Auras et al. 2010).

Non-isothermal crystallisation occurs when the material is cooled down at a

specific rate. The cooling rate has an inversely linear relation with crystallisation

enthalpy, and crystal formation, where the lower the cooling rate, the higher the

crystal formation. When the cooling rate of PLLA is higher than 10°C/min, the

crystal formation is at a minimum level, and at cooling rates higher than

20°C/min PLLA is amorphous (Ren 2010a).



73

Various materials have been used that act as nucleating agents, mostly with

particle size <100 μm. The material mostly used to act as a nucleating agent for

PLA is talc, providing a significant amount of different results, depending on

particle size and molecular weight of PLA. Table 2- 8 shows a list of PLA based

blends with small particle size materials that acted as nucleating agents and

provides a brief summary of the modifications in properties they provided.

Nucleating agent w/w %
Loading

Effect Range
values

References

Talc
particle diameter
D-50(μm)=11.58

1-5% Reduced viscosity, increased
cold crystallisation

0-8.62%
crystallinity,

(Cipriano et al.
2014; Shakoor
and Thomas

2014; Tábi et al.
2014)

Cyclodextrin
(50-100 μm)

2% by dissolving
in chloroform
(inclusion
complex)

Increased both isothermal and
non-isothermal crystallinity

(Zhang et al.
2013)

Phthalhydrazide
>100 μm

0.1-2% Increased isothermal
crystallinity % and time

6-27%
crystallinity

(Wang et al.
2013b)

Cadmium
phenylmalonate (105

μm)

0.2-0.5
mass%

Improved non-isothermal
crystallisation

4-47%
crystallinity

(Li et al. 2015a)

Phthalimide 0.1,0.3,0.5,1,
2 wt%

Increased melt crystallisation 5-30%,
highest
value at
0.3%

(He et al. 2013)

Triphenyl phosphate
& talc

15% TPP and
1.2% talc

Non-isothermal crystallisation (Xiao et al.
2010)

dilithium cis-4-
cyclohexene-

1,2-dicarboxylate

0.2&0.5% Increased both isothermal and
non-isothermal crystallinity

4-47%
crystallinity

(Li and Dou
2015)

N-Aminophthalimide 0-1.5 wt% Increased both isothermal and
non-isothermal crystallinity

0-47%
crystallinity

(Li et al. 2011)

bibenzoylhydrazinepr
opane

0.1-0.5 wt% Increased both isothermal and
non-isothermal crystallinity

0-
35 %crystalli

nity

(Zou et al.
2015)

Polyoxymethylene+tal
c

1,2,5% Isothermal crystallisation
kinetics

(Guo et al.
2014)

ethylenebishydroxyst
earamide

Isothermal crystallisation
kinetics

From 18.8-
2.8 minutes

(Tang et al.
2012)

zinc
phenylphosphonate

0.5,1,3,5 Isothermal crystallisation
kinetics

From 26
to<6 minutes

(Yang et al.
2015)

Isothermal
crystallisation kinetics

0.05 and
0.5wt%

Increased both isothermal and
non-isothermal crystallinity

From 28.1
to<1 minutes

(Xu et al. 2015)

oxalamide derivatives 0.25-1wt% Increased both isothermal and
non-isothermal crystallinity

0-37%
crystallinity

(Ma et al. 2014)

aliphatic diacyl adipic
dihydrazide

1wy % Increased both isothermal and
non-isothermal crystallinity

0-30%
crystallinity

(Qi et al. 2015)

Table 2- 8: list if materials that act as nucleating agents for PLA and their effect in properties.
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(Cai et al. 2011) solved the main limitation of PLA/starch blends which is the

poor adhesion between the materials by using glycerol as plasticiser. A

systematic study of the crystallisation kinetics of TPS/PLA blends was

performed, with TPS acting effectively as a nucleating agent. Blending PLA with

starch provides certain advantages, such as maintaining the sustainability of the

polymer and at low concentrations increases the stiffness and strength of the

polymer (Cai et al. 2011; Jariyasakoolroj and Chirachanchai 2014). (Fukushima

et al. 2012) investigated two types of PLA/clay nanocomposites with 5 and 7

w/w% for each type and concluded that the thermal and thermomechanical

properties of PLA were improved, by also acting as nucleating agents. He also

mentioned that the content of the filler was not the main modifying factor, it was

the aspect ratio of the clay nanoparticles that made the difference.
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Promising results were also observed by (Valapa et al. 2015) where PLA was

blended with graphene. Specifically, expandable graphene was exfoliated at

750°C and subjected to sonication and then blended with PLA via solution

blending in chloroform. At 1w/w% of graphene loading the mechanical and

thermomechanical properties of PLA had the highest improvement by also

accelerating crystal formation rate. The filler provided also a beneficial barrier

effect on PLA and increased conductivity.

Filler Composition Modification References
PBS+clay (TFC) 25% w/w Increased mechanical

properties and
(Chen and Yoon

2005)
nanocellulose 5% Nucleating agent+ improved

decomp. temperature
(Khoo et al.

2016)
carbon nanotubes 0.026-0.10

wt%
Accelerated crystallinity,
improved mechanical and

thermal peoperties

(Seligra et al.
2015)

Nanoclay +critical ��2 2wt% Nucleating agent+ improved
mechanical properties

(Liao et al.
2012)

Carbon nanofiller (CNT-
COOH) and GNP

0.7 and 2wt% GNP2 increased stiffness but
reduced toughness

CNT0.7 improved all
mechanical properties.

(Pinto et al.
2016)

PBAT and calsium
carbonate

20wt% Increased crystallisation (Shi and Dou
2015)

Microground cellulosic
(paper or paper pulp)

5-70% w/w Increase heat resistance with
HDT ≤85°C at 0,5 MPa

(Merrington et
al. 2015)

Natural fibres (2-10 mm)
& talc

10-35% w/w Impact strength (from 60J/m
to 140 J/m) and heat

deflection temperature from
60 to 115°C

(Mohanty et al.
2014)

aryl phosphate in
combination with talc

10-20% w/w Flame retardance at 1.6 mm (Liu 2014)

Table 2- 9: A list of examples of (inorganic) fillers used as nucleating agents blended with other
polymers in PLA matrix

As previously stated, the orientation of the PLA product is also very effective on

improving its properties. By drawing PLA with a stretch ratio of 2.5 the tensile

strength can be increased from 47 to 73 MPa and can exhibit significant

increase strain at break (from 1.5 % to 48%). Elastic modulus increased nearly

by 1 GPa and can exhibit five times higher impact strength.
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This effect occurs because when drawing PLA, two different types of crystals

are created of α+β-structures (Lizundia et al. 2016). Biaxial orientation improves

the material’s properties further, where elongation at break can be increased

even by 15 times, the tensile strength from 50MPa to 100 and modulus of

elasticity by 1 GPa (Sawai et al. 2007b).

In injection moulding a different type of orientation occurs, the shear stress of

the melt controls the recoverable strain applied during processing. This means

that understanding and controlling the rheology of the material is also effective

in improving crystallinity.

Figure 2- 28: model of biaxial orientation equipment during sheet/film
extrusion (Lim et al. 2008)

The amount of stereocomplex formation effects the properties of PLA as well.

By comparing two different commercial PLA grades, with 2% difference in

optical purity show that the material that has a higher percentage of D-isomer

has higher elongation at break in both machine and transverse direction. This

shows that just with slightly lower crystallite dimensions the elongation at break

of the material can be quite different by just adding a small amount of D-isomer

(Tsuji 2005).
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2.2.6 Control of stereochemistry

A polymer stereocomplex has been defined by (Slager and Domb 2003) as the

formation of a new composite from the interaction of two stereoregular polymers

that interlock presenting changes in physical properties of the parent polymers.

The polymeric pairs can be chains with identical chemical compositions or

similar without identical chemical structure. A classic example of a

stereocomplex formation is the DNA helix, which is based in hydrogen bonding

between the two different base pairs. In polymers the bonding between the two

pairs with identical chemical composition but with different configuration is

based on stereoselective Van der Waals interactions. There have been

numerous attempts in the quantification of stereocomplex formation (Table 2- 10)

including spectroscopic techniques, thermodynamic studies, mechanical studies

and imaging techniques.

Characterisation Method References
Light scattering, small angle
x-ray scattering/neutron
scattering (SANS)

Info from distance distribution function (Grenier and
Prud'homme 1984)

Flow birefringence Investigation of the stoichiometric ratio of two
opposite enantiomeric polymers

(Spěváček and
Fernandez-Pierola
1987)

Wide angle x-ray diffraction
(WAXS)

Observation of the changes in helix conformation
of the stereoselective polymers

(Bosscher et al. 1982;
Tsuji et al. 1992; Lim
and Park 2000)

Fluorescence, electron-spin
resonance (EPR) and
energy transfer
spectrometry

The number of equilibrium and kinetic properties
of polymer sc systems was characterised from the
spacing between the donor-acceptor spectrums of
the non-radiation energy transfer emission

(Sasaki and
Yamamoto 1989;
Pokorná et al. 1999)

Liquid 1H and 13C NMR The influence of protons of neighbouring
monomers of enantiomeric opposite configurations
provide differences in resulting spectra

(Kister et al. 1998)

Solid-state magic angle
spinning (MAS) NMR

(Nishiura 1992)

Fourier transformation (FT)
IR and Raman spectroscopy

(Brochu et al. 1995;
Bourque et al. 2001)

Differential scanning
calorimetry (DSC)

Stereocomplex shows a characteristic increase in
melting temperature

Brochu et al., 1995

Turbidity As stereocomplex particles aggregate, causing
turbidity of the solution. The higher the turbidity
ratio the higher the stereocomplex formation

(Spěváček and
Fernandez-Pierola,
1987

Rheology Shear viscosity and melt strength is increased with
stereocomplex.

(de Jong et al. 2000)

Scanning electron
microscopy (SEM) and
Atomic force microscopy
(AFM)

(Serizawa et al. 2000)
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Table 2- 10 Methods of investigating the stereocomplex formation used in various publications

In industry, manufacturing products demands a minimum cycle time during

production, which practically means that PLA has no crystal formation (lower

cycle time, higher cooling rate). Boosting the non-isothermal crystal formation of

PLA can be achieved either by blending it with materials that accelerate

crystallinity (nucleating agents and nanocomposites), or by controlling its

stereochemistry (blend with D-lactide). Blending both enantiomers of polylactic

acid changes its properties since there are two materials that present different

mechanical and thermal properties. However, due to their chirality, when

crystallised the enantiomeric polymeric chains are orientated quicker, resulting

in significantly accelerating crystallisation as the helices are packed in a smaller

amount of time. This indicates that PDLA acts as an effective nucleating agent

for PLLA (Auras et al. 2005).

(Tsuji 2005) has investigated PLA stereocomplex formation in detail, stating that

stereocomplexation is referred as the stereo-selective association that takes

place between the interaction of polymers having different tacticities or

configurations. In PLA, when both enantiomeric chains are blended, various

types of crystals can be formed. Crystals between chains of same isomers are

referred as homo-crystals (hc) and crystals formed by chains of different

enantiomers represent stereocomplex (sc) crystal formation.
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By presenting a simple matrix model, (Tsuji 2005) explained that creating a fully

sc formation does not happen just by blending the two materials (Figure 2-29).

The crystallinity of PLA blends that have both enantiomers is higher, that does

not mean though that the formed crystals are sc or hc. Since the mobility of the

chains is affected by the amorphous domain, the Tg of the sc material is also

higher (Auras et al. 2010).

Figure 2- 29 Enantiomeric crystallite models proposed by (Tsuji 2005) of (a) & (b)=Hc L-lactide and
D-lactide respectively (c)= a racemic sc crystallite were L-and D are packed side by side and
randomly (d) and (e) is a mixture of (a) and (b).
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Blending these materials creates microcrystals, which does not occur for

optically pure PLLA where the crystalline area consists of normal spherulites.

For this reason the mechanical and thermomechanical properties of the scPLA

have higher values than pure PLLA (Tsuji and Ikada 1999).

Both optically pure enantiomers of PLA have the same thermal properties, but

when blended together, the resulting crystalline structure is different from the

original one, this leads to melting temperatures around 230 C°. Specifically, a

racemic scPLA mixture consists of structures that are packed side by side with

a 1:1 ratio of both isomers. So the stereocomplex formation needs heat flow of

higher temperature to break apart compared with the α+β structures of the

optically pure one 170-180 C°(Tsuji 2005).

Mixing of two enantiomers of PLA, does not necessarily mean scPLA is formed,

for instance by mixing high molecular weight PLLA and PDLA does not lead to

sc formation. Specifically, it leads to the formation of homo-crystal pseudo-

orthorhombic forms, with different thermal stability. The effect of the

stereocomplexation is believed to be based on the Van der Waals bond

interaction between the enantiomeric chains. The degree of sc is affected by the

molecular weight of the two isomers, where in low molecular weight the material

provides higher sc degree, with a threshold of molecular weight valued at

100,000 (Purnama and Kim 2010). In higher molecular weight values the sc

formation can occur only in solution casting for 207,000 (Yang et al. 1997; Xiao

et al. 2010).
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In high molecular weights the formation of sc PLA is quite difficult, and the only

cases that this was achieved was by slow solvent evaporation or isothermal

crystallisation but only at values such as 300,000-400,000(Tsuji and Ikada 1999;

Tsuji 2005). However, by applying high shear rate to the melt while blending, or

vigorous drawing during extrusion of the two isomers at high temperatures, the

macromolecular chains are extended. This facilitates interaction between the

two isomers which results in sc formation.

(Wen et al. 2013) extruded scPLA fibres and investigated the epitaxial

relationship between the stereocomplex formation and homocrystals. Results

showed that when the fibres were crystallised at a higher temperature, the sc

blend exhibited faster crystal formation (5 times). They explained it by stating

that the nucleation barrier on the stereocomplex formation is much longer than

that of the homocrystals. Stereocomplex formation was investigated with both

thermal and spectroscopic characterisation techniques and compared with the

optically pure enantiomers of PLA (Lv et al. 2017). During this research a 1:1

racemic mixture of PLLA and PDLA was mixed in solution and then hot pressed

to a sheet that was quenched in liquid nitrogen. Through this paper and based

on (Zhang et al. 2005; Meaurio et al. 2006b) a wavenumber of 956cm-1 was

assigned for the homocrystals. As expected, by annealing the optically pure

enantiomers at a temperature above Tg (62°C, 65°C and 70°C) resulted in

increasing the amount of homocrystals. When it comes to the racemic

PLLA/PDLA blend though at the two lowest annealing temperatures an

absorption band is suppressed under the 923 cm-1 homocrystal band. This

explains how the structural formation of the racemic blend depends on the

annealing temperature.
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However that structure does not necessary mean that is a stereocomplex

formation, since the IR band for scPLA is 908cm-1. It is therefore a mesosphere,

with inferior molecular ordering generated during annealing at these

temperatures, a formation that was also investigated by (Stoclet et al. 2010;

Zhang et al. 2010; Lv et al. 2011) (Meaurio et al. 2006b; Tsuji et al. 2011; Na et

al. 2014a)

This reported mesophase is not the same as the reported PLLA mesophase

which consists of the same PLLA chains. The intermolecular interactions

between the two enantiomeric chains exist in the mesophase, analogue to that

of the stereocomplex crystal formations. However these interactions are much

weaker than in the stereocomplex crystals (Meaurio et al. 2006a; Pan et al.

2012; Na et al. 2014b; Zhang et al. 2015). How the stereocomplex mesophase

is controlled was investigated by (Lv et al. 2017) through the FTIR spectra of

annealed PLLA/PDLA samples. Results showed that the IR absorbance

increased when increasing annealing time. This indicated that the formation of

stereocomplex mesophase is a kinetics-controlled event. This was explained

further stating that by increasing the molecular mobility, the stereocomplex

mesophase would be formed more rapidly. However, if the molecular mobility is

too high, then homocrystal formation would overwhelm the mesophase

formation from the resulting thermal characterisation techniques of (Na et al.

2014a). Annealing high molecular weight amorphous PLLA/PDLA blends mainly

generates homocrystals. For the stereocomplex crystals, the formation arises

from the melting re-crystallisation of the homo-crystals.
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(Widhianto et al. 2017) approached a method of forming stereocomplex PLA by

using stereo-block copolymers of PLLA and PDLA and investigated the effects

of the block length in isothermal crystallisation behaviour. The results showed

that the multi stereo-block PLA with longer blocks and higher molecular weights

crystallised at lower temperatures, faster and at a wider temperature range.

Annealing these samples showed that lamella with two different thicknesses

would occur, one in the stereocomplex temperature (thicker) and one at lower

temperature (thinner).The crystallisation behaviour of asymmetric PLLA/PDLA

blends were investigated by (Hu et al. 2019). The blend was solution casted

and then crystal behaviour was investigated by spectroscopic and polarised

optical microscopy. Results showed that stereocomplex crystals were formed at

higher temperatures than the homocrystals. The morphology results showed

that a range of spherulites was formed with many crystallites when annealed at

100°C. The spherulite consisted of both Hc and Sc, where the Raman imaging

results showed that the amorphous and spherulitic region. Again, (He et al.

2008) blended low molecular weight PDLA in solution casting. The results

showed how the initial melt state could affect the crystallisation of the blend.

A 50/50 PLLA/PDLA formulation was blended via melt extrusion by (Baimark

and Srihanam 2015) and the effects of a chain extender Joncryl ® ADR 4368 on

the Sc PLA were investigated. On this paper a different enthalpy of fusion was

used for homocrystals (ΔHsc=142J/g). Results showed that the higher the blend

temperature and amount of chain extender, the lower the amount of

stereocomplex formation.
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Further results showed that the melt strength of the scPLA could be controlled

by the amount of chain extender used. (Sun et al. 2012) explained how the

stereocomplex formation depends on the initial melt state. By increasing

temperature stereocomplexation is depressed at lower temperatures >240°C

the survived nuclei favour polymer crystallisation. An attempt in dry mixing a

50/50 PLLA/PDLA blend prior to injection moulding (25°C) was made at three

nozzle temperatures 180,200 and 230°C (Srithep et al. 2015). At 180°C, the

material wasn’t moulded because of the high crystallinity resulting in a nearly

solid material (powdered solids) coming through the nozzle. Optimum properties

resulted from the samples that were injected at 200°C nozzle temperature with

higher toughness and improved thermomechanical properties.

Upon drawing scPLA exhibits a significant increase in mechanical properties as

studied by (Sawai et al. 2007a). The scPLA was formed by solution casting

which was then extruded and drawn at different draw ratios and extrusion

temperatures. The optimum result was shown from the drawn sample that was

extruded at 200°C, but with a draw ratio <17. The elastic modulus increased

significantly as the draw ratio increased from 2 GPa to 9GPa, with a strength

increase of 4 times (90MPa to 400MPa). In addition, the sample appeared to

have an improved thermomechanical behaviour, where the DMA results

showed a drop from 9GPa at room temperature to 7 GPa at 100°C and 3 GPa

(most of PLLA grades at room temperature) at 200°C in storage modulus. High

molecular weight enantiomers were blended via solution casting by (López-

Rodríguez et al. 2014) to investigate the mechanical properties showing an

increase in toughness and ductility. It is also notable how different polymorphs

appeared with the different Mw PLLA used.
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As molecular weight increased the stereocomplex formation shifted to higher

temperatures during the DSC tests and appeared double peaks. Double peaks

in a DSC thermograph showed that crystals require different amounts of energy

to melt. Therefore, the structure of the crystals is different, either because the

bonds between the chains have different strengths or crystals have different

geometry.

Figure 2- 30 DSC results of graph (a)= non blended PLLA films and (b)= PLLA 1:1 racemic blend
(a)= Low molecular weight, (b)= Medium value molecular weight and (c) high molecular weight
(López-Rodríguez et al. 2014).

ScPLA powders were injection moulded by (Liu et al. 2019) resulting in samples

with increased mechanical and thermomechanical properties. In addition, this

processing technique allowed the possibility of injecting scPLA at lower

temperatures, thus maintaining the sc formation. However, the results showed

that the sc crystallites experienced intense shear during injection that resulted in

orientated crystals.
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A stereocomplex formation mechanism was proposed by (Liu et al. 2013) when

melt blending equimolar PLLA and PDLA using twin screw extrusion. This

proposed mechanism (Figure 2-31) stated that the enantiomeric molecules are

firstly stretched from random coil to orientated parallel formation during melting.

Then the stereocomplex formation is formed between these orientated parallel

coils that creates a chain reaction for the sc formation of the rest PLLA-PDLA

molecules.

Figure 2- 31 A proposed model of stereocomplex formation process during melt processing
techniques (Liu et al. 2013)
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(Saeidlou et al. 2012) added small amounts of PDLA to PLLA (1,3 and 5%) and

blended them on a twin-screw extruder. Stereocomplex spherulitic structures

were found to act as particulates inside the PLLA matrix. This resulted in

increasing viscosity and a modification in morphology and melt enthalpy. The

stereocomplex spherulites (melting 218°C) took on a radiated structure while

the networked crystallinity (180°C) was a less organised worm-like structure.

XRD and optical microscopy analysis, showed that a trans-crystalline layer of

homocrystals grown on the surface of the stereocomplex spherulites, explaining

the nucleating effect PDLA provides.

(Tsuji et al. 2006) investigated the nucleating effect on homocrystal growth of

PLLA with the addition of small amounts of PDLA (0.1%, 0.3%, 1%, 3% and

10% w/w %). The materials were blended via solution casting where the films

had been quenched at 0°C. During isothermal crystallisation from the melt,

results showed that the growth mechanism of the homocrystals was not

affected by the presence of stereocomplex formation. However, the sc

crystallites resulted in increasing the number of spherulites per unit volume,

showing that during isothermal crystallisation the increase of PDLA loading

decreases the crystallisation time and the spherulitic size. During non-

isothermal crystallisation a nucleating effect was detected from the addition of

1% w/w PDLA and above.
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The addition of small amounts of PDLA also had a beneficial effect in foam

extrusion of PLA. In this study (Wang et al. 2017), 0.5%, 1% and 3% w/w of

PDLA was blended via twin-screw extrusion. Results showed that sc formation

increased melt strength and accelerated crystallinity. Especially under high

pressure, the addition of PDLA had a synergistic effect in increasing the

expansion ratio and cell density (Figure 2-32). It is quite notable though, that

the attempts in investigating the crystal formation behaviour in combination with

thermomechanical properties by blending both of the optically pure enantiomers

is limited.

Figure 2- 32 SEM images of the cell morphologies of PLLA/PDLA blends at different die
temperatures during extrusion a=130°C b=120°C and c=110°C (Wang et al. 2017)

(a) (b) (c)
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(Shao et al. 2017) synthesised the two PLA enantiomers with low molecular

weight by ring-opening polymerisation. Then with solution casting various PLLA-

PDLA blends were mixed to investigate the morphology and growth of the PLA

stereocomplex formation. From DSC and WXD results, it was shown that as the

amount of PDLA increased the amount of homocrystals formed was reduced

while the stereocomplex content increased. This indicated that increased D

content favoured stereocomplex formation, by forming thicker lamella while

restricting the blends in various temperatures for different annealing times and

performing polarised optical microscopy, resulting in having spherical

crystallites when the materials were annealed at lower temperatures (130-

190°C). Specifically, at lower temperatures many nucleation points were

developed which hindered the movement of molecular chain crystallisation

controlled by diffusion. The opposite effect is occurred when the blends were

annealed at higher temperatures. It was also been stated that at blends with

higher than 10% PDLA the detrimental morphology was observed. So as the

PDLA content increased so did the nucleation points which creates a “domino

effect” in rapidly transforming the amorphous polymer chains in sc crystals. So

by excluding the molecular weight factor, the two major factors should be

considered during the sc crystallisation which is the diffusion effect and

annealing temperature.
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The combination of plasticiser (PEG) and nucleating agents (talc and aromatic

phosphonate) was used to modify the stereocomplex formation of 5% PDLA

addition in PLLA was studied by (Saeidlou et al. 2013). Results showed that talc,

stereocomplex formation and aromatic phosphonate had a nucleating effect in

homocrystal formation. However, the addition of PEG as a plasticiser lowered

the Sc formation time. Two types of sc morphologies coexisted in the results

with different morphologies and melting temperatures. The lower formation

melting point one exhibited a network morphology and the higher formation

melting point had a spherulitic morphology. The use of a plasticiser increased

the spherulitic size and reduced their number. This indicated that some

nucleants that are used for homocrystals can be used for the stereocomplex

formation. A similar study has been reported by (Feng et al. 2017) were the use

of monocrystalline cellulose showed that the stereocomplex formation kinetics

was enhanced.

2.3 Summary

To summarise, PLA is a versatile biopolymer and under certain processing

conditions could replace fossil-based polymers in various applications. The

properties of this material can be modified by blending either with polymers

(biodegradable or non), or with inorganic fillers (talc, graphene, chalk). In

addition, increasing the crystallinity of PLA improves the mechanical and

thermomechanical properties of the material. Specifically, as reported from

previous publications PLA was blended with PCL or PBS to improve toughness

and increase its flow rate. With PBS also slightly increasing the heat deflection

temperature of PLA. The addition of these materials leads to an increase in

impact strength, but with a corresponding decrease on strength and stiffness.
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The only case where these additives were blended with PLA in both binary and

ternary formulations was from (Bailey et al. 2014) but this mostly focused on

the melt flow rate of the blends. A significant additional limitation of PLA is its

slow crystallisation. Attempts to accelerate crystallisation have been made by

various researchers by using materials that act as nucleating agents. These

materials include either small particle size fillers (talk, nano-cellulose and

graphene), or by blending the two optically pure enantiomers of PLA (PLLA-

PDLA).

PDLA at small loadings (1-10%), when blended with PLLA accelerates

crystallinity due to stereocomplex formation that occurs inside the matrix. In

cases where both of the optically pure enantiomers are blended with a 1:1 ratio,

under certain conditions a fully scPLA is created, providing a high melting

temperature PLA with increased mechanical and thermomechanical properties.

It is quite notable though, that a large amount of the studies made with the

PLLA/PDLA blends at any formulation are made with solution casting

techniques, and there hasn’t been a clear understanding of the mechanical and

thermomechanical properties of these blends. This means that a more

industrially relevant method of producing scPLA has to be investigated.
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Chapter 3. Materials and methodology

As previously mentioned in the project description in chapter 1, this research

consists of three separate studies. In order to modify the toughness and melt

behaviour of PLA, it was blended with PBS and PCL (toughening study).

The crystallisation behaviour of PLA blends was investigated by the addition of

small amounts of PDLA (crystallisation study).

Finally, a 50/50 racemic PLLA/PDLA blend was compounded (stereocomplex

formation (sc) study) where the optimum processing conditions are presented

based on melt processing techniques.

This chapter is based on the investigation of these PLA-based blends and

includes the materials used in the experimental part of the research including

grades and properties. The way that the materials were processed will be then

presented, including the compounding, sheet extrusion and injection moulding

conditions. Followed by an explanation of the characterisation techniques used,

the test conditions and the analysis methodology. The techniques used were:

Experiments Toughening study Crystallisation study Sc formation study

Capillary rheometry   
Tensile   
Flexural 
IZOD impact   
Differential Scanning
Calorimetry (DSC)

  

Scanning Electron
Microscopy (SEM)



Dynamic Mechanical
Analysis (DMA)

 

Hot stage polarised
optical microscopy



Table 3- 1 List of the experiments performed for each study of the research.
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3.1 Materials

For the toughening study, the polylactic acid used was Ingeo 4043D of

NatureWorks™ with CAS number: 9051-89-2 and PLLA content >98%. It is an

extrusion grade material for biaxially orientated films with high viscosity with

MFR of 6g/10mins (210 °C 2.16 Kg ASTM D1239), delivered in crystalline round

pellets. It is referred to as an ideal grade for applications in packaging having

advantageous barrier to flavour and grease and superior oil resistance.

For the effects of stereochemistry in PLLA study (crystallisation and sc

formation studies) optically pure PLLA grade Ingeo 3260HP (NatureWorks™),

has MFR of 65 g/10min (210 °C 2.16 Kg ASTM D1239) and D- lactide content

<0.5%. It is designed for applications that required high flow applications, can

be processed in most conventional injection moulding equipment and a medium

to fast injection speed is recommend. The optically pure PDLA Sulzer

polylactide D100M (L-isomer <0.3%) having MFR of 14-15±5 g/10 min (2.16Jg,

190 °C ISO 1133-1).

According to NatureWorks data sheet, drying the material prior to processing is

essential to have a stable melt during extrusion and prevent hydrolysis. PLA

can be processed in conventional extruders, with screws of L to D ratio from

24:1 to 30:1. Since this material is not compatible with many polyolefin resins,

the extruder has to be cleaned up with low viscosity materials such as high

MFR PP or general purpose PS both before and after of processing PLA. The

following temperature profile is recommended by the suppliers.

Melt temperature 210 ± 8°C
Feed throat
temperature

45 °C

Feed zone
temperature

180 °C

Compression zone 190 °C
Metering zone 200 °C
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Die 200 °C
Screw speed 20-100 rpm

Table 3- 2 Processing profile of PLA based on NatureWorks Data sheet
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The poly (butylene-succinate) PBS Mitsubishi FZ91PD was used and the

following material description is based on the MSDS, provided by Mitsubishi

chemical Corp. (ref. number GS005E), CAS number 25777-14-4.

The poly (caprolactone) PCL material used for this study was Pertsorp UK Ltd

CAPA 6250 (Cas number: 24980-41-4). In Table 3- 3 the properties of the

materials used are shown based on the supplier’s data sheets.

Properties Materials
PLA ingeo 4043D PLA

Ingeo
3260HP

PBS PCL

Density 1240 kg/�3 1260 kg/�3 1100 kg/�3

Tg 55-60 °C -10 °C (-65)-(-

60) °C

Melt temperature 145-160 °C 115 °C 58-60 °C

Decomposition
temperature

250°C 300 °C 300 °C

Tensile strength 110 MPa in machine direction 63 MPa 40 MPa 17,5 MPa

145 MPa in Transverse

direction

Elastic modulus 3.3 GPa in machine direction 3.585

GPa

650 MPa 430 MPa

3.9 GPa in Transverse direction

Elongation at
break

160% in machine direction 3% 210% >500%

100% in Transverse direction

Appearance Transparent Translucent Translucent

Table 3- 3 Properties of the materials used according to their Technical
Data Sheets
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3.2 Processing and sample preparation

3.2.1 Compounding and extrusion

Figure 3- 1 APV extruder used for compounding in this research (APV MP19-25JC)

The materials were blended in a twin-screw extruder, where the material was

starve fed, plasticised and mixed through the co-rotating screws and extruded

through the die. The extruded material was then quenched in a water bath at

ambient temperature and pelletised. The equipment used was an APV 19 mm

twin screw extruder with L:D=25:1, with the screw configuration/profile as

follows:

Cumulative elements Element type Length x (D)

1-6 Forward feed 4 x 1.5 D
7 Forward feed 1 x 1 D
8 30° paddle 4 x ¼ D
8.5 60° paddle 2 x ¼ D
11.5 90° paddle 12 x ¼ D
15.5 Forward feed 4 x 1 D
16.5 60° paddle 4 x ¼ D
17.5 90° paddle 4 x ¼ D
23.5 Forward feed 6 x 1 D
25 Metering 1 x 1.5 D

Table 3- 4 APV twin screw extruder, screw elements profile
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Figure 3- 2 APV Twin screw extruder profile and barrel.

To evaluate and compare the effect in properties that the PBS and PCL

additives had on PLA, blends were prepared by melt compounding. After

measuring the weight of the materials needed for each compound, they were

mixed in each of their sample bags and then placed in a vacuum dryer at 45- 50

degrees for 24 hrs.
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The temperature was around 20 degrees lower than the one that is usually used

for drying PLA, but PCL (low melting temperature) even at this temperature

became sticky, making it difficult for further processing. The following table

describes the formula of each blend:

Table 3- 5 Formulation of Binary and ternary (PLA,PBS,PCL) blends w/w 2Kg batch sizes 1.44Kg/hr
feeding rate

For the crystallisation study, the polymer pellets were dried in a vacuum drier for

24hrs at 60°C.The feeding rate for the pellets was 1.44 kg/hr. Five compounds

were extruded, starting with pure PLLA followed by the addition of 1,5,10 and

15% weight by weight of PDLA. The blends are being referred to, based on their

PDLA content, so D0 has 0% of PDLA, D1=1%, D5=5%, D10=10% and

D15=15%. The extrusion temperature settings are presented in Table 3- 6:

Toughening study Crystallinity study

Motor speed 170 rpm 60 rpm

Feed zone temp160 °C 160 °C

Zone 1 170 °C 170 °C

Zone 2 180 °C 180 °C

Zone 3 180 °C 190 °C

Zone 4 190 °C 200 °C

Table 3- 6 Compounding conditions of toughening and crystallisation study.
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3.2.2 Sheet extrusion

For the tensile tests of the toughening blends, a Dr Collin Teach-Line E 20T

sheet extruder was used with a screw speed of 70 rpm and a temperature

profile of the heating zones with a direction from hopper to die was

140°C→150°C→190°→200°→200°C. The blends were dried at 45°C for 24hrs

prior to extrusion, several samples were collected with thickness of 0.50mm

±0.08 and a width of 100 mm. Then tensile bars were cut on a hydraulic

puncher with dimensions of (width, parallel length, thickness)

(2mm,10mm,0.50mm).

Figure 3- 3 Image taken during the sheet extrusion of the blends
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3.2.3 Hot press sheets preparation

Figure 3- 4 Specac hydraulic press for POM sample preparation

For the hot stage polarised microscopy, a thin film of the blends was required,

where the thinner the film the higher resolution on the crystal formation imaging.

For this reason, a Specac manually operated hydraulic press was used (15 ton

capacity); heated at 220°C and a 100μm ring spacer with aluminium foil discs

on each side. Three pellets were positioned in the centre of the bottom platen

covered with the aluminium disc, the top platen was then put on top of it and

then inserted to the press. Once the two platens were in contact the material

was heated for 5 minutes, then an initial pressure of 1 ton was applied for one

minute followed by a second pressure of 2.5 tons and finally a 5-ton pressure

for 3 minutes. The film maker was then put in the cooling case were chilled

water was flowing through where it took about 5 minutes to drop from 220°C to

45°C creating a 80μm transparent film.
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3.2.4 Injection moulding

Figure 3- 5 Injection moulding machine used in this research Fanuc Roboshot s-200i 100A

Comparison of mechanical properties of the materials required ISO standard

dimensions and geometry. For this reason, the Fanuc s-200i 100A injection

moulding machine was used with rectangular tensile bar mould geometry and

dimensions of (length/depth/width) 80x4x10 mm (ISO 178). To find out what was

the most suitable injection and moulding conditions, an optimisation process

took place. After heating up the barrel and the mould and purging enough

material, the injection and extruder settings were set by using the virgin PLA

(round pellets). Initially the pack pressure was set to zero, while gradually

increasing the shot size until almost 90% of the mould cavity was filled. At that

point the pack pressure was set to higher values until the part had the desired

product dimensions (lowest amount of shrinkage).

For PLA toughened blends though, where in an amorphous pellet form which

meant that at a temperature near Tg the pellets became sticky, resulting in not

having a uniform shot size during extrusion of the material with peak pressure

and melt cushion going to zero. By increasing the back pressure resulted in

desirable readings, with a melt cushion around 4mm for all materials. In order to

minimise the moisture absorbance of the materials during processing, a

nitrogen “blanket” above the material in the hopper was used.
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For each of the toughening study blends, around 20-30 moulded parts were

collected with the pellets being dried at 45°C for 24hrs prior to processing,

conditions shown at Table 3- 7 . The mould (one cavity was used for this study)

temperature was set to 30 C° because PLA was a sticky and soft material at

higher temperatures and ejecting it would bend the parts, thus contaminating

the characterisation tests. It should be noted that the cycle time was not

constant for all the blends, and was interrupted in some cases to remove the

part from the mould by hand. This is not completely due to a material defect,

this was happening either because the pack pressure was high and the material

was packed strongly inside the mould, or even due to the geometry of the

mould. Blends that had more percentage of the additives were easily ejected

from the mould.

Injection settings Extrusion settings Temperature settings

Injection speed 50
(mm/s)

Back pressure 40 (Bar) Feed zone 35 °C

Position transfer 10 (mm) Speed 100 rpm Zone 1 140 °C

Pack pressure 500 (Bars) DCMP distance 5 (mm) Zone 2 180 °C

Packing time 30 (sec) DCMP velocity 5 (mm/s) Zone3 200 °C

Shot size 33 (mm) Cool time 12 (sec) nozzle 200 °C

Table 3- 7 Injection moulding settings of toughening study blends (one cavity mould).

The PLLA/PDLA blends (crystallisation study) were dried in a vacuum drier for

24 hours at 90°C in large rectangular trays for the pellets to crystalize while

getting dried to achieve optimum processing behavior.

The reason why the materials were not only dried, but crystallised as well prior

to processing, was because the materials that contained PDLA were getting soft
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between the feeding zone and zone 1 of the barrel (actual temp 70°C-100°C),

and then crystallised around the screw.

Figure 3- 6 Two cavity mould of injection moulding machine and injection moulded sample (neat
PLA)

This resulted in a skin formation around the screw, which did not provide

enough friction between the pellets with the screw and the barrel wall. For this

study, the same mould was used but with two cavities instead, details of the

injection moulding conditions are shown in Table 3- 8.

Injection settings Extrusion settings Temperature settings

Injection speed 100 (mm/s) Back pressure 40 (bar) Feed zone 55 °C
Position transfer 10 (mm) Speed 100 rpm Zone 1 170 °C
Pack pressure 500 (bar) DCMP distance 5 (mm) Zone 2 180 °C

Packing time 30 (sec) DCMP velocity 5 (mm/s) Zone3 190°C
Shot size 48 (mm) Cool time 15 (sec) Zone 4 200

nozzle 220 °C

Table 3- 8: Injection moulding conditions of crystallisation study (2 cavity mould)

The study in accelerating the crystallinity of PLA consisted of two crystal

formation methods; annealing injection moulded samples with minimum

crystallinity (cold mould) and injecting the blends into a hot mould at different
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holding times. For the cold mould injection moulding the temperature was set at

30°C.

For the injection moulding at hot mould, two supporting studies were performed.

The first study was to measure the residence time of the material in number of

shots, in order to understand the behaviour of PLA in longer cycle times in

terms of degradation. The second study was performed to understand the

thermal behaviour of the injected material inside the mould. To calculate the

amount of shots the barrel of the injection moulding machine holds, a small

amount of blue colour master-batch was fed to the hopper at the moment were

the screw was visible. Then each shot was kept and a picture was taken with a

white background as shown in Figure 3-7.

Shot number 4 Shot number 6 Shot number 7 Shot number 11

Figure 3- 7 Examples of the injection moulded bars of the residence time study, (blue colour
master-batch).

Then through Adobe Photoshop the transparency was estimated by using the

histogram function (blue colour) and the graph of Figure 3-8a was plotted. The

peak half point was calculated indicated that the material was transferred from

feed zone to mould in 10 shots. Then 10 shots of PLA were injected with high

cycle times (7mins) and tensile tests were performed. The results from the

tensile tests Figure 3-8b showed that the mechanical properties of the material

were not affected as residence time increased. For this reason, 10 shots were

collected from each material in both cold and hot mould methods
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(a)

(b)
Figure 3- 8 Barrel residence time study with the colour intensity from the injection moulded bars (a)
and (b) tensile test result performed in pure PLA at every shot (hold time of 7 mins).

For the non-isothermal crystallisation method (hot mould) the mould had to be

kept in a higher temperature (95°C). This temperature was selected in order to

be able to produce samples for every formulation and be in the region of all the

crystal formation peaks from DSC results. Cartridge heaters were used to

maintain accurate temperature control of the mould. Two types of calibrations

were used for the mould temperature; at first cavity temperature, were the set

temperature (temperature controller) and a measured temperature with a

thermocouple of a PLA tensile bar placed inside the cavity was compared

(Figure 3-9) .
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Figure 3- 9 temperature controller vs actual polymer temperature comparison

Inside the mould a FOS sensor was positioned for infra-red temperature

readings. For the second calibration the IR voltage values received from the

National Instruments LabVIEW software were translated into temperature

values. For high temperatures, the peak voltage readings were used and

referred to injection temperature. For lower temperatures a part of solid injection

moulded PLA was positioned inside the cavity (where the temperature sensor

was), and the IR temperature reading was recorded at various mould

temperatures as shown on figure Figure 3-10 were the calibration equation was

extracted.
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Figure 3- 10 Mould IR temperature sensor calibration with PLA (volts to °C).

For the isothermal crystallisation method (cold mould), tensile bars were kept in

an oven at 95°C for various annealing times, then a heavy cool object (flat

surface) was placed on top of them when they were removed to avoid warpage.

Twenty tensile bars (10 shots) were annealed for each set annealing time as

described in Table 3- 9.

Annealing time 0 mins 2 mins 4 mins 6 mins 10 mins 20 mins 40 mins
Code t0 t1 t2 t3 t4 t5 t6

Table 3- 9 annealing times of injection moulded PLLA/PDLA bars at 95°C

For the hot mould crystalliation method, according to the temperature calibration

a set value of 82°C was used, to achieve a material temperature of 95°C inside

the mould, the injection moulding settings were the same as in Table 3- 8.

Injecting pure PLLA (Ingeo 3260HP) at this mould temperature was not possible

because the crystal formation was so slow, that a holding time of 12 mins was

required to eject a solid material without bending it in the process. Therefore the

100% PLLA material was not included in the results of this crystallisation

method. The holding times of the rest of the PLLA/PDLA blends, were set at

first at 5mins and then reduced my 1 minute for every 10 shots up to the point
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where it was possible to collect a solid material that was not deformed during

ejection. The collected injection moulded bars are listed in Table 3- 10, where

the check sign represents the samples successfully collected from a blend at

mould holding time.

Holding
time (mins)

D0
(0% PDLA)

D1
(1% PDLA)

D5
( 5% PDLA)

D10
(10%PDLA)

D15
(15% PDLA)

1 N/A N/A N/A  

2 N/A    

3 N/A    

4 N/A    

5 N/A    

Table 3- 10 representation of the collected injection moulded bars (hot mould) at different holding
times of the PLLA/PDLA blends.
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3.3 Characterisation techniques

3.3.1 Rheology

The rheology of each of the PLA blends was investigated to understand the

effects of the additives in the melt state of PLA, providing a better

understanding of the processability of each blend. The capillary rheometer

allows the researcher to determine the flow conditions of a molten material in

high shear rates; and in general simulates polymer processing conditions, and

record its rheological properties. It consists of a melt reservoir, heated at the

desired temperature in order to melt the polymer, and a piston that pushes

steadily the molten polymer through the capillary die of certain diameter (D) and

length (L).

Figure 3- 11: Typical capillary rheometer model, with PL assembly having a die with a length (L)
and P0, the assembly with a die length 0 (orifice die) (IMATEK 2017)

Usually the type of capillary rheometer used is the H shape one (for example

the Rosand RH10, which is also used for investigating the rheology of the

blends in this project). Where there are two identical melt reservoirs and pistons

(twin bore option) with different dies. The first one is the simple capillary die as

described above and the other one is called orifice die, has the same diameter

as the capillary one but length equal to zero (Chhabra and Richardson 2008).

The reason for using these specific dies is to be able to calculate the fluid
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characteristics only inside the capillary die, a method called Bagley’s correction

(Bagley 1957).

Basically, with this method the initial pressure (pressure of melt at die entrance)

is removed from the calculations. This allows us to work with readings of

pressure only on the fully developed flow region of the material. The material is

heated at a specific temperature in both bores, and then pushed by the piston in

predefined speeds (Winter 2008). The material applies a certain amount of

pressure on the sensors positioned next to the dies. By calculating the pressure

of the material when it is inserted to the die and from the set data of the

experiment (piston speed, temperature and flow rate) the shear rate, stress and

viscosity of the material are calculated. The melt when it is pressed inside the

die, behaves similarly as the Poiseuille flow (pressure driven flow inside a tube).

Shear stress, is defined as the force applied to the walls of the tube and for a

Poiseuille flow (Q) it is calculated as follows (von Kemenczky and Van Buskirk

1995):

� =
�
2

∆�
�

(3.1)

Where:

� = tube radius
∆�= pressure drop
L= length of tube
Τ=shear stress
Shear rate is defined as the rate in which the velocity of the fluid changes where

one layer of fluid passes over an adjacent one.

� =
��
��

=
∆�
2��

� =
4�
��3

(3.2)

γ=shear rate
Q= flow speed
R=tube radius
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Viscosity is defined as the resistance to gradual deformation by shear stress,

practically in terms of polymer processing it provides a quantitative monitor

technique, of how the material flows inside the extruder during processing.

� =
�
�� (3.3)

η= viscosity

For this test the left pressure transducer (capillary die) that was used was of

10,000 psi full scale and the right one with 1500 psi (orifice die) and

temperature set at 200°C. An amount of 70-90 g of pellets was inserted to each

of the bores (90mm diameter), pressed initially by hand to release trapped air.

The whole process was prepared by three pre-test operations: compress, heat

compress and heat. Where the pistons at first compressed the material (speed

20mm/min) until the pressure reached to a certain level (0.3 MPa in orifice die

and 1 MPa at capillary die). The material was then heated for 6 minutes and

compressed with a piston speed of 40 mm/min, up to pressure readings of 0.5

MPa for orifice die and 1 MPa for the capillary. Table 3- 11 shows the test

conditions used. Three different tests were performed for each material in order

to derive the appropriate statistical data and be able to compare the flow

properties of each material accurately.

Stage Speed (mm/s) Shear rate (s-1)

Stage 1 1.67 50

Stage 2 3.22 96.5

Stage 3 6.21 186

Stage 4 12 360

Stage 5 23.2 695

Stage 6 44.7 1341
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Stage 7 86.3 2590

Stage 8 167 5000

Table 3- 11: Capillary rheometry equipment Rosand RH10 and test conditions at 200°C set
temperature.
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(a) (b)
Figure 3- 12 A representation of the melt strength test (a) (IMATEK 2012) and an actual image of the
assembly (b) (Malvern 2016).

For the investigation of the melt strength of the materials, a haul off test was

performed for the PLLA/PDLA blends at 200°C set temperature. During this test,

the extrudate exits the capillary die, threaded around a low friction pulley that is

positioned on a high precision balance, and then fed to a winding assembly that

is driven by an electrical motor and positioned on the side of the rheometer. As

the motor (haul off) speed increases during the test, the melt tension force is

measured on the balance and recorded. A typical representation of the

assembly is shown in Figure 3-12. The test parameters are shown in Table

3- 12

Threading During test Dimensions

Piston speed=10mm/min Piston speed=20mm/min Die diameter=1mm,

length=16mm

Haul off speed=10m/min Min=10m/min

Max=500m/min

10,000 psi pressure

transducer

Table 3- 12 Haul off test conditions at 200°C set temperature
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3.3.2 Tensile tests

The samples of each blend were tested in the Messphysik 20-10 tensile test

machine with maximum load capacity of 20 kN. The load cell records the force

applied to the material when drawn at a predefined extension rate. Allowing the

calculation of the tensile stress and strain that the material undergoes during

testing (Xiao 2008). By analysing these measures, the resulting mechanical

properties can be determined, such as tensile strength (maximum stress & load

applied), elastic modulus (defines the stiffness of the material) and the amount

of extension the specimen undergoes before failure (strain and elongation at

break).
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Figure 3- 13 Tensile test machine with video extensometer

Figure 3- 14 Typical stress-strain curve example (neat PLA sample
from this research experiments
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When performing a tensile test, the specimen is positioned vertically and held

by two clamps, the lower part of the specimen is fixed and the upper one moves

with a specific speed (as shown in Figure 3-13) . From this movement, values

such as force applied and displacement are recorded. Figure 3-14 represents a

typical tensile test result graph, each region of the stress-strain curve

represents a specific property. The elastic region represents the amount of

elongation the material can undergo and be able to return to its original form.

The yield region represents the stress-strain values in which the material can be

permanently deformed (resulting in plastic region) (Boyce and Arruda 1990).

Polymeric materials at the elastic region are not deformed uniformly, which

means that the recorded data of the displacement of the clamp does not fully

describe that region. Because even as the clamp is moving (upwards) with a

specific rate of displacement, the actual elongation of the specimen is not

necessarily the same. Either because the material as a plastic, does not deform

evenly or because there is some resistance of movement inside the material.

For this reason, the video extensometer is used to obtain more accurate results

regarding strain within the elastic region.

Figure 3- 15 A Tensile testing example sketch



117

To set the test conditions, regarding strain rate, test speed and relate them to

the geometry of the material the following equation was used:

������ ���������� ����(%) =
�����(�� min )

(����� �����ℎ(��) × 60(���) × 100 (3.4)

A tensile test for five specimens of each blend was performed, with 50 mm/min

test speed for the injection moulded bars and 8mm/min at the sheet extruded

samples (strain percentage rate=1% sec-1) at room temperature. The test was

set to wait for the video extensometer in order to check if the targets are

identified then perform an axial strain measurement and in tensile deformation.

The parallel length or gauge length of the samples was 80mm, the thickness

and width dimensions were measured for each specimen. In each specimen 8

target lines were drawn which means that the camera would calculate the

movement of 7 targets. In order to reduce the noise of the results, a blank A4

sheet was placed as a background of the test to prevent shade interacting with

the test and to be easier for the camera to detect the black lines

Figure 3- 16: The black dots detected by the video extensometer
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In Figure 3-16 seven different lengths were displayed, where each length

represents the displacement of each of the 7 drawn lines. So, the strain of each

length was calculated by normalising any negative initial value to have an

absolute calculation of each displacement. The formula used for this calculation

was:

���� =
�1�� − �1���

�1��
(3.5)

Where:

���� The strain of each line based on its extension.

�1�� The initial position of the line in mm

�1��� The next position of the line (next recorded length).

This is how 7 different strains were calculated. Then the average value and

maximum of each strain at a specific time of the test was also recorded. By

calculating the stress value, a tensile stress-strain curve was plotted, with strain

values recorded both by equipment software and from video extensometer.

� =
�1 − ���
� (��2)

(�) (3.6)

Where:

�= tensile stress (MPa)

���= First applied load (N)

�1= Load applied at the next recording of the test (N)

�= cross sectional area of the tensile bar (width x thickness)
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From the following comparison with the stress strain curves, the differences in

the slope of the elastic region and at the strain at break measurements using

both methods are significant. This is happening because the polymer does not

move uniformly on its centre, using 7 different lines and calculating their

average displacement, it is possible to have results with high accuracy and of its

properties. However, after a certain point of the test some lines are removed

from the line of sight of the camera, so the estimation of the strain at break

cannot be represented by the images of the video extensometer as shown in

Figure 3-17. So the most accurate data that can been obtained from these

different approaches are the calculation of the elastic modulus of the material by

using the video extensometer data and the machine calculated data for the

strain regarding the estimation of strain at break.

Figure 3- 17: Comparison of the stress strain graphs based on video extensometer strain (blue) and
the one based solely on extension (red)

For the calculation of the elastic modulus, a condition of minimum user

interruption and estimation had to be created. Elastic modulus is the slope of

the elastic region of the stress-strain graph. A user though can pick any 2 points

of that region and record different results, so based on Hooke’s law the formula

would look like this:
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�������� =
������ − ��������
������ − ��������

(3.7)

The Elastic modulus value represents the slope of this graph and this was

calculated by applying a trendline on the graph. This straight line can be fitted

with an equation (� = �� + �) where the (a) value would be the elastic modulus.

The �2 value, represents how similar the slope of the trendline and the graph

are, with the highest value as close to 1 as possible.

Figure 3- 18: Statistical and analytic calculation of elastic modulus, from the slope of the change in
stress-change in strain graph.

The blue dots represent the average values of change in stress at a specific

change in strain (average values of video ext. raw data). While the red ones

represent the trendline. It can be seen from the resulting data of the tensile test

are not completely linear which is expected, but by analysing the data with this

methodology more realistic results can be reported and described with accuracy

and minimum user interference. So, the value on the blue circle would represent

the slope in change in stress-change in stress which is the equivalent of Elastic

modulus (i.e E=3554.8 MPa).
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3.3.3 Flexural tests

In the flexural mechanical characterisation technique, the tensile bar is

positioned on a stationary support of certain dimensions. The specimen is in

contact with this support in two points, with a distance between them referred to

as support span distance. The specimen is then deformed by applying force in

one or two points in the middle of this support span distance, by recording the

load applied and deflection of the bar, the flexural properties can be analysed.

Figure 3- 19: 3-point bending test model.

For this test an Instron 5568 tensiometer with a 50 KN load capacity was used.

In order to determine and compare the flexural properties of each material, a 3-

point bending test was performed under ambient conditions. Using ASTM D790

standards, the first step of the test procedure was to select the appropriate

support span length. By using the manual’s table of specimen characteristics,

for samples of dimensions 80x10x4 mm (gauge/parallel length, width, thickness)

the support span was 64mm with a rate of cross-head motion of 1.7mm/min.



122

Five specimens were used to calculate the required mechanical properties, with

the dimensions of each material measured, and by marking the points of

contact for the correct positioning of the specimen to the support (Junior et al.

2007).

Figure 3- 20: 3-point flexural test profile (left) beginning of test, (right) end of test (30mm).

Regarding the analysis of the results, at every aspect of the test the

measurement is based on the outer surface of mid-span. For this reason, stress

is normally referred to as maximum flexural stress but in this research, is

referred to as flexural stress. The absolute values of the recorded load and

extension have been taken in order to calculate the desired stress and strain

results. Then the formulas that have been used for the calculations of flexural

stress (equation 9) and flexural strain (equation 10)

�� = 3 ×
���� � × ������� ����(��)

2 × ����ℎ �� × �ℎ�������2( �� 2 (3.8)

�� = 6 ×
���������(��) × �ℎ�������(��)

������� ���� 2 �� 2
(3.9)
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Figure 3- 21: Typical flexural stress-strain result

Figure 3-21 shows the stress vs strain graph of one of the specimens that

resulted from bending. In calculating the flexural strength and load strength of

the specimens the maximum of the stress and strain values was found. For the

calculation of the elongation at break the strain at break from the diagram was

obtained. Finally, to calculate the flexural modulus of the samples was based on

the formula:

����� =
(������� ����)3 × (���� + ���������� �����)

4 × ����ℎ × �ℎ�������3
(10)

The load-deflection slope was calculated by finding the slope of the trendline

equation of the load-deflection graph of the elastic region.
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3.3.4 IZOD impact tests

This characterisation technique is used to investigate the toughness of

materials, under specified test conditions. The equipment used for this test was

an Instron Dynatup POE 2000 pendulum impact test machine. An impact test is

a technique, in which it is possible to have different results on the same

property, by changing the methodology. So performing the test under defined

test requirements and regulations is essential (Olsen 2017). For this test, the

ISO 180/1A method designation was used. A notch of 2 mm ±0.2 was cut with a

machining disc of 45° face radius and radius of notch base at 0.25mm (BSI

1997). Furthermore, the surface that strikes the specimen has to be at a specific

height from the notch. This striking edge surface has a distance of 22 ±0.2 mm

from the notch (ASTM D256). Specimens were cut with a 25mm distance from

the centre of the notch as shown in Figure 3-22. All testing conditions and

calculations were based on the BS EN ISO 180 standard. After mounting the

specimen at the clamps, at the required position, the test conditions were:

1. Energy: 271±0.14-21.68 Joules
2. Velocity: ~3.46m/s
3. Striker: Radius 0.79±0.12mm
4. Fixture: Vice jaw edge radius 0.25±0.12mm-Anvil jaws are to be within0.025mm
5. Hammer weight : 0.4536kg
6. Velocity multiplier :1
7. Transducer information:

 Maximum Load: 4.4482 KN
 Tup calibration factor: 10.6313 KN
 Load range: 4.4482 KN

8. Channel signal filter 4 KHz
9. Duration of data collection 25ms (327.68KHz)
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Figure 3- 22: Notched specimen example, length L=50 mm, notch depth 2.2 mm

For calculating the results, raw data recorded from the software were used. In

impact tests the property that is mostly focused on is the impact strength.

Impact strength of a material is sometimes calculated based on its width (KJ/m2)

(Ellis and Smith 2009) and sometimes based on its area (KJ/m2) (BS EN

ISO180). Based on the ISO method, the impact strength (fracture energy) is

given by:

��� =
�
�. �

× ���
(3.11
)

Where:

W = is the corrected energy absorbed by the specimen during the impact

h = the thickness of the specimen (mm)

b = the nominal width of the specimen (width-notch depth (2.2mm)).

Impact strength was calculated based on the total energy:

��� =
��
ℎ. �

× 103 (3.12
)
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Where �� is the total impact energy and is the result of the integration of the

force recorded as a function of displacement. This was measured by calculating

the area under the curve of the Force vs Displacement diagram. The force and

displacement was recorded during impact, so by calculating the work done

during the impact is equal to the total impact energy absorbed by the specimen

Figure 3-23 and Figure 3-24. In addition, the maximum load applied to the

specimen and the average impact velocity for each test were calculated.

Figure 3- 23: Typical load vs deflection data of
neat PLA

Figure 3- 24: Typical energy vs time data
from meat PLA
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3.3.5 Differential Scanning Calorimetry (DSC)

Figure 3- 25 Discovery DSC TA Q20

By performing this technique, the thermal behaviour of the materials such as

melting temperature, morphology, glass transition temperature and crystal

formation temperature can be understood. Specifically, DSC measures how the

heat capacity of a material changes with temperature. The test is performed by

heating two pans, one containing the test specimen and one containing the

reference. To differentiate the properties of the PLA blends, an empty reference

pan was used. The temperature in both pans is increased at the same constant

rate, providing a heat flow:

��
��

� =
��
��

(3.13

)

Inside the test system the total enthalpy change is the difference of the change

in the enthalpy of each pan:

∆
��
��

=
��
��

�������� −
��
��

��������� (3.14
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)

When this difference is positive, the change in enthalpy of the test specimen is

higher, which practically means that the material absorbs heat, hence an

endothermic event. When negative, the enthalpy value of the test specimen is

smaller meaning that the material releases energy, hence is an exothermic

process. Each transition of the material provides a heat signature, either by

absorbing or releasing energy. Exothermic transitions in polymer materials

include the formation of crystals and decomposition, the endothermic events

include melting of polymer, glass transition or evaporation.

There are several methods of performing a DSC test. The ramp method is

mostly used to investigate the thermal properties of the processed samples by

steadily increasing the temperature up to a certain point. The heat→cool→heat

function investigates the total thermal behaviour of the material by heating it up

to a specific temperature, increased by a specific rate (normally 5 or 10 degrees

per minute) and vice versa (cooling), then heated again. This type of test

provides results in thermal properties (initial heat) and unprocessed heat

behaviour (second heating). During cooling, the recrystallisation temperature

(peak) can be detected. Depending on the heating or cooling rate the resulting

graph can represent the thermal behaviour of the material under certain heat

flow in specific temperature values (Elmer 2017).



129

Figure 3- 26: Typical ramp (heating rate °C/min) DSC curve, showing the different thermal
transitions.

Firstly, the aluminium lid and pan’s mass was measured, then after adding the

specimen its mass was recorded. For each material, a small portion of the

pellets was cut (~10 mg ±0.8) each sample was then placed in a specific

position, where it would be automatically taken and tested. The reference pan

used was an empty aluminium one. In this research both pellets and the

processed materials (same amount) were tested with a TA Q20 DSC equipment.

For the toughening study a heat flow 10 C°/min from 35 C° to 220 C° (heat) and

to 35 C° (cool) and then to 220 again (heat). Virgin materials, extruded pellets

and injection moulded bars were tested at the same conditions. For the

crystallisation study, apart from the heat-cool-heat test cycle (same heating rate

but at 240°C) on the pellets a customised test cycle was also used. The

materials were heated at 240°C (10°C/min), held for 3 mins to delete the

thermal history of the material, cooled down (10°C/min) at the crystallisation

starting point (results from heat-cool-heat tests) and held at this temperature for

15 mins. The material was then cooled down (10°C) and heated up at 240°C.
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3.3.6 Thermomechanical Characterisation techniques

Heat distortion temperature (HDT) provides an indication of the temperature at

which a material can maintain its rigidity. Based on the ASTM D648 standard,

the sample undergoes stress of σ =0.455 MPa or 1.82 MPa with a temperature

raised by (2 ± 0.2)°C/min. the sample dimensions are LASTM =127mm length,

TASTM =13 mm thickness and any width between 3 and 13 mm. The maximum

deflection that the sample can undergo before losing its rigidity is dASTM =

0.25mm and at this point (DTUL), the temperature is referred as HDT.

To understand the effect of the crystalliation behaviour of the blends in the heat

distortion temperature, TA instruments DMA800 was used. Since the possible

maximum sample size of the DMA equipment was lower than the ASTM D648

standards, the test conditions had to be modified. The sample dimensions from

the injection moulded blends had length LDMA =40mm, thickness TDMA =4mm and

width WDMA =10mm.

According to the three-point bending force equation,

� =
2
3
(� ����2 ×

����

����
=> � = 1.213 �

(3.15

)

Calculating the strain in which the ASTM sample reaches the HDT value

(0.25mm deflection),

� = 6 × �����
�����
�����2 => � = 0.121%

(3.16

)

From this value the deflection point of the DMA sample can be calculated.

���� = � ×
����2

6 × ����
=> ���� = 80.666µ�

(3.17

)
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So, to program the test, the DMA Controlled force mode of the instrument was

selected on a 3-point bending clamp with a constant force of F=1.213N and a

temperature ramp of a 2°C/min increase from 40°C-120°C.

Then from the resulting temperature-deflection graph, the HDT value is the

temperature in which the deflection reaches to dDMA =80.666µm.

Figure 3- 27 Typical example graph of displacement-temperature data from HDT adaptation results

3.3.7 Scanning Electron Microscopy (SEM)

In order to understand the morphology of the materials, the binary and ternary

blended were investigated under SEM, The preparation of the specimen was

based on a cryo-fractured surface of the tensile bars in the middle of the gauge

section. By notching the specimens at first circumferentially for about 1-2 mm,

the specimen was then dipped into a liquid nitrogen filled container. When the

liquid stopped bubbling the specimen was then placed on the table and by

quickly striking the chisel (razorblade) the tensile specimen was split in two

halves with a smooth surface. At first the SEM test was performed without any

further specimen preparation (coating) but obtaining stable results was difficult

because at high magnification, the formation of the scanned area started to
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change. This indicated built-up charge, suggesting that the scanned area was

starting to decompose. There are two ways that this effect can be minimised,

gold coating and by applying a conductive paint. The conductive paint operates

as a grounding to direct the electric charge that is created away from the tested

surface. For this reason, a continuous line from one of the top corners was

applied down to the specimen tray. The conductor paint that was used was the

Agar G3648 adhesion silver Dag 1415M.

Figure 3- 28: Quanta FEG 400 Scanning
Electron Microscope (SEM)

Figure 3- 29: Tensile bar fractured specimen,
cols spaterred, and painted one the
desplayed side.

By using an Emitech K550 sputter coater for 2 minutes with current of 25 mA, a

layer of 5 nm of gold was coated on the specimen’s surface. The equipment

used for performing the electron microscopy scanning was the Quanta FEG 400

(FEI company INCax-sight Quanta 400 Oxford instruments) with 2048x1768

resolution at high vacuum and with 5 KV current and the working distance

(distance between tested surface and lens) was set at 10 mm.



133

3.3.8 Hot stage Polarized Optical Microscopy (POM)

Figure 3- 30 Hot stage polarised optical microscopy assembly

For the hot stage polarised optical microscopy the Olympus BH-2 microscope

was used, with Splan 10PL lens (0.30, 160/017). For the image capturing during

the test, a Canon Eos550D digital camera was mounted onto the microscope.

Two polarisers were used, one in the microscope-camera assembly (above),

and one in the light emitter-sample (below) set at a vertical position. A Linkam

LTS420 temperature-controlled stage was used with a T95 Linkpad system

controller, with the use of Linksys software. A standard microscope glass slide

was fitted on the microscope slide holder (has a small distance from the silver

heating block). An 80µm thin film of each blend (hot pressed) was then

positioned on top of the glass slide centred above the aperture hole. For the
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isothermal crystallisation process (annealing), an additional thin glass cover

was positioned above the sample to ensure a flat testing surface on the sample.

The sample was first heated to 240°C, kept at that temperature for 3 mins and

then immediately removed and cooled down with an air-duster. This method

was chosen, because the samples did not have the time to form any crystals,

and since the top glass slide provided an evenly distributed weight, a thinner

sample was produced (0.070mm thickness stdev=0.003) with a flat surface.

With this method, the warpage effect was minimised during testing. The sample

was then heated at a rate of 40°C/min and held at 95°C for 10 mins, when the

sample reached the temperature images were taken from the camera every 5

seconds. To monitor crystallisation during cooling, the sample was heated to

240°C and kept for 3 mins prior to cooling (40°C/min) and kept at the

crystallisation starting point (based on DSC results) for 10 mins. From the

moment the cooling down process started, the camera recorded images every 5

seconds. Additional attempts have been made with different cooling rates of 5,

10 and 15°C/min.

Figure 3- 31 Example of camera image during polarised optical microscopy

Nikolaos Kassos
Could not find a way to add a magn. Scale on this image unfortunately
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The collected raw images were then opened in Adobe Photoshop, and the

luminosity values were recorded for each image. With this method practically

the amount of light that does not pass through the molecular chains of the

polymer (deflected in crystal formation) can be measured. This provides an

additional method of calculating the speed in which the crystals formed. An

example of the analysed raw data in Adobe Photoshop is shown in Figure 3-32.

From this method the speed in which the luminosity increases can be measured

for each blend, providing supporting data on the acceleration of crystallinity by

the addition of small amounts of PDLA in PLLA.

Figure 3- 32: Luminosity vs frame raw data from hot stage polarised optical microscope
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Chapter 4. Results

In this chapter the analysis of experimental data is presented, and the results

are discussed. The focus of this chapter will be on evaluating the flow and

toughening modification on PLA, by the addition of PBS (poly (butylene-

succinate)) and PCL (polycaprolactone), in both binary and ternary formulations.

This study will be followed by the investigation of the nucleating effect that

occurs when the two PLA enantiomers are blended (PLLA/PDLA blends), and

how that increase in crystallinity affects properties. Finally, an investigation in

the optimum processing conditions (melt processing techniques) will be made

for the production of fully stereocomplex 1:1 PLLA: PDLA blend. The

experimental results are summarised in Figure 4-1.

Toughness and flow modification of PLA

• Rheological properties
• Mechanical properties, including tensile, bending and

impact tests
• Thermal and morphological properties including DSC and

SEM.

Accelerating crystallinity of PLA

• Rheological properties
• Mechanical properties, including tensile, bending and

impact tests
• Thermal and thermomechanical properties including

DSC, DMA and HDT tests.
• Crystal formation mechanism, through hot stage

polarised optical microscopy.

Development of stereocomplex PLA products

• Comparing barrel temperature and screw speed with
stereocomplex formation during blending (DSC).

• Flow and shear effect of 1:1 PLLA/PDLA blend in
stereocomplex formation.

• Properties of injection moulded ScPLA blends with
different injection speeds (shear rates).

• Mechanical thermal and thermomechanical
characterisation techniques.

Figure 4- 1 A summary of the experiments performed for each study
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4.1 Toughness and flow modification of PLA

An extrusion grade of PLA (high molecular weight) was blended with PBS and

PCL in binary formulations (5%,10%,20% and 30% w/w addition of either PBS

or PCL). Ternary blends with formulations with equal amounts of the additives

(1%,5%,10% and 15% of both) and non-equal amounts. The aim of this study

was to understand the effects of The PBS and PCL additives on their own

(binary formulations) and compare them with formulations that contain both

polymers (ternary). The main focus in terms of properties is based on flow

behaviour and improvement of toughness. Rheological tests were performed

on the extruded pellets with capillary rheometry tests at the Rosand RH10 at

200°C and different shear rates. The blends were then extruded into sheets

allowing tensile tests to be performed with the use of video extensiometer. In

addition the blends were injection moulded and the tensile bars were used for

tensile testing, 3-point bending and notched impact testing. By cryo-fracturing

the tensile bars, the phase separation of the materials was investigated using

SEM tests.

Table 4- 1 Formulation of Binary and ternary (PLA,PBS,PCL) blends w/w 2Kg batch sizes 1.44Kg/hr
feeding rate
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4.1.1 Rheological properties

Figure 4- 2: Shear viscosity – shear rate graph of binary PLA blends from capillary rheometry at
200°C (PLA,PBS,PCL w/w%).

During processing, the molten material has a flow of shear rate 10-10,000 �−1 .

To determine the flow effects of each additive, and investigate the flow

behaviour of each blend, the shear viscosity on a certain shear strain value was

used. All the materials were dried prior to the test at a vacuum oven at around

45 °C, and all composites completed the 8-stage test. In Figure 4-2 and Figure

4-3 the resulting shear viscosity-shear rate graphs show the flow behaviour of

each blend at different shear rates, rheology results are also shown at appendix

Table 0- 2 .
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Figure 4- 3: Shear viscosity – shear rate graph of ternary PLA blends from capillary rheometry at
200°C.

For a quantitative comparison of the data, the 4th stage results were selected at

a shear rate of 360 s-1. By using the neat PLA blend viscosity as reference, the

drop in viscosity by adding each additive was observed.

Blend (PLA,PBS,PCL)

Shear

viscosity (Pa.s)
% difference Standard deviation

(100,0,0) 338.97 0 21.31

(95,5,0) 393.85 16% 36.43

(95,0,5) 314.33 -7% 22.04

(90,5,5) 321.29 -5% 1.01

(85,10,5) 304.10 -10% 2.83

(85,5,10) 250.14 -26% 18.73

(80,10,10) 249.08 -27% 8.44

(70,30,0) 240.42 -29% 11.80

(70,0,30) 131.37 -61% 7.35

(90,10,0) 244.63 -28% 24.76

(90,0,10) 258.93 -24% 14.92

(80,20,0) 276.21 -19% 25.93

(80,0,20) 192.44 -43% 3.40
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Table 4- 2: Shear viscosity of each blend at 360 (s-1) shear rate from capillary rheometry at 200 °C.
Plus (+) sign shows a percentage increase, minus (-) sign shows the decrease percentage in
viscosity.

From the resulting graph, shown in Figure 4-4, PCL decreased the viscosity of

PLA linearly as the w/w% of the additive increased, from 338 to 131 Pa.s. PBS

on the other hand was less effective in reducing viscosity, in fact there was

even an increase in viscosity at 5% of PBS, which means that for this small

percentage the additive made PLA more resistant to flow at 200 °C. This may be

an indication of the immiscibility of the two materials in the molten state

(Yokohara and Yamaguchi 2008; Wang et al. 2009). The difference in how

gradual the drop in viscosity was, could be based on the melting temperature of

each additive. PCL has a melting point at 55 °C and PBS at 110 °C.
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This means that at 200 °C PCL was at 155°C higher temperature from its

melting point having substantially low fluidity, compared to PBS which was 90°C

higher that its melting point. PBS viscosity reached a plateau from 10% to 30%

w/w with values 240-276 Pa.s. To conclude, both materials affected the

viscosity of PLA, PCL provided a significant reduction and PBS had in general a

less pronounced effect on viscosity in comparison.

This reduction in viscosity provides the ability to produce products with different

flow properties, potentially allowing different processing techniques to be used

which leads to a wider range of products. Reduction in energy required to

process PLA, is beneficial in processing stability (reducing and stabilising

pressure) and for economic and ecological reasons. Materials with lower flow

resistance generally provide better mould filling conditions and reduced cycle

time. More viscous materials have stronger melt resistance and melt strength so

processes like sheet, blown film extrusion are more suitable.

Figure 4- 4: shear viscosity of PLA based bio-blends at 360 (s-1) shear rate from capillary rheometry
at 200°C
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As expected, the higher amount of additive the bigger the difference in shear

viscosity of PLA would be, since the matrix material has been reduced.

However, from a first observation of the combined materials, the composites

that had higher amount of PCL tended to drop the viscosity at a higher rate.

This result was expected since the effect of PCL on viscosity was higher, as

observed previously. Even when the viscosity was increased, by the addition of

5% PBS to PLA the amount of PCL was the one that controlled the outcome on

the ternary blends. In the case where there were both additives inside at the

lowest values, the outcome was near to the neat PLA shear viscosity, so there

was a “counteraction” between the slight increase with 5% PBS and decrease

with PCL. When both additives were blended at higher loadings like in the case

of (80,10,10) the viscosity of the material was between the values of the PBS

and PCL binary blends that contained 20% w/w additive.

The opposite effect occurred when adding 5% PCL to (90,10,0), where the

shear viscosity of the latter increased. The results from the binary PLA blends

showed that PCL had a plasticising effect on PLA and the ternary indicated that

PCL is more dominant in melt modification than PBS, however adding both

additives to PLA resulted in more controllable melt modification as shown in

Figure 4-4.
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The results of this experiment were also be reflected by the peak pressure

readings recorded during injection moulding of each compound. The peak

pressure presented was based on the readings of the injection moulding

software and represents the highest pressure recorded during injection. A plot

of shear viscosity vs peak pressure during injection shown in Figure 4-5

suggests linear correlation.

Figure 4- 5: Shear viscosity vs peak pressure during injection moulding
graph.
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4.1.2 Mechanical properties

4.1.2.1 Impact testing results
The impact strength of the binary blends showed that both additives had an

increasing effect on toughness. However the PCL binary blends produced

results indicating a more linear effect with higher values. PCL at 30 wt% loading

had 50% higher impact strength than neat PLA, where PBS with the same

amount exhibited a 27% increase. At low additive percentage the blends had

closer values for example 2.85 and 2.56 (kJ/�2 ), for (95,0,5) and (95,5,0)

formulations respectively. At 10% additive loading, the PCL binary blend

maintained an increase of nearly 32%, but the PBS showed only a 10%

decrease in toughness. By increasing the amount of additive, the impact

strength increased gradually as shown in Figure 4-6.

Figure 4- 6 Impact strength (5 repeats for each blend with standard deviation described by error
bars) of PLA based bio-blends, by IZOD impact test with 90° drop angle and average impact
velocity of 3.5 (m/s).

Impact strength results of the ternary blends in Figure 4-6, showed that

incorporation of both PBS and PCL exhibited impact strengths in between those

containing PCL and PBS alone.
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However, at low loadings of both polymers, for example (90,5,5) the impact

strength was higher by 38% and 8% than corresponding binary blends

containing 10wt% of PBS and PCL respectively, which suggests that addition of

PBS had a morphology effect to PCL binary blend. This will also be explained

further on Scanning Electron Microscopy results.

4.1.2.2 Tensile testing
For each compound five specimens were tested (both injection moulded

samples and extruded sheets), with a strain rate of 1% (50mm/min and

8mm/min respectively). Elastic modulus, tensile strength and strain at break

were calculated. PLA is a rigid material with high elastic modulus (3.3-3.5 GPa

in both extruded and injection moulded samples) as shown in Figure 4-7. The

addition of PBS and PCL had a similar decreasing effect in both processing

techniques, with PCL decreasing stiffness significantly by 1 GPa at highest

loading 30%.
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Figure 4- 7 Elastic modulus of injection moulded PLA-based binary and ternary blends.

Elastic modulus of ternary blends was lower than PLA but higher than the

corresponding binary blends. This can be clearly detected from the injection

moulded samples, where the majority of the ternary formulations had higher

elastic modulus than binary formulations with less than 10% w/w. Ternary

blends that had higher differences in weight % between the two additives

appeared to drop elastic modulus more as shown from blends with formulations

of (85,14,1) and (85,1,14).
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Figure 4-8 Elastic modulus results of sheet extruded PLA-based binary and ternary blends
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In Figure 4-9 and Figure 4-10 the maximum stress each sample could

withstand before yielding is shown. The addition of PBS appeared to have a

mild reduction in tensile strength by 10-15 MPa, with the binary formulation with

5% having a slightly higher value and formulations with 10-30% reaching stable

value around 60MPa. The addition of PCL though, exhibited a linear reduction

in tensile strength by nearly 40% at highest loading (30% PCL).

Figure 4- 9 Tensile strength of injection moulded PLA-based binary and ternary blends injection
moulded.

Adding both of these additives in PLA showed that during injection moulding,

the ternary blends that had close weight % formulations of the two additives

exhibited higher tensile strength than any binary blend with 10% loading. When

the blends were extruded, a linear decreasing effect was observed as the

weight % of PLA was reduced. However even in that case the values of tensile

strength were higher compared to the corresponding tensile strength of the

binary formulations.
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Figure 4- 10 Tensile strength of sheet extruded PLA-based binary and ternary blends

In both processing techniques, the addition of PBS increased strain at break as

the loading increased. However, it is quite notable the scale in which the

additive effects toughness through tension by comparing the two processing

techniques. The injection moulded samples showed an increase from 8% to

20 % strain at break, where the extruded sheet stretched to values close to

400%. This could be either explained by the morphological differences of the

samples (existence of microspheres from injection moulding) or the possible

orientation that occurs during extrusion as explained by (Tsuji 2005). On the

other hand, the binary blends that contained this grade PCL had a decreasing

effect on strain at break as the amount of the additive increased.
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Figure 4- 11 Strain at break of injection moulded PLA-based binary and ternary blends

The strain at break values from ternary blends shown in
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Figure 4-11 and Figure 4-12, that the addition of both PBS and PCL in PLA

was beneficial to increasing toughness during tension. For injection moulded

samples the strain at break values were higher than that of the corresponding

binary blends. With extruded sheets, the addition of PBS and PCL even at the

lowest loadings (1% w/w of both) provided high strain at break values,

comparable to the binary blend that contained 30% of PBS.

Figure 4- 12 Strain at break of sheet extruded PLA-based binary and ternary blends
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4.1.2.3 3-point bending tests
During 3-point bending, the only compound that broke, was the 100% PLA one,

the others appeared to have higher resistance in breaking, and deformed until

the end of test deflection point (30mm). As expected, the properties from the

flexure tests were similar to the tensile tests. The flexural results shown in

Figure 4-13 show that the binary PBS and PCL blends had similar behaviour in

terms of stiffness.

(a)

(b)

Figure 4- 13 3-point bending test of the injection moulded samples with 1.7mm/min test speed.
Flexural modulus results (a) and Flexural strength (b) of both binary and ternary blends.
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The flexural strength results showed that the addition of the additives caused an

almost linear decrease in strength, with PCL decreasing strength more

significantly as the loading increased. The results for ternary blends showed

higher stability in strength and stiffness values. The majority of the blends had

values of 2.8GPa in flexural modulus and 80MPa in maximum stress.

4.1.3 Differential scanning calorimetry (DSC)

The thermal behaviour of the PLA blends was investigated through DSC with a

heat-cool-heat (HCH) cycle at a rate of 10°C/min from 20-220°C. In Figure 4-14

to Figure 4-16, the different transitions that injection moulded PLA undergoes

during the DSC tests are presented. At 60°C from the resulting DSC graphs

PLA exhibited glass transition temperature (Tg), evidenced by the characteristic

step shape on the diagram. At the first heat a deeper transition was observed,

indicating a relaxation peak (aging) of enthalpy (Eg) as stated by (Auras et al.

2010). This was not observed though during the other cycles (cooling, second

heating). When heated, PLA crystallised at temperatures between 100-130°C,

the temperature value on the peak of that transition was defined as the cold

crystallisation temperature (Tcc) and area under the peak (enthalpy) Ecc.

Followed by the melting peak, where the formed crystals broke apart and the

material was melted at peak temperature (Tm) and enthalpy (Em).



154

Figure 4- 14: Injection moulded PLA DSC (first heat). Ramp 10°C/min from 20-220°C (exo up).

Figure 4- 15: injection moulded PLA DSC (cooling). Ramp 10°C/min from 220-20°C (exo up).

Figure 4- 16: Injection moulded PLA DSC (second heat). Ramp 10°C/min from 20-220°C (exo up).
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PLA exhibited different behaviour based on the three different solid states in
which ta was tested.

 Virgin material (crystallised Ingeo 4043D pellet) Figure 4-17.

 Extruded neat PLA pellet Figure 4-18.

 Injection moulded neat PLA sample Figure 4-19.

The virgin PLA did not show a crystallisation peak and showed a high melting

peak during the first heat cycle, because the material had been heat treated to

crystallise the pellets. When extruded, PLA was quenched in a water bath and

then cut into pellets, for this reason (rapid cooling) a secondary endothermic

peak was presented at 170°C as explained by (Auras et al. 2010).

Figure 4- 17: virgin PLA DSC graph
(crystallised pellet (blue first heat), green
(cooling), red (second heat)

Figure 4- 18: DSC graph of extruded neat PLA
pellet (blue first heat), green (cooling), red
(second heat)

Figure 4- 19: DSc graph of injection moulded neat PLA blend. (blue first heat), green (cooling), red
(second heat).
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PLLA has a low recrystallization formation rate (during cooling). By investigating

the effect of different cooling rates on PLA it was observed that in the second

heating cycle, the transitions changed notably. The relaxation peak in the glass

transition section of the graphs increased as the cooling rate was reduced. The

peak that represented crystal formation during heating was also changed,

where Tc increased as the cooling rate was reduced, while the Enthalpy (Ec)

was reduced. This was the result of crystal formation during cooling at 1 and

0.5°C/min cooling rates with 2.2 and 12.4 J/g enthalpies at 94°C respectively as

shown in Table 4- 3.

PLA
transition

10°C/min
cooling rate

5°C/min
cooling rate

1°C/min
cooling rate

0.5°C/min
cooling rate

Tg (°C) 59 60 61 60
Eg (J/g) 0.81 0.97 2.11 2.74
Tc (°C) 113 115 122 124
Ec (J/g) 23.46 22.54 13.67 1.73
Tm (°C) 148 149 150 145
Em (J/g) 24.37 24.82 20.46 20.07
Table 4- 3: DSC results of changes in thermal behaviour of PLA under different cooling rates at
second heat cycle.
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The melting peak was not affected by the cooling rate and remained at 145-

150°C. The enthalpy during melting though showed a 4 J/g drop at the two

slower cooling rates. Figure 4-20 to Figure 4-23 describe the thermal behaviour

of PLA under different cooling rates. Specimens were heated with a 10°/min

rate in both cycles (1st & 2nd heat).

Figure 4- 20: DSC of injection moulded PLA
(C1) at 10°C/min cooling rate

Figure 4- 21: DSC of injection moulded PLA
(C1) at 5°C/min cooling rate

Both additives had a lower melting point than PLA as presented in Figure 4-24

and Figure 4-25. The melting peaks of the additives were located at the same

temperatures as the glass transition of PLA (PCL Tm~60°C) and crystal

formation (PBS Tm~120°C). However, both additives presented a

recrystallisation peak during cooling at 66 and 22°C with enthalpies of 61 and

49 J/g for PBS and PCL respectively.

Figure 4- 22: DSC of injection moulded
PLA (C1) at 1°C/min cooling rate

Figure 4- 23: DSC of injection moulded
PLA (C1) at 0.5°C/min cooling rate
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Glass transition temperature was not detected in the additives because its

values were below zero. PBS had a crystal formation peak at 100°C however

PCL did not exhibit one. DSC results of the virgin materials used were

presented in Table 0- 5 to Table 0- 7 of the appendix.

Figure 4- 24: DSC heat-cool-heat graph of PBS pellet under 10°C/min rate from 20-220°C

Figure 4- 25: DSC heat-cool-heat graph of PCL pellet under 10°C/min rate from 20-220°C
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PBS was thermally immiscible with PLA, which was indicated by the

overlapping peaks that occurred at 100-125°C. At that temperature range, PLA

crystals were formed and at the same time PBS was melting. The melting peak

of PLA was at the same temperature, but since the amount of material

decreased, the enthalpy during melting decreased as well.

Figure 4- 26: DSC HCH result graph of C2 PLA
binary blend with 5wt% of PBS at 10°C/min.

Figure 4- 27: DSC HCH result graph of C10 PLA
binary blend with 10wt% of PBS at 10°C/min.

For these reasons the crystallinity percentage was not analysed, however the

enthalpies and peak temperatures of each transition are described in the

appendix. It is notable though the fact that at 5 and 10 wt% of PBS during

cooling no recrystallisation was detected, at higher amounts though (20&30wt%)

PBS showed a recrystallisation peak at 60-69°C.

Figure 4- 28: DSC HCH result graph of C12
PLA binary blend with 20wt% of PBS at
10°C/min.

Figure 4- 29: DSC HCH result graph of C18 PLA
binary blend with 30wt% of PBS at 10°C/min
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The binary PCL blends also exhibited thermal immiscibility, with the melting

peak of PCL located around the temperature of the glass transition of PLA as

shown in Figure 4-30 to Figure 4-33. The crystallisation peak of PLA was

affected by the addition of PCL, during the first heat cycle the crystallisation

peak temperature decreased by 4°C and by 20° during the second heat. This

can be related to the plasticising effect of PCL during the first heat and because

the additive crystallises when cooled down the crystallisation peak at the

second heat is shifted. PCL presented a recrystallisation peak in all of the

binary blends, which increased as the wt% of the additive increased as shown

in the results in tables Table 0- 11 to Table 0- 13 of the appendix.

Figure 4- 30: DSC HCH result graph of C3 PLA
binary blend with 5wt% of PCL at 10°C/min. Figure 4- 31: DSC HCH result graph of C11

PLA binary blend with 10wt% of PCL at
10°C/min.

Figure 4- 32: DSC HCH result graph of C13 PLA
binary blend with 20wt% of PCL at 10°C/min. Figure 4- 33: DSC HCH result graph of C9 PLA

binary blend with 30wt% of PCL at 10°C/min
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A similar thermal behaviour occurred for the ternary blends where both of the

melting peaks of the additives overlapped with the melting peak of PLA and its

glass transition region. The ternary blends showed a recrystallisation peak

during cooling at 30°C similar to the binary blends with PCL.

Figure 4- 34: DSC HCH result graph of C4 PLA
ternary blend with 5wt% of PCL&PBS at
10°C/min.

Figure 4- 35: DSC HCH result graph of C5 PLA
ternary blend with 10wt% of PBS and 5%of PCL
at 10°C/min.

Figure 4- 36: DSC HCH result graph of C6 PLA
ternary blend with 10wt% of PCL and 5% of
PBS at 10°C/min.

Figure 4- 37: DSC HCH result graph of C7 PLA
ternary blend with 10wt% of PBS&PCL at 10°C/min
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4.1.4 Scanning Electron Microscopy (SEM)

Investigating the phase separation of cryo-fractured tensile bars was initially

attempted with SEM without sputtering and at low vacuum. This resulted in

images with poor resolution where PLA showed low capability to receive the

electrons for more than 5 seconds at 8k magnification. This resulted in a

‘boiling’ effect where the exposed surface of the material appeared to display a

boiling effect. By applying conductive paint and gold sputtering to the

specimens, the resolution and exposure time was improved, the surface of neat

PLA had the boiling effect again after 20sec of exposure at 8k magnification.

The blends that contained additives though showed a higher resistance to

decomposition, resulting in images with better resolution as shown in Figure

4-38 to Figure 4-40.
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Figure 4- 38: Neat PLA SEM image at 5kV. Low
vacuum 8k x magnification, no sputter. Figure 4- 39: Neat PLA SEM image at 5kV. High

vacuum 500 x magnification, gold sputtered.

Figure 4- 40: Neat PLA SEM image at 5kV. High vacuum 8k times magnification, gold sputtered.

The PLA/PBS binary blends as illustrated at Figure 4-41 to Figure 4-44

exhibited a phase separation, especially at higher amounts (30wt%), where high

immiscibility was detected. The nature of the phase separation though in Figure

4-44, indicates that PBS layers were located between the layers of PLA. This

observation of the PLA/PBS binary blends regarding the structure, explains why

PBS maintained a high level of strength during mechanical characterisation and

even increased it during impact.
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Figure 4- 41: SEM image of C10 (90,10,0) binary
blend with 10wt% PBS at 1000x magn.

Figure 4- 42: SEM image of C10 (90,10,0) binary
blend with 10wt% PBS at 8000x magn.

Figure 4- 43: SEM image of C8 (70,30,0) binary
blend with 30wt% PBS at 1000x magn.

Figure 4- 44: SEM image of C8 (70,30,0) binary
blend with 30wt% PBS at 8000x magn.

10% PBS, 1kxmag 10% PBS, 8kxmag

30% PBS, 1kxmag 30% PBS, 8kxmag
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PCL was found to modify the properties of PLA more significantly than PBS

including viscosity and impact strength. SEM images in Figure 4-45 to Figure

4-48 show that PCL was also immiscible in PLA. The cross section of the blend

containing PCL showed a different pattern than the PBS ones, where the phase

separation was evidenced as voids in fractured surface. This means that inside

PLA, PCL was dispersed in a spherical shape with diameters less than 0.5μm

which can be clearly observed in Figure 4-46. At higher amounts of PCL, the

SEM images showed that PCL spheres increased in shape (diameter ~1μm)

and had an additional PCL layer pattern similarly to PBS. That spherical shape

inside the PLA blends, acted as a damper during impact testing, significantly

increasing the impact strength.
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Figure 4- 45: SEM image of C11 (90,0,10)
binary blend with 10wt% PCL at 1000x magn.

Figure 4- 46: SEM image of C11 (90,0,10) binary
blend with 10wt% PCL at 8000x magn.

Figure 4- 47: SEM image of C9 (70,0,30) binary
blend with 30wt% PCL at 1000x magn.

Figure 4- 48: SEM image of C9 (70,0,30) binary
blend with 30wt% PCL at 8000x magn.

Blending PLA with both additives at equal amounts, as illustrated at Figure 4-52,

resulted in a material with phase separation similar to PBS. Although from the

DSC results, thermal immiscibility of PCL is detected (melting peak). This

structure explains why the ternary blends, despite having lower matrix material

wt% all of the properties were maintained at a high level, including impact

strength where the effect was higher.

10% PCL, 1kxmag 10% PCL, 8kxmag

30% PCL, 1kxmag 30% PCL, 8kxmag
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Figure 4- 49: SEM image of C10 (90,10,0) binary
blend with 10wt% PBS at 8000x magn. Figure 4- 50: SEM image of C11 (90,0,10) binary blend

with 10wt% PCL at 8000x magn.

Figure 4- 51: SEM image of C1 (100,0,0) with
100wt% PLA at 8000x magn.

Figure 4- 52: SEM image of C7 (80,10,10) ternary blend
with 5wt% of both additives at 8000x magn.

To sum up, this study showed that the two additives act as toughening and flow

modifiers, but cause a reduction in strength and stiffness, due to their

immiscibility with PLA. Adding both materials in PLA in small amounts (5% of

both) resulted in samples with improved toughness, without compromising

significantly the strength and stiffness of PLA.

10% PBS, 8kxmag 10% PCL, 8kxmag

5% PCL + PBS, 8kxmagNeat PLA 8kxmag
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4.2 Accelerating crystal formation of PLA

In this study, optically pure PDLA (Sulzer D100) was added to PLLA

(Ingeo3260HP) and blended in a twin-screw extruder. Pure PLLA was extruded

and used as reference (D0), then blends with 1% w/w of PDLA (D1), 5% (D5),

10% (D10) and 15% (D15) were also extruded. The aim of this study was to

investigate the effect the addition of PDLA has in in accelerating crystallinity, in

order to increase cycle time during injection moulding while improving the

thermomechanical properties of PLA.

The flow properties of the blends were investigated in capillary rheometry where

viscosity under different shear rates and melt strength in a haul-off test were

measured. The thermal characteristics of these blends were measured by

performing DSC tests with different heating/cooling cycles. Blends were then

injection moulded and hot pressed to evaluate their crystallinity.

The injection moulding part of the study was divided in two strategies based on

the common processes used in industry: annealing and hot mould injection

moulding. At first, the blends were moulded in a cold mould (30°C) and then

annealed at an oven set at 95°C for various holding times (annealing times).

The second strategy consisted of injection moulding the blends directly in hot

mould (95°C) at different cycle times. These tensile bars were then tested for

their mechanical (tensile, impact), thermal (DSC) and thermomechanical (HDT,

DMA) properties.

The hot-pressed thin sheets of the PLLA/PDLA blends were used for hot stage

polarised optical microscopy, to investigate the crystallisation mechanism of the

blends, and to understand data from the injection moulded samples.
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4.2.1 Rheological results

These specific grades of the enantiomers (virgin materials) had different

viscosities, with PDLA appearing to have a more viscous flow than PLLA at

200°C. By blending the two materials, a characteristic change in flow behaviour

was observed. Even with a low addition such as 1% of PDLA the viscosity of the

matrix material PLLA) was increased. At 5% w/w addition of PDLA the viscosity

reached the flow behaviour of pure PDLA. At higher loadings of PDLA, shear

viscosity increased by five and eight times for 10% and 15% respectively. In

Figure 4-53 the shear viscosity at different shear rates of each PLLA/PDLA

blend is shown (a) and the shear viscosity values at 360/s shear rate are

compared in (b).

(a)
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(b)
Figure 4- 53 Capillary rheometry results of PLLA/PDLA blends at 200°C with a 1mm diameter die.
Shear viscosity vs shear rate (a) and shear viscosity vs D% content at 360/s shear rate (b).

This difference in the flow behaviour of the materials can be explained by the

existence of the stereocomplex crystals formed during the blending of the two

materials. These crystals can melt at higher temperatures (210-230°C) than the

homocrystals of PLLA and PDLA (150-170°C). In the material that was exiting

the die of the capillary rheometer, a mixture of molten material and a certain

amount of solid stereocomplex crystals resulted in increasing the shear

viscosity of the blends.

This was also visible during testing and during blending on the twin screw

extruder. As the amount of PDLA increased the transparency of PLLA was lost.

Especially at the highest amounts of PDLA (10% and 15%) the molten materials

had a paste like appearance. With the addition of PDLA having an increase on

shear viscosity significantly as shown in Figure 4-53. The addition of PDLA also

provided an additional characteristic, that of increased melt strength.

As shown in Figure 4-54 the formation of stereocomplex crystals inside the

molten material did not only increase the resistance to flow, but the force of the
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molten material can withstand before breaking as well. This indicates a

formation of either a solidified core (stereocomplex crystals) surrounded by

molten material (PLLA) or by a network of sc crystals and PLLA making it flow

with higher viscosity and being able to withstand higher amounts of stress in

melt stage. The blend that contained 15% of PDLA, could not be tested

because its crystallinity formation was so high, that it was solid right after exiting

the die, so at these conditions the melt strength of 85/15 PLLA/PDLA blend

could not be included in the results.

Figure 4- 54 Haul-off test results (average values of three repeats) of PLLA/PDLA blends at 200°C
1mm diameter die.
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4.2.2 Differential scanning calorimetry (DSC) results

During the DSC tests of the virgin materials individually, there was a similar

thermal behaviour of both grades of the PLA enantiomers, with glass transition

and melt temperature measured at 60°C and 165°C respectively. The only

different characteristic between the virgin materials regarding their thermal

behaviour was that PDLA ( Figure 4-55a had a narrower cold crystallization

peak between 90°C and 110°C) and PLLA (Figure 4-55b a wider one at 100°C-

120°C.

(a)

(b)
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Figure 4- 55 DSC results of the virgin materials, Heat-cool heat cycles with 10°C/min heating and
cooling rates. Optically pure PLLA ingeo3260HP (a) and PDLA Sulzer D100M (b)

Mixing these two materials resulted in changing most of the thermal

characteristics of PLLA, except the glass transition. Regarding the cold

crystallisation though, the addition of PDLA shifted the crystal formation peak of

the homocrystals to lower temperatures. Adding 1% of PDLA did not have a

significant effect on crystal formation during heating, but additions of 5% and

10% and15% decreased the cold crystallisation peak by 5°C and 10°C

respectively, with the last two exhibiting similar behaviour.

When cooled down (temperature region 210°C-170°C) an exothermic peak

appeared, with the increase in PDLA loading being proportional to the area

under the curve, appearing to indicate a stereocomplex formation peak. This

result indicates that the stereocomplex formation at that stage after the melting

of the blend is reversible or they have not been completely melted during

heating up to 240°C. When the materials were cooled down further

(temperature region 80°C to 140°C) the addition of PDLA provided a significant

accelerating effect on crystal formation of the PLA homocrystals.

(a) (b)

Figure 4- 56 DSC results of PLLA/PDLA blends 1st heating cycle with 10°C/min heating rate. A
comparison between the blends in cold crystallisation peak (a) and stereocomplex melting (b).
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Specifically, for PLLA (D0 blend) the crystal formation peak was barely visible,

whilst on the addition of just 1% of PDLA, there is a notable change as shown in

Figure 4-57(a). As the amount of PDLA increased, the crystal formation peak

shifted by 10°C-20°C to higher temperatures. This result shows that adding

PDLA, allows the material to reach the point of crystal formation at earlier as the

material is cooled down. Apart from that, this graph also shows that the addition

of PDLA provides crystal formation peaks that are narrower and have higher

peak values. Indicating that the temperature formation ‘window’ is smaller for

blends that have higher amounts of PDLA.

(a)

(b)

Figure 4- 57 DSC test results of PLLA/PDLA blends during cooling (10°C/min). A comparison
between the blends in homocrystal formation (a) and stereocomplex formation (b).
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In Figure 4-58 a comparison of the time each blend needs to fully form its

homocrystals is presented. This grade of PLLA shows a significantly slow

crystal formation speed, with 10 minutes required time. As shown in the graph,

the addition of PDLA accelerated crystallinity, with 1% loading cutting the

crystallisation time by half (5 mins). By increasing the PDLA loading, the

crystallisation time reduced even more, with D5 needing 3 mins and D10 and

D15 having a similar result of 2 mins. This result indicates a nucleating effect

caused by the stereocomplex formation, with a maximum effect appearing at

10-15% of PDLA additions.

Figure 4- 58 Crystal formation of PLLA/PDLA blends from isothermal DSC at crystallisation starting
point of each blend. D0(110°C), D1(120°C), D5(130°C) and D10&D15(140°C)
The injection moulded samples were annealed at 95°C for various times. In

Figure 4-59 the blends with 0-15% of PDLA content are shown. As expected,

the increase of crystallinity exhibited a change in transparency, with the addition

of PDLA having an accelerating effect on crystal formation in isothermal

crystallisation methods (annealing).
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Neat
PLLA

1% PDLA

5%PDLA

10%PDLA

15%PDLA

Figure 4- 59 Homocrystal % of annealed PLLA/PDLA blends at different annealing times, Neat
PLLA , 1% PDLA, 5% PDLA, 10% PDLA and 15% PDLA
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In

(a)

(b)
Figure 4-60, the percentage of homocrystals for the different blends is

presented (a) and the amount of enthalpy of the stereocomplex formation (b).

PLA appears to have a maximum of 55% of homocrystals (51 J/g enthalpy).

Fully crystallised PLLA reaches that amount when annealed for 6 minutes at

95°C. The addition of 1 % PDLA reached a similar value in homocrystal

enthalpy but required 5 minutes to reach this fully crystallised formation.



178

(a)

(b)

Figure 4- 60 DSC homocrystal melting enthalpy of annealed PLLA/PDLA blends (a) and
stereocomplex enthalpy (b). Samples collected from Ramp DSC with 10°C/min

Similar results are presented in



179

(a)

(b)
Figure 4-61, where the injection moulded crystallised bars from the hot mould

were crystallised faster than in annealing. Specifically, the blends that contained

1% and 5% of PDLA required a minimum of 2 mins cycle time and the blends

that had the highest PDLA loading required only 1-minute cycle time to reach

fully crystallisation. The results from the stereocomplex formation enthalpy from

both annealed and hot mould samples showed that, the amount of the

stereocomplex crystals is independent of the crystal formation technique. In

both cases the value of stereocomplex formation enthalpy was close to twice

the w/w % of optically pure PDLA loading, indicating a majority of 1:1 PLLA-

PDLA formation.
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(a)

(b)

Figure 4- 61 DSC homocrystal % results of hot moulded PLLA/PDLA blends (a) and stereocomplex
enthalpy (b). Samples collected from Ramp DSC with 10°C/min

4.2.3 Tensile testing results

The DSC results (4.2.2) showed that the addition of PDLA in PLLA accelerated

crystal formation in both isothermal (annealing) and non-isothermal (hot mould)

crystallisation methods. However tensile testing results of these samples were

found to differ based on the time in which they were crystallised and the PDLA

loading. By annealing the PLLA/PDLA tensile bars, as expected an increase in

elastic modulus was observed. The amount of crystallinity (maximum

homocrystal formation of each blend) was proportional to the increase in elastic

modulus as shown in Figure 4-62a. However, as the amount of PDLA
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increased, so did the elastic modulus of crystallised samples up to the point of

5%PDLA loading. However, the elastic modulus of the crystallised blends with

10% PDLA and 15% increased but at a lower level. The addition of PDLA

though, increased stiffness even when the crystallinity was at each minimum

value (cold mould).

(
a)

(b)

Figure 4- 62 Elastic modulus (a) and strength (b) of annealed PLLA/PDLA blends results from
tensile testing with video extensometer 1% strain rate (50mm/min)
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The tensile strength results though, appeared to have less descriptive

differences from the annealed PLLA/PDLA blends as shown in Figure 4-63b.

The results showed that when the samples reached full crystallisation (above 6

minutes), tensile strength dropped, especially on the 1% PDLA loading blend.

As the amount of PDLA increased, tensile strength decreased. This could be

explained, either by the morphology of the blends (crystal spherulite size and

shape), or from the actual tested sample geometry. During annealing there was

a notable warpage effect, especially as the sample was held for longer times in

the oven. As the amount of PDLA increased though, warpage was decreased.

Although a cooled metallic load was kept on top of the samples when they were

removed from the oven, to maintain the shape, the shoulders of the samples

were exposed. This resulted in breaking during the tensile testing because the

grips and the polymer were not in uniform contact. A similar effect was

observed on the non-isothermally crystallised tensile bars (hot mould).

Increasing the amount of PDLA, resulted in minimising the tensile strength

decrease, as shown in Figure 4-63b.

(a)
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(b)

Figure 4- 63 Elastic modulus (a) and strength (b) of hot moulded PLLA/PDLA blends results from
tensile testing with video extensometer 1% strain rate (50mm/min)

Elastic modulus of the high temperature moulded samples showed that the

blends had similar values of stiffness 3.6-3.8 MPa, with the only difference in

blend D5 (5% PDLA) which again achieved highest elastic modulus increase

(4.2GPa). Increasing crystallinity in PLLA, resulted in decreasing its toughness

through tension (strain at break), as shown in Figure 4-64. The annealed

samples had values of strain at break 2-4%, which was more than half of non-

crystallised neat PLLA. The samples that were injection moulded in a heated

mould had even lower results of strain at break~1-3%.
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(a)

(b)
Figure 4- 64 Strain at break results of PLLA/PDLA blends during tensile testing of annealed
samples (a) and hot moulded samples (b) with 1% strain rate during testing (50mm/min).

4.2.4 Impact test results

Impact test results of the crystallised PLLA/PDLA blends showed differences

between annealing the samples and injection moulding them in a high

temperature mould. The annealed PLLA/PDLA blends, showed that impact
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strength was proportional to the homocrystal enthalpy from the DSC tests. Neat

PLLA when fully crystallised had the highest impact strength, and as the

amount of PDLA increased, the impact strength increased at a lower level. This

showed that a crystallised neat PLLA had a more uniform structure when

crystallised, and as crystallinity increased the crack growth during impact was

decelerated, since the homocrystals grew uniformly. The addition of PDLA, ergo

the formation of stereocomplex crystals in the PLLA matrix created areas

between homocrystals and stereocomplex crystals that had interactions with

lower strength (Shao et al. 2017). As the amount of these areas increased

(increase in PDLA loading) the effect of crystallinity on impact strength

decreased. In the final two formulations (10% PDLA and 15% PDLA) impact

strength was only slightly increased as shown in (Figure 4-65a).

(
a)
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(b)

Figure 4- 65 IZOD impact testing results of PLLA/PDLA blends, crystallised isothermally at 95 °C
(annealed) and injection moulded at heated mould (95°C) at different holding times.
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Corresponding impact strength data from non-isothermally crystallised (hot

mould) PLLA/PDLA blends, showed similar results, but at a lower intensity and

with higher variation. This lack of toughness on the injection moulded samples

(both strain at break and impact strength) can be explained by the existence of

air bubbles inside the injection moulded structure. These blends had different

viscosities but were injected with the same settings (to be able to compare the

samples with the same process history). This meant that the material filled the

mould cavity with different speeds and solidified either quicker or slower. By

having that effect, any existence of air bubbles inside the melt couldn’t be

released during packing, resulting in voids inside the tested samples as shown

in Figure 4-66.

Figure 4- 66 Injection moulded crystallised blend with holes (air bubbles during injection moulding)

Evidence of holes
inside the injection
moulded samples
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4.2.5 Thermomechanical testing results

An example of the DMA strain sweep results is shown in Figure 4-67. The

material was heated at a 3°C/min heating rate, where the storage modulus, loss

modulus and tan delta values were analysed. A characteristic drop of storage

modulus after a certain temperature value indicated the transition from a rigid

material to a rubbery one. Loss modulus describes the viscous components of

the material during testing, the resulting peak shown in Figure 4-67 shows that

from 60°C to 85°C there is a formation of low stiffness and viscous component.

The third analysed result tan δ, describes the phase difference from the elastic

to the inelastic formation. Figure 4-68 Figure 4-70, describe the difference in

DMA results between crystallised and non-crystallised neat PLLA. In storage

modulus, there is a clear difference in room temperature conditions (crystallinity

increases stiffness) and in the signal drop as temperature increases. The loss

modulus peak of neat PLLA shifted by 20°C higher and increased in width,

compared to the narrow loss modulus peak of amorphous PLLA. Tan delta

results from amorphous and crystallised PLLA showed a significant difference in

both peak value and width. Showing how crystallinity in PLLA minimizes the

elastic to viscoelastic transition (14-0.5 tan delta value).
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Figure 4- 67 DMA multi-frequency-strain
sweep results example of Neat PLLA.
Frequency set value at 100Hz, temperature
ramp of 3°C/min up to 120°C and 0.05% strain

Figure 4- 68 Storage modulus results between
crystallised and non-crystallised neat PLLA

Figure 4- 69 Loss modulus results between
crystallised and non-crystallised neat
PLLA

Figure 4- 70 Tan Delta results between
crystallised and non-crystallised neat PLLA

Figure 4-71 shows a comparison of storage modulus drop from 40°C-90°C of

the PLLA/PDLA blends in different morphologies. As expected, increasing

crystallinity reduced the storage modulus drop while the material was heated.

The only additive effect shown in the results was practically the addition of

PDLA in general, there was not a notable difference between the D1-D15

blends. This can be explained by the characteristic step change between neat

PLLA and PLLA/PDLA blends. Annealed blends exhibited a lower storage

modulus drop than the hot moulded ones.
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(a)

(b)

Figure 4- 71 DMA results (strain sweep) of storage modulus drop between 40°C and 90°C (a) and
loss modulus peak temperature (b) of PLLA/PDLA blends in non-crystallised, annealed, and high
temperature injection moulded morphologies.

The peak loss modulus shift shown in Figure 4-69 was also shown in Figure

4-71 in terms of peak loss modulus temperature, increasing by 10°C. Similar

trends appeared in the tan δ values in Figure 4-72. In amorphous morphology,

there was a notable drop in tan delta value as the amount of PDLA increased.

Regarding the two crystal formation techniques, the DMA results showed that

there were different crystal morphologies appearing different elastic and

viscoelastic behaviours.
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(a)

(b)

Figure 4- 72 DMA results (strain sweep) of tan delta value (a) and tan delta signal peak
temperature (b) of PLLA/PDLA blends in non-crystallised, annealed, and high temperature
injection moulded morphologies.

In Figure 4-73 the PLLA/PDLA blends where bended in a 3-point bending

clamp on the DMA with a controlled force setting (1.123N) at a temperature

ramp of 2°C/min heating rate (HDT test adaptation by (Wadud and R.Ullbrich

2019) and used by (Kuncho et al. 2017)). This graph shows the relation of

temperature and displacement (deflection) of the samples as the temperature

increased under a predefined load.

Only the 15%PDLA blend was capable of withstanding the full temperature

increase while the force was acting. The test on the rest of the blends ended at

lower temperatures because the samples deflected at the maximum set value.
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Figure 4- 73 DMA controlled force (F=1.213N) at a temperature ramp of 2°C/min from 40°C 150°C,
Samples with dimensions length (35mm) width (10mm) and thickness (4mm) of PLLA/PDLA blends

This can also be seen in Figure 4-74b where the maximum recorded

temperature increased as the amount of PDLA increased, but reached its

maximum set value (150°C) only in the 15% PDLA blend of the non-crystallised

samples but in all of the crystallised ones. This can be also seen from the

maximum strain results during the test, as the amount of PDLA increased so did

the max strain up to 10% addition, but there was a decrease in the amorphous

blend with the highest amount of PDLA. This happened because the 15% PDLA

blend had the time to crystallise explaining the stable line between

temperatures 80-150°C. Crystallised blends appeared a significantly decreased

ultimate strain of 13%.

Regarding HDT, the amorphous samples exhibited similar 60-65°C values with

PDLA increasing neat PLLA’s by 1-2°C. For crystallised samples though, HDT

did not increase only due to the existence of crystallinity.
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(a)

(b)

Figure 4- 74 DMA results (Controlled force, temp ramp) of Heat Deflection Temperature (a) and
Maximum deflection temperature (b) of PLLA/PDLA blends in non-crystallised, annealed, and high
temperature injection moulded morphologies.

There was also an additive effect where, as the amount of PDLA increased so

did the heat deflection temperature of the crystallised PLLA/PDLA samples.

This result indicates that there is a combination of structural and morphological

differences between the materials that increased heat resistance, from 70°C to

90°C. An additional measurement was analysed in Figure 4-75b, where the rate

of deflection during temperature ramp was calculated. In amorphous blends, the

increase of PDLA slowed the deformation speed linearly, with D15 having a
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60% speed decrease. A similar effect resulted in crystallised samples, with

values lower than 1mm/sec.

(
a)

(
b)

Figure 4- 75 DMA results (Controlled force, temp ramp) of Strain at maximum deflection (a) and
heat deformation speed (b) of PLLA/PDLA blends in non-crystallised, annealed, and high
temperature injection moulded morphologies.
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4.2.6 Hot stage polarized optical microscopy

Figure 4-76 shows images taken during crystallisation of PLLA/PDLA blends

from the crystallinity initiation (a) to 650sec (h) with 50 sec intervals. The blends

were cooled down from melt to start of crystallisation temperature (determined

from DSC) and held for several minutes. Temperatures used for D0,D1,D5,D10

and D15 were 125°C,130°C,135°C,140°C and 145°C. On crystallinity initiation

(a), the addition of PDLA resulted in having more nucleation points with smaller

spherulites. This resulted in reaching the fully crystallised morphology faster as

the amount of PDLA increased. Neat PLLA fully crystallised at step g (300sec),

D1 at 200sec, D5 at 150sec, D10 at 100sec and D15 had already been

crystallised at 50sec.

(0 secs) (50 secs (100 secs) (150 secs) (200 secs) (250 secs) (300 secs) (350 secs)

0%
PD

LA
1%

PD
LA

5%
PD

LA
10
%
PD

LA
15
%
PD

LA

Figure 4- 76 Hot stage polarised microscopy of PLLA/PDLA. Cooled down after melt at 125°C
(crystallisation start point). At image (a) the beginning of crystal formation is observed (to=0) and
from (b)-(h) the images every 50 seconds
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Crystalising the PLLA/PDLA blends by heating and annealing at 95°C did not

provide similar descriptive results. The materials had become fully crystallised

instantly from nucleation. This correlates with the images provided in Figure

4-59 where the tensile bars had a clear transition from amorphous to crystalline

within a minute. This can be explain by the physical condition of the samples

since the material was solid when crystallised. The movement of the molecules

in solid state is limited resulting in creation of small spherulites that do not have

room to grow (compared to crystal formation from melt state).

0% PDLA 1% PDLA

5% PDLA 10% PDLA

15% PDLA

Figure 4- 77 Hot stage polarised optical microscopy of PLLA/PDLA blends, fully crystallised during
heating (annealing) at 95°C.
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In Figure 4-78, the luminosity of raw images taken every 5 seconds is shown

when the material reached the crystallisation start point (cooled down from melt).

The speed in which luminosity increased as the crystallisation time increased

was analysed by the slope of the graph and presented in Figure 4-79 for both

crystallisation techniques. The results showed a linear increase in luminosity

growth that can be correlated with crystal formation speed and supports the

DSC results shown in Figure 4-58. This result provides a more detailed

understanding on the acceleration effect in crystallinity by the addition of PDLA

in PLLA.

Figure 4- 78 Analysed images taken every 5 seconds of each PLLA/PDLA blend cooled down to
their crystallisation starting point.

Figure 4- 79 Correlation of crystal growth speed and D% content from the analysed image data
collected from POM. Data represent results during heating (annealing) and cooling from melt at (95°C).



198



199

During injection moulding at heated mould, temperature data (measured by IR

sensor) were recorded for each blend and plotted vs time in Figure 4-80a. A

peak suggesting an exothermic transition was observed after 15 seconds,

indicating a change in temperature and transparency of the polymer (signal

change/change in light scattering). This peak occurred at a similar domain as

the crystal formation as the crystal formation results from DSC.

(a)

(b)

Figure 4- 80 IR temperature data during injection moulding of the PLLA/PDLA blends in heated
mould (95°c) (a) and of 1% PDLA blend, related to the hot stage polarised microscopy images (b)
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In Figure 4-80b, the resulting images during hot stage microscopy are

presented at each morphological state of the polymer that undergoes during

cooling inside the mould. Obviously, the cooling rate that the material had

during moulding was significantly higher than that during microscopy, however

by applying different cooling rates the results showed that crystallisation started

as soon as the material reached the recorded temperatures from DSC.

Changing cooling rates did not have an effect in crystallinity acceleration.
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4.3 Development of stereocomplex PLA products

Due to the sensitivity of the development of fully stereocomplex PLA a step by

step process was utilised were each process provided information for the next

experiment. The main aim of this study was to mix an equimolar amount of the

two PLA enantiomers in an attempt to create fully stereocomplex PLA.

Initially the two materials were blended at different screw speeds and barrel

temperatures to determine the optimum conditions for sc formation to

understand and how shear and temperature effected this crystal formation

during blending. The material that had the highest amount of stereocomplex

formation was then tested in capillary rheometry to find the temperature in

which it could flow and how shear rate effected the sc crystals. The material

was then injection moulded into a cold mould with different injection speeds

(shear rates). The mechanical, thermal and thermomechanical properties of

these tensile bars were then investigated by performing tensile, impact, DSC,

DMA and HDT tests.
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4.3.1 Sample preparation

A 50/50 mixture of Ingeo 3260HP (optically pure PLLA) and Sulzer polylactide

D100M were dried at 60°C for 24hrs prior to blending on a twin screw APV

extruder. The materials were compounded based on five different barrel

temperature profiles as shown in Table 4- 4 and four different screw speeds of

(60,120,200 and 360 rpm). During analysis, each profile was characterised

based on the highest temperature, which was in the die zone one during

extrusion.

°C Feed zone Zone 1 Zone 2 Zone 3 Die

Profile 1 160 180 200 220 240

Profile 2 160 170 190 210 230

Profile 3 160 160 180 200 220

Profile 4 160 160 170 190 210

Profile 5 160 160 160 180 200

Table 4- 4 APV twin screw extruder temperature profiles of equimolar PLLA/PDLA blends with
different screw speeds (60,120,200 and 360rpm).

Three heat cool heat DSC tests were performed for each of these blends with a

10°C/min heating and cooling rate with 40°C and 250°C temperature limits. In

Figure 4-81, an example of the resulting DSC graphs of the blend with the

lowest temperature profile and screw speed (which will be referred to as gentle

mixing) is shown. The material exhibited a glass transition temperature (Tg) at

55°C at first heating cycle and at 60°C during the second. At 100°C and 175°C

homocrystal formation and melting peaks were shown in both heating cycles,

but with a significant difference in magnitude, where during the second heating

cycle the enthalpies were significantly higher compared to the ones of the first

heating cycle.
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Figure 4- 81 A DSC example result of the Heat (blue) cool(green) heat(red) thermograph of
stereocomplex blend with the lowest temperature and rpm (200°C at 60rpm).

On the stereocomplex formation peak a reversed trend was observed, where at

230°C the stereocomplex melting peak was significantly larger in the first

heating cycle compared to the second one. During cooling only two transitions

were observed one of the homocrystal formation at 100°C and one on the glass

transition at 55°C. These differences between the heating cycles were observed

in all of the extruded blends. A typical example of the cold crystallisation peak

comparison on the different temperature profiles at 60rpm screw speed is

shown in Figure 4-82.

Figure 4- 82 Example of the cold crystallisation peak at one temperature profile (200°C) is shown
in graph (a) at each screw speed.
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In Figure 4-83 a comparison between the blends with different temperature

profiles and screw speed is shown during homocrystal formation via heating.

The results showed that barrel temperature and screw speed had a synergistic

effect on homocrystal formation of the blends. Regarding peak temperature, as

the screw speed and barrel temperature increased the cold crystallisation

temperature value decreased, but by a relatively small amount (5°C). On the

homocrystal formation enthalpy on the other hand, there was a clear difference

between the blends where the higher the barrel temperature and screw speed,

the highest amount of homocrystals could be created.

(a)

(b)

Figure 4- 83 Comparison of the resulting cold crystallisation peak temperature (a) and enthalpy at
(b) of samples collected under different blending profiles.
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Again, as the barrel temperature and screw speed increased, resulted in an

increase in the homocrystal melting peak was observed as shown in Figure

4-84. The values of enthalpy showed a step change as the screw speed

increased, and increasing barrel temperature increased melting enthalpy

linearly as shown in Figure 4-85.

Figure 4- 84 Example of the homocrystal melting peak of each sc blend at 60 rpm screw speed in
different temperature profiles.

(a)
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(
b)

Figure 4- 85 Comparison of the resulting homocrystal melting peak temperature (a) and enthalpy at
(b) of the sc PLA blends at different blend profiles.

On the stereocomplex formation melting peak, two differences occurred as the

temperature profile and screw speed changed. Firstly, as shown in Figure 4-86

where the sc peak at different temperature profiles on the 60 rpm screw speed

there was a shift in the sc melting enthalpy as blending temperature increased.

This can be also seen in detail from the resulting graph of Figure 4-87a, where

for the two lowest screw speeds the peak temperature drops from 235°C to

225°C when the material was extruded at 220 °C and higher.
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Figure 4- 86 Example of the stereocomplex melting peak of each sc blend at 60 rpm screw speed
in different temperature profiles.

At 200 rpm an overall lower peak temperature was observed, but again there

was a characteristic step change after increasing the barrel temperature above

220°C. The blend with the highest screw speed appeared to have similar peak

melting temperature with a slight increase at the last two highest temperature

profiles. The enthalpy results in Figure 4-87b showed a more clear effect of the

screw speed and barrel temperature in stereocomplex crystal formation, where

practically, the lower the rpm and temperature profile the higher the amount of

stereocomplex crystals were created.
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(a)

(b)

Figure 4- 87 Comparison of the resulting stereocomplex melt peak temperature (a) and enthalpy at
(b) of the sc PLA blends at different blend profiles.
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Figure 4- 88 Enthalpy of both homocrystals and stereocomplex crystals inside the PLLA/PDLA
matrix of each blend.

As explained in the previous study, within the PLLA/PDLA blend there is a

balance between homocrystal and stereocomplex crystal formation. This

balance is clearly described in Figure 4-88, where the higher the amount of

stereocomplex crystals in the blend, the lower the amount of homocrystals. This

means that stereocomplex formation is created inside the barrel, there is a

corresponding ‘room’ for the homocrystals to form, and these crystals can either

be from PLLA chains or PDLA ones that did not react with their enantiomer

(Van der Waals bond as stated by (Slager and Domb 2003). In Figure 4-89, a

comparison between the homocrystal and stereocomplex formation trends is

shown for each screw speed condition as the temperature profile increased.

This result showed that as the screw speed increased the interception of the

two formations occurred at a lower barrel temperature. Also, there is a clear

decrease of the difference between those trends as the screw speed increased.
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60 rpm

120 rpm

200 rpm



211

360 rpm

Figure 4- 89 A comparison of the homocrystals and stereocomplex formation enthalpy trends of
each screw speed condition as the temperature profile increased



212

This can be also seen by the overall comparison between the blends shown in

Figure 4-90. As the screw speed and temperature profile increased, there was

a deeper transition in Tg (55°C), indicating a relaxation effect. The same was

observed in in homocrystal cold crystallisation and melting peak.

60 rpm

120 rpm

200 rpm
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360 rpm

Figure 4- 90 Stacked DSC results at first heating cycle with a 10°C/min heating rate of equimolar
PLLA/PDLA blends at different screw speeds on each temperature profile.
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On the stereocomplex melting peak a different phenomenon occurred. As the

temperature of the barrel changed the melting enthalpy presented two peaks,

which explains why there was a difference in the melting peak of the

stereocomplex formation on each blend. As shown in Figure 4-91, at the lowest

rpm and temperature profile there was one broad peak that started melting the

sc crystals from 200°C to 240°C. When the temperature increased by 10°C a

step appeared inside that peak at 225°C, which developed into an additional

peak at 220°C barrel temperature. The magnitude of this peak grew as profile

temperature increased where it reached became a dominant at 240°C.

As the screw speed increased, that effect appeared occurred at lower

temperature profiles. This is an indication of stereocomplex polymorphs

(explained in detail in the following section) that are created initially in the barrel

and as the temperature and screw speed increases, they change shape and

therefore a different amount of energy (heat) is needed to melt them. Only the

gentlest mixing conditions were able to fully form the stereocomplex formation

and maintain its shape and dimensions even after processing.

60 rpm
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120 rpm

200 rpm

360 rpm

Figure 4- 91 Stacked DSC stereocomplex melting results during first heating cycle with a 10°C/min
heating rate of equimolar PLLA/PDLA blends at different screw speeds on each temperature profile.
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As initially stated the cooling and second heating cycles of these blends had a

similar behaviour as shown in Figure 4-81. During cooling, except glass

transition temperature which was stable at 55°C for all blends, the homocrystal

formation as shown in Figure 4-92, with a relatively low enthalpy values

between 1 and 4J/g.

(a)

(b)

Figure 4- 92 DSC results during cooling of equimolar PLLA/PDLA blends with 10°C/min cooling rate
at different screw speeds and temperature profiles. Hc formation peak temperature (a) and
enthalpy (b).

The same applied for the second heating cycle where the homocrystal and

stereocomplex crystals had similar peak temperatures and enthalpies during
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formation and melting. This result means that as soon as the stereocomplex

crystals are formed during blending and then melted, the thermal and

processing history is deleted. And that during further processing (second

heating cycle) there is a limited amount of stereocomplex formation that can

created around 10J/g enthalpy.

Furthermore, in contrast with the results on crystallisation study (4.2), there was

no nucleation effect evidence for the homocrystals to form.

(a) (c)

(b) (d)

(e) (f)

Figure 4- 93 DSC results during second heating of equimolar PLLA/PDLA blends with 10°C/min
heating rate under different screw speeds and temperature profiles. Hc formation peak temperature
(a) and enthalpy (b), Hc melting peak temperature (c) and enthalpy (d) and sc melting peak
temperature (e) and enthalpy (f).
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During compounding of the scPLA, as visually observed changing screw speed

and barrel temperature effected the flow behaviour of the material. This

occurred because the stereocomplex crystals inside that blend were practically

in a solid state, which resulted in a viscous material which increased pressure.

However, if the stereocomplex crystals underwent melting at higher

temperatures the majority of these crystals would not be formed again as shown

in Figure 4-92 and

(a) (c)

(b) (d)

(e) (f)
Figure 4-93. This means that the sc material had to be processed at the lowest

possible temperature in which it could flow to maintain the highest amount of

stereocomplex crystals. For this reason a flow-no flow test was performed on
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the Rosand RH10 capillary rheometer. The material with the highest sc

formation was used (200°C barrel temperature profile and 60rpm screw speed)

and extruded through a 1 mm diameter die with 16mm length with a piston

speed of 2mm/min and a shear rate of 60/s from 240°C initial temperature.

Figure 4- 94 Flow-no flow test of the scPLA blended with the gentle mixing conditions (200°C
barrel temperature and 60rpm screw speed) and with the highest stereocomplex formation.

As the temperature of the bore decreased, as shown in Figure 4-94, there was

a pressure build-up from 220°C and lower. Subsequently the two extremes

(gentle and aggressive mixing) of the blending conditions of equimolar

PLLA/PDLA were tested at 230°C and 240°C single bore rheometry testing with

eight shear rate stages from 20/s to 20,000/s. Extruded samples were collected

from each stage and condition and ramp DSC tests with 10°C/min heating rate

up to 250°C were performed. In Figure 4-95 a relation between shear rate,

temperature and blending conditions is shown. There is a clear indication of

effect of temperature, where in both conditions the materials had lower amount

of sc crystals when kept at 240°C than at 230°C. The shear effect was not as

significant in terms of sc enthalpy, but there was a slight change in the sc
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polymorphs, as the shear rate increased, the melting peak shifted to a lower

temperature.

Ge
ntle mixing at 230°C

G
entle mixing at 240°C
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Aggressive mixing at 230°C

Aggressive mixing at 230°C

Figure 4- 95 Stacked DSC thermographs with 10°C/min ramp heating rate of capillary rheology test
at gentle mixing conditions (200°C temperature profile 60rpm) and aggressive mixing conditions
(240°C temperature profile 360rpm)

Pushing the materials through a 1mm diameter die increased the

stereocomplex formation enthalpy overall compared to the DSC results on the

corresponding samples after blending. For the gently mixed scPLA at 230°C

enthalpy had a slight drop as shear rate increased, an opposite trend appeared

at all of the rest conditions. However, at every case, the change was on a 15 J/g
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magnitude as shear rate increased. In both materials (blending profiles),

increasing rheometer temperature had a clear decreasing effect in sc enthalpy.

Figure 4-96 examines how the initial compounding conditions effect sc

formation after processing.

These results determined the optimised blending and processing conditions that

can maintain and/or form the maximum amount of stereocomplex. A gentle

mixing of the equimolar PLLA/PDLA materials with a temperature profile with a

highest temperature of 200°C and screw speed of 60rpm. Followed by

processing temperature of maximum 230°C and the minimum amount of shear

rate.

Figure 4- 96 Stereocomplex formation enthalpy comparison between the gently mixed and
aggressively mixed scPLA at 230°C and 240°C bore temperature during capillary rheometry at
different shear rates.

For this reason, the 200°C temperature profile and 60rpm screw speed material

was used for injection moulding scPLA. The material was able to be injected at

220°C maximum barrel temperature since the nozzle had higher diameter from

capillary and the screw of the injection moulding machine was able to plasticise
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the material at a lower temperature compared to statically heated capillary

rheometry. The screw speed and back pressure of the extrusion cycle was set

at 60rpm and 60bar respectively to mirror the blending results study during

injection moulding. The material was then injected at three different injection

speeds of 100mm/min, 150mm/min and 200mm/min into a cold mould of 30°C

for 30 seconds cycle time. The material was dried at 60°C for 24 hours prior to

processing and a nitrogen blanket was used in the hopper above the pellets to

prevent moisture build-up.
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4.3.2 Properties of injection moulded scPLA

During injection moulding the material undergoes higher shear rates compared

to capillary rheometry results previously shown. However even at this scale, the

formation of a fully scPLA injection moulded product was possible as shown in

Figure 4-97. There was a small amount of homocrystal formation inside the

polymer matrix that was unavoidable. In order to melt the material so that it can

present a flow behaviour capable of injecting into the mould a ‘portion’ of the

material had to be melted to transfer the solid stereocomplex crystals inside the

mould cavity.

Figure 4- 97 DSC thermograph of injection moulded stereocomplex PLA from 40°C to 260°C with a
10°C/min heating ramp rate.

Figure 4- 98 Example of an injection moulded scPLA tensile bar
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All the produced tensile bars consisted of a significantly large area of

crystallised structure of stereocomplex crystals with melting enthalpy around 80

J/g and a small amount of homocrystal enthalpy of around 3 J/g enthalpy,

therefore this material can be referred to as stereocomplex PLA (scPLA). Figure

4-99, shows that at the increase of injection speed had a slight decrease of sc

formation enthalpy and a corresponding increasing effect on homocrystals.

(a) (c)

(b) (d)

(e) (f)
Figure 4- 99 DSC results of injection moulded scPLA at different injection speeds. Homocrystal
formation Tcc (a) and melting Tm (c) formation enthalpy Ecc (b) and melting (d). Stereocomplex
melting temperature (e) and enthalpy (f).

I
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n Figure 4-100, the tensile testing results of the scPLA samples are shown.

scPLA appeared to have a similar behaviour under tension as virgin PLLA, with

elastic modulus of 3 GPa and tensile strength at 60 MPa. However, the material

was more brittle with a 3% strain at break and had a yield strain of 1.7%. By

increasing injection speed, the strength, yield strain and strain at break values

decreased linearly. This result though could not be considered as a

stereocomplex formation existence effect. This decrease was probably caused

due to the difference of the morphology inside the samples for example,

bubbles.

It should be also noted that, during injection as previously stated, a mixture of

molten and solidified material was injected inside the mould. Increasing the

injection speed provided a change the orientation of the solid material ‘carried’

by the molten one. A similar behaviour can occur during injection of a polymer

that consists of a large weight percentage of filler material (above 70%w/w

calcium carbonate for example).

(a) (b)
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(c) (d)

Figure 4- 100 Tensile testing results of injection moulded scPLA samples at different injection
speeds. A 50mm/min test speed with a video extensometer with graphs of elastic modulus (a),
tensile strength (b), yield strain (c) and strain at break (d)
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Similar behaviour in terms of effect of injection speed in impact strength was

observed in Figure 4-101. scPLA had impact strength values similar to

crystallised PLLA/PDLA blends (2 KJ/m2) as shown in Figure 4-65.

Figure 4- 101 IZOD impact test results of injection moulded scPLA samples at different injection
speeds

The elastic-viscoelastic part of the scPLA injection moulded bars did not have a

huge difference in terms of values with crystallised PLA. This is expected since

the fundamental chemistry of the material hasn’t changed, only the size and

geometry of the crystals. Increasing the injection speed did not have major

effect on the DMA results either as shown in Figure 4-102. It should be

mentioned though that in every case the samples did not show any visible

deformation, compared to the PLLA/PDLA blends of the phase two study.



229

(a)

(b
)

(c)
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(
d)

Figure 4-102 DMA results of fully scPLA injection moulded at different injection speeds. The
storage modulus drop between 40°C and 90°C (a), loss modulus peak temperature (b) and value(c)
and tan delta maximum signal temperature (d).

In Figure 4-103, results from an HDT adaptation test showed a substantial

increase of heat resistance during bending under constant force. Specifically,

the material reached the standard deflection point (80.22µm) at 130°C, a value

70°C higher than pure PLLA and 40°C higher than the PLLA/PDLA crystallised

blend with 15%w/w PDLA. The scPLA sample started to deform faster at

temperatures higher than 160°C due to the melting of the existing homocrystals

in the polymeric system, but even then, the maximum deflection was 0.5mm

(0.83% strain) at 180°C. At temperatures between 70°C and 160°C, the sample

had a deflection rate of 0.092 mm/sec. Therefore, it is clear that when the

stereocomplex formation is at its maximum possible levels the material has a

significantly improved heat resistance, making PLA capable to be introduced in

even more robust applications.
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Figure 4- 103 DMA controlled force (F=1.213N) at a temperature ramp of 2°C/min from 40°C 180°C,
Samples with dimensions length (35mm) width (10mm) and thickness (4mm) of scPLA.

To summarise, a proposed processing model for the production of scPLA

products resulted from an optimisation experimental method. Results showed

that gently mixing (200°C barrel temperature profile with 60 rpm screw speed)

an equimolar 50/50 PLLA/PDLA blend produced a polymer with the highest

amount of sc formation. Furthermore, a shear test in capillary rheology under

different temperatures showed that shear had an effect in maintaining sc

formation. Injection moulding this blend provided products with mechanical

properties similar to crystallised PLLA but with significantly increased HDT (from

60°C to 130°C).
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Chapter 5. Discussion

PLA has been shown to have four basic limitations: in melt strength, toughness,

cycle time and heat resistance. As described in literature, PCL and PBS are two

polymers that have been used as toughening and flow modifiers for PLA in

various studies. The majority of the formulations that have been studied though

are based on using one of these materials as additives and very few in using

both. There have also been many studies to understand the stereocomplex

formation during blending of optically pure enantiomers PLLA and PDLA.

However, it is quite notable that the majority of attempts have been used to

investigate the fundamental physics of this formation and not targeted at

engineering properties. This can be shown by the fact that in vast majority of the

searched studies of PLLA/PDLA blends either equimolar or not, the materials

were produced via solution casting and not through melt processing techniques.

Blend PLLA % PDLA % PBS % PCL %

D15 85 15 0 0

F15 76.5 13.5 5 5

scPLA 50 50 0 0

Fsc 45 45 5 5

Table 5- 1 formulations of the blends studied in the global discussion section

In this chapter a further discussion of the analysed results is presented and

linked to previous studies. The effects of the PBS and PCL additives will be

initially discussed followed by the crystallisation effect on properties and cycle

time from the addition of small amounts of optically pure PDLA in PLLA. This

will be followed by the mechanism of forming stereocomplex PLA and its

properties will be discussed. Finally, a combination of the above strategies will
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be investigated to present the final improved PLA based materials as shown in

Table 5- 1.

5.1 An incorporation of the resulting studies in products

Two additional blends were compounded to investigate the combination of the

findings of this research. Blends with formulation of 15% PDLA (named F15)

and scPLA (named Fsc) with 5% of PBS and PCL were compounded and

injection moulded. The 15% PDLA blend was injection moulded into a cold

mould at 30°C with 30sec holding time and a heated mould (95°C) with 90sec

holding time (same settings as applied in the crystallisation study in section 4.2).

The scPLA blend was injection moulded into a cold mould with the same

injection settings as applied in the third study.

(
a)
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(b)

Figure 5- 1 Elastic modulus (a) and tensile strength (b) comparison of PLLA/15%PDLA blends with
or without 5% PBS and PCL and neat PLLA amorphous and crystallised

Adding the PBS and PCL additives in PLA blends that had 15% of PDLA

reduced modulus in both crystallised and amorphous morphologies, however

tensile strength was maintained at a similar level as shown in Figure 5-1.

Results in toughness though showed how the additives increased strain at

break of PLA even when crystallised. These results could be explained by the

improved flow behaviour of the blend that filled the mould, as well as the

morphology effect of the PBS and PCL additives, according to the findings

shown in the toughening study from section 4.1.

Figure 5- 2Strain at break results of PLLA/15%PDLA blends with or without 5% PBS and PCL and
neat PLLA amorphous and crystallised
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A comparison of scPLA, scPLA blend and neat PLA amorphous and crystallised

is shown in Figure 5-3 regarding stiffness and strength. Neat scPLA had slightly

higher elastic modulus than amorphous neat PLLA and around 1GPa lower

than annealed. The scPLA blend that contained the modifiers PCL and PBS

had reduced stiffness but similar tensile strength.

Tensile strength of amorphous neat PLLA had been higher than all of the

blends, crystallised or not. Again the addition of PBS and PCL increased

toughness and comparing the values with neat scPLA and crystallised PLLA the

values were increased by 50% as shown in

Figure 5-4.

(a)

(b)
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Figure 5- 3 Elastic modulus (a) and tensile strength (b) comparison of scPLA, scPLA blend (fsc)
and neat PLLA amorphous and crystallised.

Figure 5- 4 Strain at break results of scPLA, scPLA blend (fsc) and neat PLLA amorphous and
crystallised

As shown in Figure 5-5, the addition of PBS and PCL did not significantly affect

the stereocomplex formation of PLA when blended and then injection moulded.

The average enthalpy of the stereocomplex formation was around 78 J/g which

is slightly lower than pure scPLA. This result is expected since the overall

amount of PLA in the polymeric system is reduced. This indicates that at least in

these small amounts, PBS and PCL can be added to a racemic 50/50

PLLA/PDLA blend without disrupting with the stereocomplex formation process.
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Figure 5- 5 DSC thermograph of stereocomplex PLA blend with 5%w/w of PBS and PCL ramp
heating rate of 10°C/min

In Figure 5-6, a comparison of impact strength values between the PLA blends

is shown. Increasing crystallinity as shown in section 4.2 in neat PLLA caused a

more significant increase in impact strength compared to the crystallised blend

that contained 15% PDLA. The addition of PBS and PCL increased impact

strength of the D15 blend in both amorphous and crystallised morphologies.

Specifically the crystallised blend that contained PBS and PCL additives and

15% PDLA exhibited the highest impact strength value. The scPLA samples

that blended with the additives had values twice as high in impact strength.

Figure 5- 6 Impact strength comparison of the PLA based blends under different morphologies.
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In Figure 5-7, a comparison of the heat deflection temperature of the blends is

shown. This result clearly shows that when PDLA is added to optically pure

PLLA the HDT value is increased, especially when crystallised. However, an

injection moulded fully stereocomplex PLA has much higher heat resistance

(130°C). The addition of PBS and PCL on the PLLA/PDLA blends exhibited

lower HDT values but at low rates (values decreased by approximately 10°C)

compared to both pure PLLA/PDLA blends. This decrease can be explained by

the melting of the additives at these temperatures, but since they are in such

low quantities, they do not compromise the structure significantly.

Figure 5- 7 Temperature in which the injection moulded samples deflected by 80.666 µm (0.121%
strain) an adaptation of the HDT test in DMA 3-point bending controlled force (1.213N) with a
heating rate of 2°C/min



239

5.2 PLA modification strategies

Blending a commercial grade PLA with biopolymers such as PBS and PCL in

binary and ternary formulations, provided a range of materials with different

properties. PCL had a lubricating effect by reducing the viscosity of PLA linearly

in agreement with the conclusions of Wu et al. (Wu et al. 2010) and Zhao et

al.(Zhao et al. 2016). This could be explained by the lower melting temperature

of PCL around 60 °C and its lower density, once the blend was heated to nearly

100 °C higher than its melting point. In contrast, PBS at low concentrations

made PLA more viscous, which may be an indication of the immiscibility of the

two materials in the molten state (Yokohara and Yamaguchi 2008; Wang et al.

2009) and at higher ones 10-30% reached stable values at 20-29% decrease,

for the ternary blends, PCL had a more dominant flow effect than PBS.

Both additives increased elasticity and flexibility, but reduced the strength under

tension or when bended in agreement with previous findings (Vilay et al. 2009;

Zhao et al. 2016).The addition of PBS had a significant increase in strain at

break in both injection moulded and extruded sheet samples. On the other hand,

the addition of PCL had a decreasing effect on strain at break. It is quite notable

though that the extruded samples appeared to have significantly higher strain at

break values than the injection moulded ones. Strain at break results from the

ternary blends showed that addition of both additives provided higher values

compared to the corresponding binary ones.
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Figure 5- 8 SEM images from the fractured surfaces of moulded bars at 8000x magnification.
Binary blend (95,5,0) is image (a), binary blend with 5% PCL (95,0,5) is image (b), (70,30,0) and
(70,0,30) are images (c) and (d) respectively.

Impact strength was increased significantly with values almost twice as high

than neat PLA. These physical properties could be explained by investigating

the phase separation of the materials, where PCL showed significant

immiscibility with spherical domains, and PBS showed a more layer-by-layer

structure with PLA as shown in Figure 5-8. The PCL spheres had a dampening

effect during impact that practically redirected the crack in various places

reducing crack growth, during tension though this morphology contaminated the

structure, potentially creating voids that grew with time and eventually broke the

samples.

The PBS layers in PLA did absorb an amount of energy during impact but not at

the same magnitude as PCL, but during tension created a potentially fibriliar

network that ‘held together’ the material and promoted neck formation.
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However, by investigating the fractured surface of the blend containing both

additives, PBS reduced the voids created from PCL, ergo higher impact

strength and strain at break without compromising strength and stiffness as

shown in Figure 5-9. In investigating the thermal behaviour though, the

concluding results showed that the materials were thermally incompatible. In

fact, PCL had its melting peak at the same temperature as with the glass

transition (60 °C) and PBS on the crystallisation temperature of PLA (120 °C).

This made a detailed evaluation of the crystal behaviour of the materials difficult,

since the effect of the additives on the crystal structure of PLA was unknown.

Figure 5- 9 SEM images from the cryo-fractured surface of the moulded bars at 8000x
magnification (a=neat PLA, b= ternary blend (90,5,5)).

To sum up, PBS and PCL acted successfully as impact and melt modifiers for

PLA without significantly altering with its strength and stiffness. With a

synergistic effect of the (90,5,5) ternary blend where the impact strength was

increased by 1 kJ/m2, elasticity by 10% a slight drop in strength 5% and a drop

in shear viscosity of 5%. The modification of PLA’s properties is based on the

morphology change inside the polymeric matrix. When melted the polymers of

lower density and higher viscosity move to the surface of the molten material

and provide a plasticising effect therefore reducing the energy to processing.
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The blends containing PBS and/or PCL, had lower pressure during

compounding

extrusion of sheets and during injection moulding. Apart from pressure though it

should be noted that during injection moulding the extrusion cycle was smaller

at blends with the flow modifiers (easier to fill the shot size) than neat PLA. In

mechanical properties these changes in morphology showed that adding PCL

increased impact strength significantly on one hand but reduced strain at break

on the other. PBS, increased impact strength less significantly but provided a

larger increase in strain at break. Using a formulation of both of these materials

in PLA provided a more uniform morphology with improved mechanical

properties.

Blending PLLA with low amounts of its enantiomer PDLA, resulted in increasing

viscosity and melt strength of PLA. The stereocomplex formation created during

extrusion provided a solid crystal network-molten material formation that

affected PLA’s flow, these results were in an agreement with the study of (Sun

et al. 2012). PDLA had an accelerating effect in crystal formation of PLLA even

at its lowest addition (1% w/w) where it reduced crystal formation time by 50%

and at the highest loading reduced crystal formation time by 80%. However the

accelerating effect did not only occur in crystal growth, but the crystal formation

temperature range shifted to higher values as the amount of PDLA increased.

So during cooling, crystal formation was initiated sooner and crystals formed

faster with the addition of PDLA as shown in Figure 5-10a.

This result can also be supported by the hot stage polarised microscopy results

where the addition of PDLA increased the nucleation points, resulting in
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spherulites of smaller size. This means that during cooling of the PLLA/PDLA

blends, the stereocomplex formation reduces the energy of the neighbouring

molecules and allows the molecular packing to be initiated as explained by

(Saeidlou et al. 2012) and (Tsuji et al. 2006). The higher amount of

stereocomplex formation, led to more points of homocrystal formation initiation

which resulted in reduction of free space between the molecules for the

spherulites to grow. When annealed (crystallisation while heating the material in

its solid phase) the spherulites had even smaller size (due to decrease of

molecular movement in solid state) and the blends were crystallised almost

instantly after nucleation as shown in Figure 5-10b.

(a)

(b)
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Figure 5- 10 Crystal formation results from isothermal DSC tests during cooling (a) and from hot
stage polarised optical microscopy of PLLA/PDLA blends.

The properties of blends prepared under the two different crystallisation

methods were investigated, where the materials were injection moulded in a

cold mould and then annealed in an oven at 95°C for various times and also

moulded into a heated mould of 95°C for various cycle times. The crystallised

tensile bars had increased stiffness and impact strength for both crystallisation

methods however strength and strain at break decreased.

This could be explained by the fact that during annealing, a warpage effect was

observed (however the higher the amount of PDLA the lower the warpage) and

during injection moulding at heated mould microspheres might have been

created inside the tensile bars. Furthermore, the thermomechanical properties

of these samples showed that the increase in crystallinity showed a reduction of

the viscoelastic components in the PLLA/PDLA blends that have been

crystallised.

Increasing crystallinity also resulted in increasing the heat deflection

temperature of PLA. However, the existence of homocrystals increased the

HDT by only 10-15°C (neat PLLA). As the amount of PDLA increased, so did

the heat deflection temperature with the maximum value exceeding 90°C as

shown in Figure 5-11. An additional measurement that described the

deformation rate of the materials as the temperature increased showed that the

addition of PDLA decelerated deformation in both amorphous and crystalline

morphology. This could be the effect of the stereocomplex formation inside the

PLA matrix, acting as a backbone with higher heat resistance which held the

PLLA/PDLA system together as molecular movement due to heat increased.
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Figure 5- 11 HDT results of PLLA/PDLA with different morphologies (a).

The third study conducted in this research was based on developing a

stereocomplex PLA using conventional commercial processing techniques.

Optically pure PLLA was blended with PDLA at equal amounts under different

processing conditions. Results showed that both barrel temperature and screw

speed take a crucial part on forming stereocomplex crystals during blending.

The material was compounded under five different barrel temperature profiles

and four screw speeds. Stereocomplex formation and processing temperature

had a nearly linear relation, where the lower the temperature the higher the

stereocomplex enthalpy from DSC results. The screw speed effect was less

clear possibly due to the conflicting action of shear and residence time.

Increasing the screw speed, also increases the temperature of the material

during blending through shear heating. Apart from the quantity of the

stereocomplex formation, the processing conditions effected the size and

geometry of the stereocomplex crystals as well due to polymorphism. Two

polymorphs have been shown in the results, one which melted at 235°C and the

other at 225°C. The lowest temperature profile and screw speed, caused the
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highest the amount of the first polymorph, as shown in results. These results

are in arrangement with the research of (López-Rodríguez et al. 2014), relating

similar polymorphs with molecular weight. The higher the molecular weight of

the material the higher the peak temperature of stereocomplex melting. In

Figure 5-12a, the resulting DSC thermographs of equimolar PLLA/PDLA blends

with different molecular weights by solution casting from (López-Rodríguez et al.

2014).
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A comparison between the results of this study with the temperature profiles of

an equimolar PLLA/PDLA blend with the same molecular weights under 60rpm

screw speed during blending is shown in Figure 5-12. This result shows as the

temperature profile increases, the molecular weight of the sc formation

decreased, showing a change in stereocomplex melting peak. By increasing the

screw speed as well, the molecular weight drops even further, making the

polymorph change even faster (in terms of temperature).

This means that during compounding of a 1:1 PLLA: PDLA, the materials need

to be gently mixed in a low temperature profile to from the stereocomplex

crystals without decreasing molecular weight and melting the formed

stereocomplex crystals. A 200°C barrel temperature profile (minimum possible

processing temperature) with 60rpm screw speed model was proposed to form

a highly stereocomplex PLA.
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Figure 5- 12 DSC results of graph (a) non blended PLLA films and (b) PLLA 1:1
racemic blend (a)= Low molecular weight, (b) Medium value molecular weight
and (c) high molecular weight.

Figure 5- 13 Stacked DSC results at first heating cycle with a
10°C/min heating rate of equimolar PLLA/PDLA blends at 60 rpm
screw speed
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Further processing of the compounded material was also a sensitive process.

The material now did not have flow sufficient properties at temperatures below

220°C. Apart from temperature though, shear affected the stereocomplex

formation as shown from the results of the samples collected from capillary

rheometry.

At this temperature a small portion of stereocomplex formation is melted to

provide a plasticising effect, making it possible to be injection moulded.

Changing the injection speed didn’t provide results with significant differences in

mechanical properties. This might have happened because the shear rate

during injection is so high, that the material has similar behaviour when injected

at 100 mm/min and 200mm/min injection speed. The injection moulded sample

appeared to have high values of melting enthalpy of the stereocomplex

formation. Practically the crystals were formed during compounding and

transferred to an injection moulded final product.
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Figure 5- 14 DSC thermograph of injection moulded stereocomplex
PLA from 40°C to 260°C with a 10°C/min heating ramp rate.

Figure 5- 15 DMA controlled force (F=1.213N) at a temperature ramp of
2°C/min from 40°C 180°C, Samples with dimensions length (35mm)
width (10mm) and thickness (4mm) of scPLA.

Injection moulded scPLA was a material with high stiffness of 3GPa, and

strength around 60MPa. Strain at break was also low, showing an overall

similar behaviour under tension with crystallised neat PLLA. However heat

resistance was increased substantially, with an HDT value at 130°C. At

temperatures higher than 160°C deformation happened faster, which could be

explained by the melting of the small portion of the homocrystals inside the

polymeric matrix.
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Modifying these properties of PLA offers the possibility to meet the

requirements of materials in many new applications and present improved

behaviour in existing ones. As discussed previously in this section, the

modification of flow of PLA reduces the processing energy and pressure build-

up that could possibly interrupt the mass production process. This means that

higher processing stability can be achieved by the use of PBS and PCL

additives and less energy is used for an already sustainable material. The

addition of PDLA, provided blends with higher melt strength making it capable

to be used in processes like blown film extrusion, blown extrusion moulding and

fibre extrusion. Processes in applications (films, bottles, textiles) where PLA has

not been established yet and its biobased and biodegradable nature could be

beneficial for the existing environmental issues. Increasing toughness during

impact and tension is also a crucial factor in most of the applications for PLA

use. Using PBS and PCL provided PLA based blends with higher toughness

that can be used in extruded sheets (cards, thermoformed packaging, and

cutlery). Increasing the heat resistance (above 80°C) of these blends, enables

PLA to be used in hot container applications (coffee cups, coffee cup lids), an

issue where most of the existing PLA based products has shown poor

performance. Finally, having a robust material with heat resistance at even

higher temperatures can introduce PLA in more durable applications in sectors

such as electronics and automotive interiors.
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Chapter 6. Conclusions and future work

6.1 Conclusions

PLA is currently used in various applications and it is forecast to be utilised in

even more as reported by (Savinov 2016), as public awareness of

environmental issues grew and fossil fuels are depleted. However, there are

significant limitations to this material which do not allow it to by fully established

in the market. This research was focused in improving PLA properties, through

commercially viable methodologies based on three principles; maintain

sustainability, the best features of PLA and reduce further processing

techniques to reduce cost of more robust products. Commercial grades of PLLA

have been melt blended with polybutylene succinate (PBS), polycaprolactone

(PCL) and PDLA using twin screw extrusion and then injection moulded.

An initial study of blending extrusion grade PLA with PBS and PCL at binary

and ternary formulations was conducted, the blends were then injection

moulded. From this study, the following conclusions have been made:

 Neat PLA showed significant low impact strength values of 2kJ/m2 with

elastic modulus of 3.5GPa and tensile strength around 73MPa.

 Results showed that the addition of PBS and PCL reduced processing

energy by improving flow properties (reduced viscosity by nearly 60% at

highest PCL loading).

 The mechanical properties of the blends showed that the addition of PCL

increased impact strength linearly to 5kJ/m2 but caused a corresponding

decrease in stiffness, strength and strain at break (from 8% to 4%).
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 PCL was dispersed in a spherical form inside the PLA matrix where PBS

segments were dispersed in PLA.

 Adding PBS had a milder reduction in strength and stiffness and a slight

increase in impact strength, while increasing strain at break during

tension significantly (350% higher than neat PLA).

 Adding small amounts (5% w/w) of both PBS and PCL was considered

the optimum formulation, resulting in a more uniformed structure that had

higher toughness while maintaining strength and stiffness at a similar

level with neat PLA.

Low molecular weight PLLA was blended with its enantiomer PDLA in loadings

up to 15% w/w. Flow properties of the PLLA/PDLA blends were tested in

capillary rheometry, the materials were then injection moulded. Two

crystallisation strategies were investigated by annealing samples and injection

moulding in a heated mould under different holding times. The following

conclusions have been drawn from this study:

 Neat PLLA had a significant slow crystal formation speed, resulting in

high cycle times during processing.

 Neat PLLA’s properties depended heavily on degree of crystallinity

(elastic modulus increased by 1GPa, impact strength increased by

6kJ/m2.

 The stereocomplex formation inside the blends increased PLA’s viscosity

and melt strength.

 Results showed that the addition of PDLA accelerated crystallinity of

PLLA by nearly 80% during annealing and via injection moulding to a

heated mould.
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 Crystallised PLLA/PDLA blends had higher stiffness but a corresponding

decrease in strain at break and impact strength.

 The addition of PDLA resulted in a linear increase of heat resistance,

especially when crystallised, with a highest value of HDT=95°C.

A 50/50 PLLA/PDLA with similar molecular weights blend was mixed under

different processing conditions to determine the critical processing profile in

order to produce stereocomplex PLA with melt processing techniques.

Conclusions which could be drawn from this study were:

 Mixing the materials at the lowest possible temperature profile (200°)

with 60 rpm screw speed provided the material with the highest sc

formation.

 Results showed that injection moulding fully stereocomplex PLA was

possible and produced mechanical properties similar to neat PLA but

with slightly lower toughness.

 The HDT results though were substantially increased to 130°C, with a

material having heat resistance even at 180°C where it was deflected by

0.8% strain.

 This study provided a model of forming crystals of PLA during

compounding and transferring them into a final injection moulded part.

 This meant that a fully crystallised product was able to be produced

without using any of the crystallisation techniques (isothermal (annealing)

or non-isothermal (slow cooling in a heated mould)).

Finally, the addition of the PBS and PCL additives in the PLLA/PDLA blends

and fully stereocomplex PLA was possible as shown in the global analysis and

discussion chapter. Results showed that the final products had high heat
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resistance with improved flow behaviour, toughness and maintained high levels

of strength and stiffness.

6.2 Future work

Based on the conclusions of this research, further studies could be

recommended for developing this technology even further:

 Investigate the morphology effect of the PBS and PCL additives with a

range of molecular weights. This result could show that blend

properties would be able to be controlled in more detail.

 Provide a deeper understanding of the morphology by applying

chemical mapping techniques, where the existence of the additives in

the surface of the part can be shown.

 A more detailed study on the crystallisation mechanism of the

PLLA/PDLA blends and influence in rheology (temperature, shear,

time). Values of spherulitic growth, lamellae thickness and a

microscopic view of the nucleation effect of the stereocomplex

formation

 The increase in heat resistance on crystallised PLLA/PDLA blends

when crystallised, could also be explained by the fact that the

spherulites where smaller as the amount of PDLA increased. A

spherulite is known to have branches of aligned folded polymeric

chains separated by an amorphous region. As the spherulites are

smaller in diameter the amorphous region’s length is decreased this

could mean that the ‘softer’ parts of the polymer could be moved with a

slower rate, therefore increasing heat resistance. A detailed analysis of

the spherulite dimensions with XRD tests could provide a better

understanding.

 A model of producing scPLA is proposed in this research, and a clear

relation of stereocomplex formation and processing temperature is

presented. However the time in which the enantiomers are aligned and

then bonded to form stereocomplex PLA inside the barrel is unknown.

This could be studied by testing the samples collected from each of the

screw section inside the compounding equipment.
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 Furthermore, the temperature in which the formation is initiated has to

be determined. A 50/50 PLLA/PDLA mixture of fine powders could be

tested in a DSC, which could potentially show a formation peak.

 As shown in the results two types of polymorphs of the stereocomplex

formation were detected, x-ray tests could provide a clearer picture in

what changes occurred on the sc crystals, regarding dimensions and

geometry.

 Although in this study different screw speeds were used, which

increase shear but also the temperature of the material, a clear

understanding of the effect of shear and mixing of the 50/50

PLLA/PDLA blend could not be shown. A study of the same

temperature profile and screw speed, but with different screw elements

of the twin screw extruder could differentiate the effect of temperature

and shear in stereocomplex formation.

 Finally, an end of life study of these materials should be also

investigated to determine how they can be recycled.

 Investigating the biodegradability of the materials and accelerate the

process to allow the material to be home composted.
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Appendix

1. Appendix on toughening and flow modification of PLA study

(PLA,PBS,PCL) Mean value Standard
deviation

Neat PLA (100,0,0) 2.177 0.095

Binary
PLA/PBS
blends

(95,5,0) 2.564 0.094

(90,10,0) 1.961 0.279

(80,20,0) 2.641 0.100

(70,30,0) 3.408 0.094

Binary
PLA/PCL
blends

(95,0,5) 2.854 0.055

(90,0,10) 2.890 0.084

(80,0,20) 3.872 0.197

(70,0,30) 4.816 0.649

Ternary
PLA/PBS/PCL

blends

(98,1,1) 2.008 0.169

(90,5,5) 3.163 0.134

(85,10,5) 3.389 0.159

(84,15,1) 2.593 0.139

(85,5,10) 3.338 0.126

(84,1,15) 3.229 0.059

(80,10,10) 3.625 0.162

(70,15,15) 4.178 0.241

Table 0- 1Impact strength results of each blend
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Table 0- 2 Capillary rheology results of each (PLA,PBS,PCL) blends.
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Table 0- 3 Tensile test results of injection moulded bars 50mm/min (1%
strain percentage rate)
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Table 0- 4 Tensile test results of sheet extrusion samples with 8mm/min
test speeds (1% strain percentage rate)
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DSC result tables of virgin materials

1st heat
Tg Tc Ec Tm Em

Mean SDV Mean SDV Mean SDV Mean SDV Mean SDV
PLA 62.09 0.63 150.82 0.42 29.84 0.78
PBS 91.07 0.95 5.63 0.75 114.79 0.51 68.76 1.03
PCL 65.96 0.64 82.39 2.50

Table 0- 5: DSC results of virgin materials at 1st heat with 10°C/min

cooling
Tg Tcold Ecold

Mean value SDV Mean value SDV Mean value SDV
PLA 56.98 0.17
PBS 66.21 0.69 61.00 0.74
PCL 27.93 0.70 49.12 6.85

Table 0- 6: DSC results of virgin materials at cooling with 10°C/min

2nd heat

Tg Tc Ec Tm Em

Mean SDV Mean SDV Mean SDV Mean SDV Mean SDV
PLA 59.53 0.26 151.56 0.88 0.39 0.28
PBS 94.65 0.06 9.20 0.37 114.05 0.21 67.55 0.44
PCL 55.87 0.71 63.60 1.46

Table 0- 7: DSC results of virgin materials at 2nd heat with 10°C/min

Table 0- 8 DSC results of Binary PLA/PBS blends at first heating cycle
with 10°C/min heating rate

cooling
Compound

(PLA,PBS,PCL)
Tg Tcold Ecold

Mean STDV Mean STDV Mean STDV
C1(100,0,0) 57.09 0.45
C2(95,5,0) 56.19 0.54
C10(90,10,0) 56.25 0.14
C12(90,20,0) 56.27 0.53 61.27 0.75 5.66 0.68
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C8(70,30,0) 69.83 3.91 12.66 0.18

Table 0- 9: DSC results of Binary PLA/PBS blends at cooling cycle with
10°C/min.

2nd heat
Compound
(PLA,PBS,PC

L)

Tg Tma Ema Tc Ec Tm Em
Mea
n

STD
V Mean

STD
V

Mea
n

STD
V Mean

STD
V

Mea
n

STD
V Mean

STD
V

Mea
n

STD
V

C1(100,0,0)
59.3

3 0.31
113.4

8 0.17
22.4

1 0.91
148.5

5 0.15
23.5

8 0.76

C2(95,5,0)
58.8

7 0.21
112.6

9 0.20 0.12 0.01
109.7

4 0.32
19.2

4 0.19
148.0

0 0.24
22.7

7 0.35
C10(90,10,0
)

58.6
1 0.02

113.0
8 0.13 1.01 0.09

109.1
9 0.23

15.6
2 1.01

148.2
6 0.14

22.9
2 1.00

C12(90,20,0
)

58.5
6 0.38

113.2
0 0.09 2.68 0.49

116.7
0 0.16 7.78 0.66

148.9
0 0.13

19.1
7 0.20

C8(70,30,0)
57.9

4 0.45
113.8

7 0.07
14.2

5 0.60
119.1

0 0.39 6.02 0.33
148.4

8 0.60
14.7

6 0.37

Table 0- 10: DSC results of Binary PLA/PBS blends at 2nd heating cycle
with 10°C/min.

1st heat

Compound
(PLA,PBS,PCL)

Tg Eg Tc Ec Tm Em

Mean STDV Mean STDV Mean STDV Mean STDV Mean STDV Mean STDV

C1(100,0,0) 61.87 0.89 5.20 0.51 112.06 0.23 20.56 0.60 148.68 0.08 24.07 0.71

C3(95,0,5) 61.22 0.13 6.86 0.22 108.64 0.24 19.52 0.22 148.13 0.09 22.61 0.77

C11(90,0,10) 60.05 0.98 8.57 1.11 107.29 1.07 18.89 1.59 148.60 0.86 21.88 1.65

C13(90,0,20) 60.50 0.45 15.12 0.37 107.84 0.71 13.98 0.81 148.21 0.48 18.38 0.47

C9(70,0,30) 60.83 0.61 22.92 0.43 108.32 0.12 11.99 0.45 147.16 0.26 15.52 0.43

Table 0- 11: DSC results of Binary PLA/PCL blends at 1st heating cycle
with 10°C/min.

cooling
Compound

(PLA,PBS,PCL)
Tg Tcold Ecold

Mean STDV Mean STDV Mean STDV
C1(100,0,0) 57.09 0.45
C3(95,0,5) 56.87 1.12 28.17 0.11 0.98 0.00
C11(90,0,10) 58.20 0.84 35.17 0.34 21.73 32.39
C13(90,0,20) 57.90 0.31 35.60 0.51 7.58 0.27
C9(70,0,30) 58.23 0.68 34.49 0.33 14.32 1.04

Table 0- 12: DSC results of Binary PLA/PCL blends at cooling cycle with
10°C/min.

2nd heat

Compound
(PLA,PBS,PCL)

Tg TmPCL EmPCL Tc Ec Tm Em

Mean STDV Mean STDV Mean STDV Mean STDV Mean STDV Mean STDV Mean STDV

C1(100,0,0) 59.33 0.31 113.48 0.17 22.41 0.91 148.55 0.15 23.58 0.76

C3(95,0,5) 60.12 0.31 54.91 2.05 0.98 0.01 128.96 0.06 2.85 0.36 151.56 0.09 3.77 0.44

C11(90,0,10) 60.84 0.61 56.11 0.36 3.12 0.37 126.14 0.70 10.39 1.20 151.43 0.57 12.11 1.28

C13(90,0,20) 62.72 0.31 56.24 0.23 7.31 0.16 124.99 0.30 9.20 1.17 150.87 0.23 11.18 0.84
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C9(70,0,30) 61.47 2.03 56.09 0.23 12.28 0.97 126.09 1.06 2.71 0.04 150.13 0.21 4.63 0.06

Table 0- 13: DSC results of Binary PLA/PCL blends at 2nd heating cycle
with 10°C/min.

1st heat

Compound
(PLA,PBS,PCL)

Tg Eg Tc Ec Tm Em

Mean STDV Mean STDV Mean STDV Mean STDV Mean STDV Mean STDV

C1(100,0,0) 61.87 0.89 5.20 0.51 112.06 0.23 20.56 0.60 148.68 0.08 24.07 0.71

C4(90,5,5) 60.23 0.50 6.15 0.42 104.31 0.98 29.89 28.54 148.90 1.11 20.43 0.21

C5(85,10,5) 59.88 0.52 5.63 0.21 103.48 1.50 8.53 0.37 148.55 0.61 20.11 0.43

C6(85,5,10) 60.99 1.57 8.33 1.44 103.47 0.53 12.56 0.75 151.10 0.26 19.99 0.47

C7(10,10,10) 59.48 0.44 9.70 0.44 103.60 0.62 8.10 0.24 148.41 2.13 18.94 0.16

Table 0- 14: DSC results of Ternary PLA blends at 1st heating cycle with
10°C/min

cooling
Tg Tcold Ecold

Mean STDV Mean STDV Mean STDV
C1(100,0,0) 57.09 0.45
C4(90,5,5) 46.68 16.81 31.45 0.18 20.38 30.95
C5(85,10,5) 57.28 0.66 32.33 0.23 4.53 0.49
C6(85,5,10) 56.98 0.05 28.69 0.06 2.17 0.14
C7(10,10,10) 56.96 0.37 36.14 0.35 4.35 0.15

Table 0- 15: DSC results of ternary PLA blends at cooling cycle with
10°C/min.
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Table 0- 16 DSC results of ternary PLA blends at 2nd heating cycle with
10°C/min.
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2. Appendix on accelerating the crystallinity of PLA study

Table 0- 17 Capillary rheology results of PLLA/PDLA blends
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Table 0- 18 Tensile testing results of neat PLLA, annealed at 95°C held at
different times, with use of video extensiometer 1% strain rate
(50mm/min).

Table 0- 19 Tensile testing results of 1% PDLA blend, annealed at 95°C
held at different times, with use of video extensiometer 1% strain rate
(50mm/min).
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Table 0- 20 Tensile testing results of 5% PDLA blend, annealed at 95°C
held at different times, with use of video extensiometer 1% strain rate
(50mm/min).

Table 0- 21 Tensile testing results of 10% PDLA blend, annealed at 95°C
held at different times, with use of video extensiometer 1% strain rate
(50mm/min).
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Table 0- 22 Tensile testing results of 15% PDLA blend, annealed at 95°C
held at different times, with use of video extensiometer 1% strain rate
(50mm/min).

Table 0- 23 Tensile testing results of 1% PDLA blend, hot moulded at 95°C
held at different times, with use of video extensiometer 1% strain rate
(50mm/min).
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Table 0- 24 Tensile testing results of 5% PDLA blend, hot moulded at 95°C
held at different times, with use of video extensiometer 1% strain rate
(50mm/min).

Table 0- 25 Tensile testing results of 10% PDLA blend, hot moulded at
95°C held at different times, with use of video extensiometer 1% strain
rate (50mm/min).
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Table 0- 26 Tensile testing results of 15% PDLA blend, hot moulded at
95°C held at different times, with use of video extensiometer 1% strain
rate (50mm/min).

Table 0- 27 IZOD impact test results of annealed PLLA/PDLA blends at
95°C for different holding times

Table 0- 28 IZOD impact test results of hot moulded PLLA/PDLA blends at
95°C for different holding times
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Table 0- 29 DMA test results of non-crystallised PLLA/PDLA blends

Table 0- 30 DMA test results isothermally crystallised (annealed)
PLLA/PDLA blends

Table 0- 31 DMA test results of non-isothermally crystallised (Hot mould)
PLLA/PDLA blends

Table 0- 32 DMA HDT adaptation test results of non-crystallised (injection
moulded at 30°C PLLA/PDLA blends
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Table 0- 33 DMA HDT adaptation test results of isothermally crystallised
(annealed at 90°C) PLLA/PDLA blends

Table 0- 34 DMA HDT adaptation test results of non- isothermally (Hot
mould) crystallised PLLA/PDLA blends

Table 0- 35 Hot stage polarised optical microscopy luminosity increasing
rate results of PLLA/PDLA blends during crystallisation when cooled
down and held at crystallisation start point.
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3. Appendix in development of fully stereocomplex PLA products

Table 0- 36 DSC results of equimolar PLLA/PDLA blended at different
conditions cooling cycle with a 10°C/min cooling rate from 150°C to 40°C.
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Table 0- 37 DSC results of equimolar PLLA/PDLA blended at different conditions 2nd heating cycle
with a 10°C/min heating rate from 40°C to 150°C
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Table 0- 38 DSC results (ramp 10°C/min) of scPLA at the two extreme blending conditions
of samples collected from capillary rheology test at different shear rates at 230°C
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Table 0- 39 DSC results (ramp 10°C/min) of scPLA at the two extreme blending conditions of
samples collected from capillary rheology test at different shear rates at 240°C
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Table 0- 40 DSC results (ramp 10°C/min) of injection moulded scPLA, at
different injection speeds

Table 0- 41 Tensile testing results of injection moulded scPLA, at different

Table 0- 42 DMA test results of injection moulded scPLA, at different
injection speeds
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