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Abstract

Poly (lactic acid) or PLA and its composites have been extensively used for different
biomedical applications. However, there has been limited research in controlling the
microstructure and crystallisation behaviour of PLA as the microstructure of the polymer could

have an effect on the performance of the material.

In this study, the microstructure and crystallinity of a semi-crystalline random copolymer of
poly (L-lactic acid) with 4% D-isomer were controlled by using Differential Scanning
Calorimetry (DSC) and Hot Stage Microscopy (HSM) under both nonisothermal and
isothermal conditions. From the nonisothermal crystallisation studies, it was found that by
controlling the cooling rate of the polymer after melting, polymers with different
microstructures and degree of crystallinity can be obtained. Additionally, according to the
isothermal studies, increasing the isothermal temperature resulted in an increase in the size of
spherulites, while their number decreased. The n values obtained from the Avrami model was
around 3, indicating a three-dimensional crystal growth mechanism with spherical crystals
geometry. In addition, PLA and hydroxyapatite (HA) composites were prepared by using three
different procedures; hot pressing, injection moulding and solution casting in order to improve
the bioactivity of the polymer and investigate the effect of HA particles on the crystallisation
behaviour of the composite. The hot pressing preparation method was the most effective
technique in terms of blending the PLA and HA particles homogeneously. According to DSC,
HSM studies and Avrami analysis of the crystallisation of the composite materials, the HA
particles acted as nucleating agents to facilitate the crystallisation process of PLA. Mechanical
testing results revealed that the stiffness of the composites increased with increasing the HA

content.



Dichloromethane (DCM) was also used to etch the surface of PLA samples in order to
introduce porosity by etching the surfaces for various periods of time. Pores were formed on
the surfaces of the PLA samples evidenced by scanning electron microscopy (SEM) and
therefore etching could be an easy and simple way of adding porosity on the polymer surfaces

aiming to better interaction of the surfaces with mammalian cells.

The effect of different spherulitic microstructures on the nano-hardness of PLA surfaces was
investigated. The values of nano-hardness and Young’s modulus of the PLA samples
containing larger spherulites were higher (0.377and 7.79 GPa, respectively) in comparison with
the samples containing smaller spherulites (0.343 and 7.31GPa, respectively) due to the
increase in the thickness of lamellae of the samples containing larger spherulites. Furthermore,
the effect of secondary crystallisation on the wear behaviour of PLA samples was explored. It
was found that the amount of mass loss was less in a semi-crystalline sample compared to an
amorphous one. However, by introducing the secondary crystallisation, wear resistance of the

PLA samples was reduced.

Hydrolytic degradation studies were performed on PLA samples under both static and dynamic
conditions. By increasing the temperature of the degradation medium, the hydrolysis rate and
mass loss were increased under static conditions. However, the mass of all samples did not
change under dynamic conditions because the pH was almost unchanged during the experiment
due to the circulation of the aqueous environment. According to the Size Exclusion
Chromatography (SEC) results of the samples under dynamic conditions, the PLA samples with
the small size of spherulites showed a smaller change in the molecular weight compared to the
samples with the larger size of PLA spherulites, suggesting a possible increase of stability of
PLA with smaller spherulites size in reaction with the buffer. Furthermore, introducing HA
into PLA samples would increase the stability of the samples in the buffer due to the alkaline

effect of HA particles that leads to neutralisation of the acidic degradation products of PLA.



DSC results revealed that the degree of crystallinity of all PLA and PLA-HA samples increased
significantly after the hydrolytic degradation under dynamic conditions. Additionally,
according to the X-ray Diffraction (XRD) results, the amorphous PLA sample crystallised

during hydrolytic degradation.
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Chapter 1: Introduction and literature review

1.1 Bone tissue

Bone (also known as osseous tissue) is a hard and dense connective tissue that has a complex
hierarchical structure. Bone is responsible for several critical functions of the human body such
as being the structural support for the whole body, protecting the internal organs of the body,
mechanical performance and joint mobility in addition to producing the blood cells. Bone is
also considered as the main reservoir for different minerals which are essential for the function

of the body, particularly calcium and phosphorus [1-3].

Bone contains four different types of cells, osteoprogenitor, osteoblasts, osteoclasts and
osteocytes. Osteoprogenitor cells are immature progenitor cells that can differentiate into
osteoblast bone cells [4]. Osteocytes are responsible for the maintenance of local bone.
Osteoblasts and osteoclasts are involved with the synthesis of new bone and the resorption of
old bone, respectively. Therefore, bone can regenerate and self-repair during the lifespan of an
individual. However, large intraosseous wounds (critical size defects) cannot heal

spontaneously [2, 5, 6].

1.2 Physical Macrostructure of bone

Bone tissue in an adult skeleton consists of two main architectural forms; cortical and
cancellous. The cortical bone (also known as compact bone) has a dense structure with only
10% degree of porosity and constitutes around 80% of the total skeleton. However, only 20%
of the human skeleton is composed of cancellous bone (also known as spongy bone) which has
a degree of porosity of 50 — 90% [5, 7, 8]. The density of the cortical bone is about 2 mg/m?,

while the density of cancellous bone is about 0.97mg/m® [2]. Figure 1.1 shows the



macrostructure of the femur as a typical long bone, which consists of both cortical and

cancellous bones [2].

Figure 1.1 Structure of the human femur illustrating regions of cortical and cancellous bone [2]

1.3 Physical Microstructure of bone

Connective tissues, which cover the outer and inner surfaces of bones called periosteum and
endosteum, respectively. The bony surface at the joints of the body is covered by articular

cartilage in which the blood vessels, nerve fibres, osteoblasts and osteoclasts are located [5, 8].

Cortical bones are composed of several microscopic cylindrical structures, known as osteons
or Haversian systems. These long cylinders with a diameter of 200 — 250 pm contain concentric
circles of the calcified matrix (lamella) which are located parallel to the long axis of the bone.
At the centre of each osteon, Haversian canals with a diameter of around 50 um are located,
which contain blood vessels and nerve filaments. At the borders of lamellae, there are some
spaces (lacunae) containing osteocytes (mature bone cells). A network of microscopic channels
named canaliculi connects all lacunae together. These channels can provide routes by which

nutrients and waste products are transported to and from bone cells (osteocytes). There are also



some small channels (named Volkmann’s canals) inside of each osteon by which all Haversian

systems are connected together and to the periosteum [2, 8].

On the other hand, spongy bone resembles that of an irregular honeycomb lattice in which
plates of trabeculae with the thickness of 50 — 400 um are located. Also, there are several pores
between these plates, which are filled with bone marrow and blood vessels by which nutrients
can be transferred into all bone cells and lamellae [2]. The microstructure of cortical and

cancellous bones is shown in Figures 1.2 and 1.3, respectively [2].
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Figure 1.2 Microstructure of cortical bone [2]
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Figure 1.3 Microstructure of cancellous bone [2]



1.4 Chemical composition of the bone

Bone is a composite material, which comprises of both organic and inorganic constituents. The
organic component, which contributes to about 30% (by weight) of the bone, contains type I
collagen (90%) as well as other types of proteins such as glycoproteins and growth factors. The
inorganic constituent is composed of crystalline apatite and makes up around 60% of the whole
bone. The remaining 10% of bone tissue contains water. The tensile strength and elastic
modulus of the bone are mostly attributed to the organic component, whereas the inorganic

constituent contributes to the required stiffness and compressive strength of bone [2, 9].

1.5 Bone defects and different established treatments

Bone defects can occur due to different diseases such as osteoporosis, osteoarthritis, bone
cancer and trauma as well as bone deformation [1, 2, 10]. Furthermore, the risk of bone-related
diseases could increase with increasing age due to variations in the content of minerals and
decreasing the balance between synthesising of new bone and resorption of old one [2].
Different procedures can be applied for bone replacement including autograft in which the
material is sourced from the patient’s own body; also, the material can come from another
human body or another species, which are called allograft and xenograft, respectively.
Autologous bone grafts have all required characteristics for the bone repair process such as
osteoconductivity (bone can grow on its surface) and osteoinductivity (the scaffold can provide
signals to induce the formation of bone). However, there are several concerns with this
procedure, including the limitation in bone availability, pain and infection of the donor site,
anatomical limitation in addition to a requirement for secondary surgery. In allograft approach,
the material that is transferred from another person can transmit disease or can be rejected by
the patient’s body [1, 11, 12]. In the case of xenograft in which the material is transplanted

from an animal, there is a risk of viruses transmission and immune reactions from the body
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[13]. As an alternative approach, synthetic materials, which are biologically compatible within

the human body can be applied as the scaffold for bone repair and regeneration [14].

1.6 Scaffold requirements for tissue engineering

An ideal scaffold for bone repair applications must meet several essential requirements. The

most important ones are briefly explained below.
1. Biocompatibility

The scaffold must be biocompatible to reduce the inflammatory response and rejection from

the host bone as much as possible [15, 16].
2. Biodegradability

The scaffold must be biodegradable and the degradation rate should ideally match the rate of
bone tissue formation. Furthermore, the degradation products should not cause any toxicity and

side effects within the host bone and surrounding tissue [15, 16].
3. Appropriate mechanical properties

The scaffold must be strong enough for safe handling during implantation into the tissue.
Similarly, the implanted scaffold must have adequate strength and mechanical integrity to
support the host bone tissue from the time of implantation up to the end of the bone regeneration

process [15, 16].
4. Porosity

The scaffold must be porous enough and these pores must be interconnected with each other to
ensure proper penetration and proliferation of cells for bone ingrowth [2, 15, 16]. Moreover,

the porosity of scaffold is vital for vascularisation and metabolism [17]. However, by



increasing the porosity mechanical strength of scaffold decreases; thus, the value of total

porosity must be balanced with the specific mechanical requirements for the host bone [18].

5. Surface properties

Scaffold surface properties such as chemical composition, surface topography and morphology
can influence protein interaction, cell attachment, proliferation and growth of bone tissue [2],
[15, 19]. As an example, increasing surface roughness of a scaffold can enhance its

osteoconductivity and consequently improving cell adhesion [2].

1.7 Biomaterials used for bone scaffolds

Biomaterials are described as synthetic and non-vital natural materials that have the potential
to influence patient’s biological system in order to replace damaged tissue or develop bone
regeneration [16, 20]. Generally, there are four different groups of biomaterials that can be
applied for bone repair and scaffold fabrication, including ceramics, polymers, metals and
composites. Each group of these materials has its own advantages and shortcomings as a

biomaterial for bone regeneration [21].

1.7.1 Metals

Biocompatible metals including cobalt-chromium (CoCr), aluminium, stainless steel as well as
titanium and their alloys can be applied as bone scaffolds to support the bone healing process.
The benefits of these metallic scaffolds include their excellent corrosion resistance, long-term
stability, high mechanical strength to be applied in load-bearing areas as well as their
biocompatibility [22, 23]. However, there are some problems with metallic bone implants such
as cracking, high stiffness which may result in stress-shielding and failure of the implant as
well as releasing wear metal particles which could lead to inflammatory responses and allergic

reaction from the host. Moreover, metallic surfaces do not have the potential to interact and



integrate with bone cells biologically; thus their surfaces usually require to be coated or treated

to overcome this lack of bioactivity [22-25].

1.7.2 Ceramics

Bioceramics are classified into three different categories, including bioinert, bioactive and
biodegradable/bioresorbable materials. The use of bioinert ceramics such as alumina and
zirconia in the structure of bone scaffold is not usual due to their lack of interaction with bone
cells, which leads to the formation of thick fibrous tissue (scar formation-fibrous encapsulation)
on the surface of the implant and therefore implant failure. In contrast, bioactive ceramics have
the potential to form a direct chemical bond with bone tissue and interact with osteoblast cells.
Bioresorbable ceramics can be degraded over a period of time after their implantation and allow
the tissue to regenerate itself [26-28]. However, ceramics cannot be applied in load-bearing
applications, or they cannot be formed and shaped easily for implantation due to their

brittleness [27-29].

1.7.3 Polymers
Polymers have been applied extensively in orthopaedic applications in particular for temporary
implants due to their great biodegradation properties. Polymers can be classified into two

different categories: natural and synthetic [30].

1.7.3.1 Natural Polymers

Polymers of natural origin such as collagen have been widely used for regeneration and healing
process of various tissues including nerve, skin, cartilage and bone [16, 31]. Natural-based
polymers have the advantage of good bioactivity and interaction with host tissue as well as less
immunological reactions from the body compared to synthetic polymers due to their
similarities with the extracellular matrix (ECM) components and biological macromolecules

[32, 33]. However, natural polymers have poor mechanical properties in comparison with



synthetic polymers [34]. The other limitation of natural polymers is that their degradation
behaviour is usually dependent on enzymatic activities, which can be varied among different
people and different tissue sites in the same person. Consequently, the prediction of degradation
performance for these polymers in vivo is more difficult compared to synthetic polymers,

which can be degraded easily by water [35].

1.7.3.2 Synthetic Polymers

Different synthetic polymers including polycaprolactone (PCL), poly (lactic acid) (PLA), poly
(glycolic acid) (PGA), poly(lactic-co-glycolic acid) (PLGA) as well as polyurethane (PUR)
and their composites have been used for bone and tissue engineering applications [36—40].
Synthetic polymers can be degraded simply by hydrolysis into low molecular weight oligomers
and then to monomers through water or serum. Therefore, the degradation rate of these
polymers is almost constant among various patients and different types of tissues for the same
patient and their degradation behaviour in vivo can be predicted and controlled by performing
in vitro experiments [15, 35]. Moreover, their properties such as degradation rate, mechanical
performance in addition to porosity can be adjusted according to a specific application [41].
However, there is a risk of tissue rejection with these polymers due to their low bioactivity

[42].

1.7.4 Composites

As previously mentioned in Section 1.4, bone is described as a composite containing both
mineral and organic phases. Therefore, in an attempt to closely mimic the composite structure
of natural bone, various bio-composites (mostly ceramic-polymer) manufactured through

different procedures for bone repair applications have been studied [43-46].

Synthetic polymers have the potential to form appropriate 3-dimensional (3D) structures for

bone repair applications; however, due to their low bioactivity; these materials do not



encourage cell attachment and proliferation. In contrast, according to previous studies, calcium
phosphates such as hydroxyapatite and p-tricalcium phosphate (B-TCP) are osteoconductive
and can enhance cell adhesion. Consequently, polymer-calcium phosphate composites found
to be an improved alternative over pure synthetic polymer scaffolds [15]. For instance, the
bioactivity and cell adhesion properties of polycaprolactone can be improved by adding 20%

of hydroxyapatite or 3-TCP particles [43].

1.8 Poly (Lactic Acid)

Poly (lactic acid) or PLA and its copolymers are described as biodegradable synthetic polymers
that have been used in various biomedical applications, including bone scaffolds, drug delivery
systems, sutures and medical implants [47-49]. PLA can be produced via different procedures,
including condensation polymerisation in which PLA can be synthesised directly from its basic
building block (lactic acid). Lactic acid is obtained from different renewable resources such as
corn and sugarcane by fermentation of their sugar. However, PLA manufactured via the
condensation route has low molecular weight and mechanical properties. Consequently, in
order to produce a higher molecular weight of PLA with improved mechanical properties for
commercial applications ring-opening polymerisation (ROP) of the ring-formed (cyclic) dimer
of lactic acid is used as an alternative route. The ROP technique is usually applied for mass
production due to its capability of controlling the resulting polymer properties in a more

accurate way [50]. Figure 1.4 illustrates the chemical structure of the PLA [51].
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Figure 1.4 Chemical structure of Polylactic acid (PLA) [51]

The building block of PLA (lactide) has two asymmetric carbons that can be formed in three
different stereoisomers including L-lactides and D-lactides in which both asymmetric carbon
atoms have the same configuration L- and D- configurations, respectively. In contrast, meso-
lactide possess two different configurations (one L and the other D configuration) [52]. These
three different stereoisomers of lactides are shown in Figure 1.5 [51]. The difference between
L and D lactic acid forms is related to their effect on polarised light such that for the L- form
the plane is rotated in a clockwise direction, whereas for the D- form, the plane is rotated in an

anticlockwise direction. However, the meso-lactic form is not optically active [53, 54].
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Figure 1.5 Different chiral stereoisomers of Lactic acid including L-lactide, D-Lactide and

meso-lactide [51]
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The resulting properties of PLA can vary significantly from a partially crystalline polymer to
a completely amorphous structure due to containing different ratios of enantiomers, such as

the amount of L-lactide or D-lactide [55].

PLA polymers comprising more than 90% of L-lactide tends to crystallise to some extent,
whereas those with lower stereoregularity exhibit an amorphous behaviour. Additionally, by
increasing the L-lactide content, the degree of crystallinity and glass transition temperature
increases [56]. The crystallisation degree of pure poly(L-lactide) acid, which produced entirely
from L-lactide can reach up to 45% [57]. However, introducing a small amount of D-lactide
into a random copolymer of PLA can decrease the degree of crystallinity, lamella thickness as
well as spherulite growth rate significantly [58]. Likewise, the addition of 1% meso-lactide into
PLA can decrease its melting point around 3 °C, which leads to a substantial reduction in the
crystallisation rate [59]. Consequently, according to these observations by introducing a small
amount of imperfections into the stereoregular structure of PLA, its physical properties can be
changed significantly [51]. The formation of meso-lactide during the polymerisation process
of PLA is unavoidable. Therefore, in order to obtain a PLA polymer with high quality, the
polymerisation process must be started with monomers of higher purity (less meso-lactide
amount), which can be technically and economically feasible by purification [60].
Consequently, different properties of PLA such as degree of crystallinity and degradation rate

can be adjusted by controlling its stereochemical purity during fabrication [61].
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1.9 Polymer Microstructure

Understanding the morphology of a polymer in the molecular level can help to recognise and
define its specific properties and determine its suitable applications. A polymer substance
consists of many macromolecules constructed from smaller building blocks named monomers
that are connected by covalent bonds. The process by which monomers are linked together
through chemical reactions is called polymerisation [62]. Polymers can be classified into two
different groups based on the method of their preparation: homopolymer and heteropolymer.
A polymer which is composed of a single type of monomer is considered as a homopolymer,

whereas heteropolymers consist of several different types of monomers [63, 64].

1.10 Semi-crystalline and amorphous polymers

Polymers can be classified into two different categories, including semi-crystalline (partially
crystalline) and amorphous. Partially crystalline polymers consist of several ordered layers of
folded chains named lamella with the thickness of around 10 nm which are combined and
organised into a spherical shape called spherulite. All semi-crystalline polymers contain some
amorphous regions which are located between their crystalline areas. In contrast, in amorphous
polymers or amorphous regions of semi-crystalline polymers, molecular chains are arranged
randomly (without any order). A semi-crystalline polymer has a glass transition temperature
(Tg) corresponding to its amorphous component and melting temperature (Tm) attributed to
melting of the crystalline content. However, a totally amorphous polymer has only a glass
transition temperature (T4) [65, 66]. Figures 1.6 and 1.7 illustrate the structure of a semi-

crystalline and an amorphous polymer, respectively [51].
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Figure 1.6 Schematic of the microstructure of a semi-crystalline polymer. Spherulites composed of
plate-shaped crystals. The crystal plates consist of several chains folded lamellae and between lamella,
unordered amorphous materials are trapped [51]

Figure 1.7 Disordered structure of an amorphous polymer [51]
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1.11 Mechanism of Crystallisation

The crystallisation process of polymers involves a dynamic transition from an incredibly
random and disordered structure (amorphous state) into a highly ordered microscopic structure
[67]. The microstructure of a semi-crystalline polymer comprises several lamellar crystals,
which combine and make a spherical particle named spherulite. The formation of spherulites
continue with time until their impingement to each other and stop growing further. The final
size and number of spherulites are subject to several parameters such as the previous thermal
history of a polymer sample, heating and cooling rates, molecular weight of the polymer in
addition to the temperature at which the polymer is crystallised [67, 68]. In reality, a 100%
crystalline polymer is not achievable because the polymer chains do not have the capability to
disentangle and line up completely during the crystallisation process. The crystallinity degree
of many semi-crystalline polymers can vary from 40% to 75% [69]. Semi-crystalline polymers
such as PLA can be obtained in either amorphous or partially crystalline form according to
their molecular order and processing conditions. For instance, if the sample is quenched quite
fast from the melt temperature to below the T4 the final structure would be amorphous whereas
slow cooling rates provide sufficient time for the sample to develop some crystallinity
(nonisothermal crystallisation) [51, 70, 71]. Additionally, a semi-crystalline polymer can be
achieved isothermally from both melt and glassy states by holding the sample at a constant

temperature between Ty and Tn, for a certain time period [72].

1.11.1 Nucleation

Polymer crystallisation can be broken down into two distinct processes; nucleation and growth.
At the first stage, the random and disordered molecular chains within the glassy state become
aligned and form small ordered areas named nuclei. There are two types of nucleation;
heterogeneous and homogeneous. Heterogeneous nucleation is usually due to the presence of
crystalline impurities such as dust particles, which act as pre-existing nuclei and initiate the
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formation of spherulites. On the other side, homogeneous nucleation is less common and

usually initiated with alignment and clustering of molecular chains [51, 73].

There are three steps in the nucleation process; primary, secondary and tertiary nucleation.
Primary nucleation refers to the initial production of the nucleus from melt when there is no
foreign surface or pre-existing crystal. It involves combining a few molecules to form a small
crystal part. Secondary nucleation is quite similar to the primary one, but it forms a new layer
of material on the surface of a smooth crystal part. Tertiary nucleation takes place over a pre-
existing crystal edge. Figure 1.8 illustrates the difference between the three types of nucleation

[74].

Primary nucleus Secondary nucleus Tertiary nucleus

Figure 1.8 Three types of Crystal Nuclei [74]

1.11.2 Growth

At the second stage, the growth of the crystalline region occurs when additional molecular
chains are aligned and clustered on the growth crystal face [51, 73]. The growth rate is highly
affected by crystallisation temperature as shown in Figure 1.9 [75]. At high temperatures (near
the Tm) molecular chains are too active; thus, there is little chance for the formation of stable

nuclei and crystallisation growth [67, 75]. However, by decreasing the temperature below the
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melting point, the viscosity of polymer increases resulting in the growth of a few crystal
structures with large sizes. As the temperature decreases further and the viscosity increases
more, the rate of crystallisation approaches to its maximum level at the halfway of the curve
between Tgand Tm[67]. On approaching Ty, the viscosity of the polymer increases significantly
leading to a decrease of the mobility of the chain segments. In this condition, there is an
increased opportunity for the formation of stable nuclei. However, the growth of crystal parts

reaches its minimum level because of the low molecular mobility [75].

Rate of crystallization

Temperature

Figure 1.9 Dependence of crystallisation rate on temperature [75]
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1.12 Crystallisation Kinetics by Avrami analysis

The kinetics of crystallisation is usually analysed by the Avrami model [76, 77]. It is an

isothermal model relating the relative crystallinity with time, such that
1—-X, =exp(—Zt") (Equation 1.1)

where X, is the relative crystallinity formed during the time ¢, Z is a composite rate constant
incorporating the characteristics of both nucleation and growth and n is the Avrami exponent.
The value of n is determined according to the crystallisation mechanism and the geometry of
the growing crystal. Different crystallisation mechanisms and their corresponding values of n
are shown in Table 1.1. Avrami analysis has been widely used to study the isothermal
crystallisation Kinetics and the time dependence of the crystallisation mechanisms for different
polymers such as Polypropylene (PP) [78], PCL [79] and PLA [80]. However, the Avrami
model has some limitations. For instance, the n values that represent the variations in crystalline
density with spherulite boundary, always take fractional values that have little or no meaning
in the adopted Avrami assumptions and crystallisation kinetics of a polymer. Additionally, the
results might not be very accurate due to many errors that could occur during the experimental
work such as lack of appropriate conditions for the isothermal process, selecting fast rates and
the existence of induction periods of time before starting the crystallisation process [74, 81].
Moreover, there are some other limitations with the Avrami assumptions as explained below

[82, 83]:

1. The radial growth rate does not vary with time, whereas it is expected that the rate decreases

as the spherulites start to impinge to each other.

2. The nucleation rate is constant throughout the polymer sample.
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3. The primary crystallisation process is only present; however, there is evidence that two
processes existed during crystallisation procedure of a polymer sample, including primary and
secondary crystallisation. According to previous studies, the Avrami model provides a poor
estimation for the secondary crystallisation process as the data obtained at this stage deviate

from the exponential dependence.

Despite these limitations, in the absence of an alternative, the Avrami model is still widely used

in the crystallisation kinetic studies.

Table 1.1 The Avrami Parameters for Different Crystallisation Mechanisms [51]

Crystallisation Type of n Geometry
Mechanism Nucleation Value
Spheres Sporadic 4.0 3 dimensions
Spheres Predetermined 3.0 3 dimensions
Discs Sporadic 3.0 2 dimensions
Discs Predetermined 2.0 2 dimensions
Rods Sporadic 2.0 1 dimension
Rods Predetermined 1.0 1 dimension

1.13 The Glass Transition temperature

Glass transition temperature (Tg) is a natural characteristic of amorphous polymers that occurs
between the elastic and glassy states. Regarding the molecular structure, the Tq illustrates the
relaxation phenomenon of the amorphous part of a polymer from a glassy state into a thawed
state. Below the T4 of a polymer material, atoms can only vibrate in their equilibrium positions
and the molecular chains have little mobility (glassy state). However, by increasing the
temperature, mobility and elasticity of chain segments increase significantly up to the point
that all chain segments show a viscous flow characteristic [84]. There are several factors which
influence the temperature at which the glass of polymer forms (Tg) such as heating and cooling
rates as well as molecular weight and crosslink density of a polymer [85, 86]. Obtained value

for the T4 from different methods can vary due to the fact that Ty is a rate-dependent property.
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Differential scanning calorimetry (DSC) and Differential thermal analysis (DTA) are the two
most common techniques used for T4 measurement in which the changes in the specific heat
of a polymer sample at the glass-to-rubber transition is determined. Extrapolative corrections

are usually applied for the effects of heating or cooling rates on obtained value for T4 [87].

1.14 Physical Ageing phenomenon

Physical ageing usually occurs in polymers when they are stored below their Ty and it is
associated with changes in properties of a polymer as a function of storage time at a constant
temperature when there is no influence from the surrounding environment or external
conditions [88]. The prefix “physical “is always emphasised in order to distinguish this ageing
process from other ones such as oxidative, biological, environmental or thermal ageing. In the
latter cases, polymer properties change with time irreversibly, and ageing processes modify the
structure of the material permanently. On the other hand, the physical ageing process does not
involve any permanent modification of the material and it is entirely reversible upon heating
to above the Tg. Physical ageing can occur when the glassy polymer is in a non-equilibrium
state below the T4 and ageing is caused by thermodynamic drive forces, which encourage a

move towards equilibrium conditions above the Tg [88, 89].
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1.15 Degradation mechanism of polymers

Biodegradable polymers such as PGA, PCL as well as PLA and its copolymers have been
widely used for various medical applications such as tissue support, tissue augmentation and
drug delivery systems mainly due to their high biodegradability and good compatibility of
biodegradation by-products. For instance, the degradation product of PLA is its building block
(lactic acid) which is produced naturally and is excreted from the body via a metabolic path
from the respiratory system as carbon dioxide [15, 90, 91]. The degradation of polymers
involves a chain scission process by which molecular chains are broken down gradually to
form oligomers and afterwards monomers [92]. Polymers can be degraded in the body by ionic
hydrolysis. Enzymatic degradation can also occur usually at the last stage of hydrolysis through
which the degradation process can be catalysed with the aid of specific proteins (enzymes).
This type of degradation is usually observed in the case of natural polymers. lonic hydrolysis
involves cleavage of unstable polymer bonds through the reaction with water and catalysis of
degradation in the presence of ions such as PO4*. During ionic hydrolysis, water penetrates
through the whole polymer and breaks down its chemical bonds randomly. lonic hydrolysis
usually starts with the amorphous part of the polymer. Firstly, the long molecular chains are
broken down to shorter ones and consequently, the molecular weight of the polymer decreases.
At the second stage, the chemical bonds of the crystalline area start to cleave, resulting in a
decrease in the physical and mechanical properties of the polymer [93]. The rate of ionic
hydrolysis depends on several factors, including the type of chemical bond, the copolymer
composition, pH and the amount of water absorption [92]. After the degradation process,
erosion can occur either homogenously (known as bulk erosion) or heterogeneously (known as
surface erosion). Erosion process involves loss of monomers and oligomers from the polymer,
which results in a decrease in the molecular weight of the polymer. In the case of bulk erosion,

material loss occurs homogeneously through the whole volume of the polymer; while in surface
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erosion, the material is just removed from the surface [15, 92, 94]. There are several factors
which influence the erosion and dissolution of polyesters, including the rate of hydrolysis for
ester bond, the diffusion coefficient of water through the polymer as well as the amount of
solubility of oligomers in degradation medium [95]. In bulk erosion, the rate of water
penetration through the polymer sample is higher than the hydrolysis rate. Consequently,
hydrolysis occurs from inside to outside of the sample. In contrast, during surface erosion, the
material is removed from the interface of water and polymer sample; thus, the polymer is
resorbed from the outer part towards the inside of it. In this type of erosion, the rate of water
diffusion into the sample is less than the hydrolysis rate. Different types of erosion mechanisms
are illustrated in Figure 1.10 [96]. Both types of erosion (bulk and surface) can occur in all
resorbable polymers. Besides the rate of hydrolysis and the rate of water diffusion, the
dimension of the sample could contribute to determining the type of erosion. A critical
dimension is usually defined for each particular polymer sample (see Table 1.2) [96]. If the
thickness L of the polymer matrix is less than this critical dimension, the sample can undergo
bulk erosion; However, if it is larger, surface erosion could occur [97]. There is another factor,
which influences the degradation behaviour of resorbable polymers known as autocatalysis. A
degradation is considered autocatalytic when one or more of the hydrolysis degradation
products are also the catalysts for the same degradation process. During homogeneous (bulk)
erosion the oligomers obtained through hydrolysis (mostly carboxylic acids) are trapped inside
of the sample which results in a local decrease of pH that would accelerate the degradation of
the polymer [92, 96]. The acidic oligomers may have a harmful effect on the growth of some
specific cells of the body. Therefore, during the selection of an appropriate degradable polymer
for the structure of a scaffold, the effect of autocatalysis process on the growth of cells must be

determined [96].
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The other factors which contribute to the degradation of resorbable biopolymers are the degree
of crystallinity of the polymer sample as well as the addition of fillers into the polymer.
According to one study, by introducing some crystallinity through annealing and adding 2% of
graphene as a filler into PLA, its degradation rate was decreased. According to these data, both
crystallisation and the use of a filler in the structure of PLA can increase its hydrolytic stability

[98].

Surface Erosion Bulk Erosion Bulk Erosion

-
) | Polymer
i " Thickness

DEGRADATION
TIME

(a) (b) (c)

Figure 1.10 Different erosion mechanisms: a) surface erosion, b) bulk erosion with autocatalysis, and

¢) bulk erosion without autocatalysis [96]

Table 1.2 Critical thickness values for different resorbable polymers. Above these critical dimensions,

the hydrolytic degradation process could change from bulk erosion into surface erosion [96]

Type of polymer Critical thickness (Lcriticat)
Poly(anhydride) 75 um
Poly(ketal) 0.4 mm
Poly(ortho esters) 0.6 mm
Poly(acetal) 2.4 cm
Poly(e-caprolactone) 1.3cm
Poly(a-hydroxy esters), (PLA) 7.4cm
Poly(amides) 13.4m
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1.16 Effect of microstructure on tribological behaviour of polymers

Tribology is described as the study and engineering of interacting surfaces of materials which
are in relative motion. In tribological studies, several components including wear, lubrication
and friction of materials are investigated. The word ‘tribology’ is derived from the Greek term
“tribo” which means rubbing [99]. Wear can be defined as a process in which there is a
progressive loss of material from the operating surface of a solid due to the relative motion at
the surface. There are several types of wear, such as adhesion and transfer, abrasion or cutting,
plastic deformation and fatigue [100]. Abrasion, adhesion and fatigue are the most common
types of wear in polymers [101]. Generally wear is quantified by the amount of material
removal from a surface per unit time; i.e., wear rate or its inverse, the wear resistance [102].
Polymer tribology is affected by their microstructure characteristics, such as the degree of
crystallinity and the spherulite dimension [103]. According to previous reports, increasing the
degree of crystallinity of thermoplastic polymers enhance their mechanical properties and wear
resistance [104, 105]. However, it seems that no investigation has been done for the effect of
secondary crystallisation on wear properties of the polymers. Furthermore, it seems that a
reduction in spherulite size can increase the rate of wear [106]. Similar results were obtained
by Ainbinder et al. who investigated the effect of different spherulitic morphologies on the
tribology behaviour of polypropylene (PP) by making two sets of samples (quenched and
unquenched) with different degree of crystallinity. However, the increase in the rate of wear
observed in the quenched PP with small spherulites might be more related to the lower
crystallinity degree of it in comparison with the unquenched PP with larger spherulites and a

higher degree of crystallinity [107].
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1.17 Effect of microstructure on the hardness of polymers

The hardness of a polymer is defined as its resistance to local deformation [108]; thus, a
polymer with lower hardness can deform more easily. The hardness of a polymer can be
affected by several factors, including the molecular weight, degree of crystallinity, spherulite
size and the thickness of lamellae. Generally by decreasing the amorphous content of a polymer
its hardness increases. However, in some types of polymers such as gelatin, the amount of
hardness is more in its amorphous state. According to previous reports, the spherulite
dimension does not have a direct effect on hardness. Instead, the thickness of lamellae
influences directly into the harness of a polymeric material. By increasing the thickness of

lamellae of a polymer, its hardness increases significantly [108, 109].

1.18 Controlling the microstructure of PLA

As previously mentioned, PLA has a wide range of biomedical applications due to its high
biocompatibility and biodegradability. Consequently controlling its microstructure is quite
vital regarding improving its crystallinity and accordingly its mechanical properties in addition
to the degradation rate for specific applications. There has been much effort in improving the
microstructure of PLA via different methods such as copolymerisation, blending and
incorporating different types of fillers into its structure [51]. Crystallisation behaviour and
thermal properties of PLA can be adjusted by controlling different factors such as its molecular
weight, stereoregularity, polymerisation conditions and thermal history [60]. It has been
reported that the molecular weight of PLA can be controlled by the amount of hydroxyl
impurities in its content; increasing hydroxyl compounds such as water and alcohol causing a
reduction in its molecular weight by hydrolysis of PLA. The stereochemistry of PLA also
influences the degree of crystallinity, mechanical properties and processing conditions. It can

be adjusted by copolymerising with the D- or L-lactide, the D, L-lactide, the meso-lactide and
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controlling the amount of each isomer in a copolymer [60, 110]. Furthermore, the
crystallisation rate is very dependent on the presence or absence of a nucleating agent as well
as the crystallisation temperature. According to the literature by annealing different copolymers
of PLA (with various L- and D- contents), the crystallisation process can occur between 75 °C
and the melting point of the polymer [110]. Generally, crystallisation of PLA occurs slowly
with the fastest crystallisation rates in the temperature range of 110-130 °C [110, 111]. It has
been reported that when the crystallisation process occurs at low temperatures (105-115 °C),
the melting temperature appears with multiple peaks. By increasing the temperature up to
around 120 °C, the double melting peaks could convert to one single peak [112]. This is in
agreement with another study by Yasuniwa et al. in which the multiple melting peaks were
observed at lower temperatures and low heating rates [113]. These multiple melting peaks
usually related to melting-recrystallisation mechanism where small and imperfect crystals
become gradually stable [112]. On the other hand, when PLA is annealed at high temperatures
near to the melting point (e.g., 135 °C), a longer period is required for completing the
crystallisation process in comparison with the lower temperatures [110]. Urbanovici et al. have
performed isothermal crystallisation experiments of PLLA at six different crystallisation
temperatures between 90-130 °C by applying DSC and using Avrami model for the analysis of
the data. Regarding the Avrami data, they obtained fractional n values between 3 and 4 [110,
114]. According to previous reports, samples with low molecular weight did not show any
melting or crystallisation transitions whereas samples with high molecular weight could readily
crystallise and the degree of crystallinity increased as the molecular weight of the polymer went
up. Also, the glass transition temperature of PLA increased by increasing the molecular weight
of it. In the case of the same molecular weight partially crystalline PLA exhibited higher Tg in
comparison with the amorphous sample. Generally, higher crystallinity results in better

properties as well as improving the thermal stability and elastic modulus [51, 115].

25



1.19 Polylactic acid (PLA)/hydroxyapatite (HA) composites for tissue and

bone repair applications

Generally, fillers are added into the structure of a polymer for different reasons such as reducing
the final cost of a product, modification in physical, rheological and optical properties of the
polymer, improving crystallinity and mechanical properties as well as controlling the
degradation rate. Several factors contribute into improving the properties of a composite
including the uniform dispersion of filler within the matrix, microscopic inspection of the
mixture, optimisation of manufacturing properties such as temperature as well as filler particle
size. There are some challenges with synthesising of composites, including the variation in the
quality of raw materials, poor compatibility of the filler and matrix, increasing viscosity and
reduction in molecular weight [116]. Polylactic acid (PLA)/hydroxyapatite (HA) composites
have been widely used for different biomedical and tissue engineering applications [44, 117—
121]. HA with the formula Caio (PO4)s(OH)2 is considered as the most stable type of calcium
phosphates under normal temperatures and pH of 4-12. Its stoichiometric ratio of Ca/P is 1.67
[122]. The most common structure of HA is hexagonal in which an array of PO, tetrahedra
held together by calcium ions in between them. Calcium ions are in two different sites. One
group of them are in aligned columns and the others are in equilateral triangles in the centre of
screw axis. The hydroxyl (OH") group are in columns on the screw axes, whereas the adjacent
point of OH™ group occurs in opposite directions. Some other onions such as fluoride (F)and
chloride (CI") can replace the OH™ group [123]. HA is considered as an excellent choice for
many biomedical applications such as orthopaedic and dental implants, soft tissues like skin
and bone repair applications. The main advantages of HA are its great osteoconductivity and
biocompatibility with tissue cells [124]. However, due to its brittleness characteristic, it cannot
be applied in load-bearing applications, and it exhibits poor bioresorbability. To compensate

for these limitations, composites of HA and polymers can be applied [2]. For instance, the
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introduction of PLA into HA can enhance its mechanical properties considerably. On the other
hand, PLA has poor bioactivity, thus by incorporation of HA into its matrix its
osteoconductivity can be increased significantly [125]. Different procedures have been applied
for fabrication of PLA-HA composites such as solvent casting, electrospinning, melt
compounding, phase separation, surface coating [117]. However, there are still some
problematic issues with effective blending process of PLA and HA. This is mainly due to the
agglomeration tendency of hydroxyapatite particles, which results in poor dispersion of it in a
polymer matrix and decreasing the interfacial bond between HA powders and PLA matrix
[126]. This poorly dispersed composite of PLA/HA 1is susceptible to lose its strength quickly
in the physiological environment [118]. Surface modification of hydroxyapatite could be
applied to enhance the mechanical performance of PLA/HA composite [118, 126]. Cui et al.
used L-lactic acid oligomer onto the surface of HA particles to improve the mechanical
properties of the composite [119]. This is because polymer grafting can establish a direct
chemical bonding between the polymer and inorganic filler, which results in enhancing the
interfacial adhesion [120]. Other factors that influence the mechanical properties of a polymer
matrix is crystallinity and thermal properties. According to one study, the addition of 20 wt%
HA into the PLA matrix increased the crystallinity up to around 9% [127]. This is in contrast
with another report where HA particles did not accelerate the crystallinity rate [125].
Kothapalli et al. reported that introducing 50 wt% of HA particles into the PLA matrix led to
increasing the yield strength up to 150% and the compression modulus up to 100% in
comparison with pure PLA. Furthermore, the glass transition temperature (Tg) was increased
by about 2 °C by adding 20% HA. It was speculated that the increase in T, could be related to
the pathways along with the filler particles by which the solvent can remove entirely from the
matrix. On the other hand, this increase might be because of the interfacial bonding between

the filler and polymer, which restricts the chain mobility. It was observed that the HA particles
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were not distributed homogenously within the matrix for composites comprising more than 40
wt% HA [121]. Nazhat et al. reported that the incorporation of HA particles into the PLA matrix
increased the storage modulus both below and above the T, of the polymer matrix. The addition
of HA increased the T but decreased the damping of the matrix. The increase in both T, and
modulus in that report was attributed to the adsorption of polymer chains on the filler surface
and restricting the mobility of molecular chains [128]. In the studies on polylactide/biphasic
calcium phosphate (BCP) composites fabricated by solution blending [129], there was a
reduction in both ultimate tensile strength (UTS) and failure strain as the amount of the filler
increased in the composite. The decrease in UTS by incorporation of more fillers into the
thermoplastic polymers is usual [130] and has also been reported by other authors [131, 132].
This is due to the decreasing of the cross-sectional area of the load-bearing polymer by adding
more fillers into the composite. Furthermore, debonding of the filler from the matrix may lead
to the formation of voids and the propagation of cracks, which ultimately could decrease the
tensile strength. The reduction in failure strain is expected as in all polymer composites the
elongation is from the polymer rather than the filler, which is rigid. Higher loadings of filler
result in decreasing the elongation and failure strain of the composite [129]. Increasing the
filler content in a composite could also influence the degradation rate of the polymer.
Kaavessina et al. reported that the hydrolytic degradation rate of PLA was increased by
introducing more HA particles into the polymer matrix [127]. On the other hand, according to
a report by Sui et al. incorporating the HA particles into the PLA matrix led to a reduction in
degradation rate of the polymer as a result of dissolution of alkaline HA particles and releasing
the OH™ through them which might ultimately neutralise the acidic degradation products of

PLA [15, 133].
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1.20 Project aims and objectives

PLA has been widely used for various biomedical applications due to its biocompatibility and
biodegradability. However, PLA has a limited ability to interact with human bone cells due to
its low bioactivity. Therefore, in order to improve its bioactivity and cell adhesion properties
for bone applications, it is usually combined with calcium phosphates such as HA. PLA-HA
composites have been extensively characterised and it was found that they could improve the
cell adhesion in comparison with pure PLA. However, there has been limited research in
controlling the microstructure and crystallinity of PLA and PLA-HA composites. Furthermore,
the majority of previous work focused on using PLLA only, while the copolymers of the PLA
have the capacity to control and manipulate their microstructure and crystallinity better than
the homopolymers. The microstructure and crystallisation behaviour of the polymers and
composites will influence their mechanical properties and degradation behaviour, which are
considered as important factors for temporary bone scaffolds. By increasing the degree of
crystallinity, the mechanical strength of the scaffold could be increased, while its degradation
rate decreases. Consequently, according to the final application (its required mechanical
strength and degradation rate), the microstructure of the polymer and composite could be

controlled and manipulated.
The main aims and objectives of this work were:

1) To control the microstructure and crystallisation behaviour of a semi-crystalline
random copolymer of poly (L-lactic acid) with 4% D-isomer

The morphology and crystallinity of the polymer were controlled and manipulated under both

isothermal and nonisothermal conditions in a differential scanning calorimetry (DSC).

Furthermore, hot stage microscopy (HSM) was used to investigate the effect of thermal history

on spherulites dimensions and crystallisation behaviour of the polymer.
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2) Toexplore the effect of HA particles on the microstructure, crystallinity, thermal
stability and mechanical properties of the PLA matrix
PLA-HA composite samples were fabricated using three different procedures, including hot
pressing, injection moulding and solution casting. Composite samples were characterised using
different techniques, including SEM, DSC, HSM, TGA, tensile and flexural tests as well as
DMTA.
3) To examine the effect of spherulitic microstructure on the nano-hardness (nano-
indentation) characteristics of PLA
Firstly, by using hot stage microscopy (HSM), different spherulitic microstructures were
analysed and investigated. Secondly, appropriate samples required for nano-hardness testing
were produced by the DSC.
4) To explore the effect of the secondary crystallisation on the tribological behaviour
of PLA
By conditioning the PLA samples at 95 °C for different periods ranging from 2 hours to 4
weeks, secondary crystallisation was produced within the PLA samples. The wear rate was
determined by calculating the percentage of mass loss for the samples.
5) Toinvestigate the effect of the hydrolytic degradation on different microstructures
of PLA
The effect of hydrolysis on the mass change of PLA pellets in both static and dynamic
conditions was investigated and compared. Furthermore, the effect of the hydrolytic
degradation process on the changes in the molecular weight and the microstructural behaviour
of PLA and PLA-HA samples under dynamic conditions was explored using SEC, DSC and

XRD techniques.
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Chapter 2: Materials and methods

2.1 Materials

2.1.1 Poly (lactic acid)

PLA 3052D used in this study is a random Co-PLA with around 4% D-lactic acid. It was
provided by NatureWorks LLC Belgium in pellet form. Its glass transition temperature and
melting region are in the range of 55-60 °C and 145-160 °C, respectively (provided by
NatureWorks). PLA 3052D has a molecular weight (Mw) of around 87000 g mol-(measured

by SEC).

2.1.2 Hydroxyapatite

Hydroxyapatite powder with the average size of 19 um was supplied by Urodelia-France.

2.1.3 Dichloromethane
Dichloromethane was used as a solvent for mixing PLA and HA through solution casting

procedure. It was supplied as 99.8% pure by Sigma Aldrich (Dorset, UK).

2.2 Sample preparation

2.2.1 Solid-dispersion and hot pressing

PLA pellets were converted into PLA powders with an average size of around 970 pum using
cryogenic grinding. Prior to any processing, both PLA and HA powders were dried in the oven
at 70 °C overnight (around 12 hours) to remove any moisture. These powders were then poured
into a plastic bottle and shaken by hand for 5 minutes. The composition details are listed in
Table 2.1. Afterwards, Composite plaques were produced via Moore Hydraulic Press (George
E. Moore & Sons Ltd, Birmingham, UK). PLA-HA mixtures in powder form (30 grams in total

for each composition) were put in the centre of a polytetrafluoroethylene (PTFE) frame (180 x
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150 x 1 mm), and then enclosed between two stainless steel plates. The plates were then
mounted into the press and were heated at 210 °C for 3 minutes to ensure an even temperature
throughout the whole sample. Subsequently, the plates compressed and held for a further 5
minutes under 10 tonnes of pressure followed by quenching into the water to produce totally
amorphous samples. Obtained sheets were cut into small pieces and used for different

characterisations and thermal analysis.

Table 2.1 Description of blend composition

PLA-HA Composites Composition (wt%o)
PLA HA
100 0
95 5
90 10
80 20
70 30
60 40

2.2.2 Injection moulding

PLA and PLA-HA samples (5-35 wt% HA) were produced for mechanical testing by a twin
extrusion using the HAAKE minilab thermo scientific mini twin-screw extruder at Warwick
University (WMG). The temperature of the extruder was 196 °C and the screw speed was 50
RPM. Afterwards, the extruded specimens were injection moulded into test specimens required
for mechanical testing using the following conditions; cylinder temperature, 196 °C, mould

temperature; 81 °C, pressure was 100 bar.

2.2.3 Solution casting
PLA and PLA-HA samples with various HA loadings (5-40 wt% HA) were produced via
solution casting method by dissolving the PLA pellets in dichloromethane (DCM) and adding

the HA powders gradually into the solution. The solution was stirred at room temperature using
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a magnetic stirrer. Subsequently, the solution was poured into a petri dish to be dried at room

temperature.

2.3 Differential Scanning Calorimetry (DSC)

A broad range of thermal characterisations for polymers and their composites could be analysed
using differential scanning calorimetry (DSC) through which thermal transitions of a polymer
or composite can be detected by considering the changes in heat capacity of the sample. There
are different thermal properties which can be recorded from a DSC curve by measuring the
differences in heat flow which occur during the experiment for a polymer specimen while it
absorbs or releases heat including glass transition temperature (Tg), melting temperature (Tm)
and crystallisation temperature (T¢). Furthermore, the crystallisation kinetics and morphology
of the polymer as well as the miscibility of polymer blends could be analysed through this
technique. Polymers which are partially crystalline usually represent all thermal properties
mentioned above (Tg, Tmand T¢) while for amorphous polymers only a Ty appeared on their

DSC curve.

A power compensated DSC (Perkin-Elmer DSC-7) was used in this study, which consisted of
two cells, one for the sample and one for the reference. Each sample was encapsulated in an
aluminium pan with a lid while an empty aluminium pan with lid was used as the reference.
The temperature for each cell was controlled separately using thermocouples below each heater.
A power compensated DSC has the capability to maintain the temperature for both sample and
reference at the same level during cooling or heating of the whole system by adjusting the
required power input (compensating the required heat). The amount of heat or energy required
for the sample to be at the same level of temperature as the reference may not be equal because
of the exo/endothermic thermal transitions occurring within the sample. The differential

heating power required to do this is measured as heat flow versus temperature or time.
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2.3.1 Experimental procedure

In order to ensure the accuracy and reliability of the results, temperature and thermal responses
of the DSC instrument were calibrated using pure (99.999) indium and tin standards. The
temperature of the calorimeter was calibrated by measuring the melting points of pure indium
(T2 =156.6 °C) and pure tin (T;% =231.9 °C). The thermal responses of the instrument were

calibrated by calculating the heat of fusion of a known mass of indium ( AH2, =28.5]/g).

In all experiments, samples with a weight of around 10 mg were cut from the as-received PLA
pellets or powders after cryomilling or were sampled from a hot pressed plaque. The samples
were weighted and secured inside an aluminium pan with a lid. In the first DSC scan for all
experiments the thermal history of the samples was erased by heating them from RT up to 210
°C and held for 5 minutes at this temperature before cooling them back to the RT. A heating
and cooling rate of 50 °C min™ were applied for most of the experiments to avoid additional

crystallisation during the process.

The glass transition temperatures (T) of the samples were determined by drawing tangents at
the transitions to calculate the onset, midpoint and endset. The midpoint of the transition was
recorded as the Tq (see Figure 2.1) [134]. However, in some instances, an endotherm peak was
superimposed on the Tg. In these cases, the Tq of the sample was determined according to
Richardson’s method [135]. A schematic of Richardson’s method for determining the Ty is
illustrated in Figure 2.2 [51] where the T4 follows the path 1234 and increases between points

2 and 3. The Tgis located where areas A+C=B.
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Figure 2.1 Measurement of the Tg using the midpoint of the transition [134]
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Figure 2.2 Schematic illustration of the Richardson method for calculating the Tg [51]
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The method for determination of heat of fusion (AH,,,) is shown graphically in Figure 2.3 [136]
where a linear baseline was drawn from the first onset of melting to the last trace of

crystallinity. The amount of AH,,, can be obtained from the area under the endotherm (see

Figure 2.3).

Relative heat flow

onset endset ‘

|

Temperature/°C

Figure 2.3 Determination of the heat of fusion AH,, [136]
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2. 4 Hot Stage Microscopy (HSM)

Spherulitic morphology of PLA and PLA-HA samples were investigated using a Linkam
TMHS 600 hot stage equipped with Zeiss polarising microscope (see Figure 2.4). A Linkam
TSM94 controller that was connected to a PC thermal control software (Linksys 32) controlled
the temperature of the equipment during the experiment. Images were captured using an

Olympus digital camera.

Camera

Polarising
microscope

Hot stage
unit

Figure 2.4 A Linkam TMHS 600 hot stage connected with a Zeiss polarising microscope

2.4.1 Experimental procedure

Thin sheet samples with approximately 10-15 um were prepared via hot pressing and were
placed between two glass slides of diameter 16 mm inside the hot stage for observation. Two
types of experiments were performed, including the dynamic and isothermal crystallisation
studies of the polymer. Through the dynamic process, the effect of different cooling rates on
the spherulitic morphology and crystallisation behaviour of PLA was investigated by recording

the micrographs as a function of time and temperature during heating and cooling of the sample.
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During the isothermal procedure, the effect of crystallisation temperature and HA particles on

spherulitic microstructure and nucleation behaviour of the polymer was explored.

The scale bars (black scale bars) obtained from the device (HSM) were small and not clear.
Therefore, white scale bars were made by PowerPoint according to the original scale bars

(black scale bars) and were used for all HSM images.

The isothermal crystallisation process was also performed using the HSM equipped with a light
dependent resistance (LDR) Model ORP 12. When the light is transmitted through the sample,
the resistance responds to the changes in light intensity. The voltage changes proportional to
the resistance according to Ohm's law (V= IR). The output from the system is voltage as a
function of time (a sigmoidal curve). Consequently, the variations of the voltage with time
could be recorded to obtain the changes in relative crystallinity against time by using the

equation below:

Vf_VO

X, =
t AV

(Equation 2.1)

where X, is the relative crystallinity, AV is the changes in voltage, Vr is the final voltage and

V, is the initial voltage. By normalising the data, the relative crystallinity (0-1) against time

can be obtained.

2.5 Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) is a type of electron microscope used for capturing high
resolution images of the samples to study their composition and surface topography. Prior to
SEM characterisation of a sample, the surface of it must be coated with an electrically
conductive material such as gold or platinum. During the SEM of the sample, an electron beam

is scanned across the surface (which is conductive) of it resulting in the generation of low

38



energy secondary (SE) and reflected or backscattered (BSE) electrons. The secondary electrons
that escape from the surface of the sample could provide topographical information whereas
the BSE, which have higher penetration through the samples, could provide information
regarding the composition and distribution of different elements within the samples. The
elements that have higher atomic numbers observed brighter under the microscope, whereas

those with lower atomic numbers appear darker in SEM images.

2.5.1 Experimental procedure

In order to prepare fracture surfaces for SEM characterisation, samples were scored using a
scalpel, then submerged into liquid nitrogen and held (for around 3-5 minutes) up to applying
a load across the score mark resulting in the fracture of the sample. The samples were then
removed from the nitrogen bath by pliers and were mounted vertically on SEM stubs with the

fracture surfaces facing upwards.

JEOL JSM-6060LV SEM was used for imaging analysis of all samples in this work except the
samples for tribological studies, which were analysed by the Hitachi 3030 scanning electron
microscope. Prior to SEM, all samples were coated with gold for about 3 minutes to be
conductive. Furthermore, in order to improve the quality of the SEM images, a conductive

silver paste was painted where the specimen and stub had contact.

2.6 Thermogravimetric analysis (TGA)

Thermogravimetric analysis is a useful technique for the assessment of the amount of filler
content in polymer composites, residual solvent and absorbed moisture content as well as
measuring the range of temperatures for degradation of the polymer. The TGA testing is carried
out either dynamically at a defined heating rate or in an isothermal mode in a defined

atmosphere (e.g., oxygen (air), argon or nitrogen). During the TGA experiment, the weight of

39



the sample is determined over time as a function of temperature using an electronic

microbalance with high sensitivity.

2.6.1 Experimental procedure

TGA of PLA and PLA-HA samples were performed by a Netzsch Jupiter STA 449C
thermogravimetric analyser in the air atmosphere which flowed at 50 cm® mint. The samples
were heated from the RT up to 600 °C at the heating rate of 10 °C min in order to investigate
the range of temperatures where degradation occurs for each composition. During each
experiment, the weight of the sample as a function of temperature was recorded. The range of
temperature for degradation of the sample considered from the point where the weight of the
sample dropped from the baseline (onset) up to the point where the weight of the material is
almost zero (endset). Prior to all experiments, two empty ceramic crucibles were placed in the
sample holder and the reference holder of TGA and the same thermal scan parameters as for
the samples were applied in order to correct the baseline. The weight of the sample for each

experiment was around 8 mg.

2.7 Tensile testing

Tensile testing is a fundamental material engineering test in which a load or stress is applied to
the sample and the response of the sample is recorded up to fracture. Therefore, a load versus
extension or stress-strain curve could be obtained through this technique by which the
mechanical properties of the material including ultimate tensile strength (UTS), elongation at
break and Young’s Modulus could be determined. The UTS equals to the maximum stress
value that occurs for a specimen during an experiment while the elongation at break is the final
strain value before fracturing of a sample. The Young’s Modulus value could be obtained by

taking the gradient from the linear part of the stress-strain curve (see Figure 2.5) [137].
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In uniaxial tensile testing (which is used here), the stress is applied into the specimen along one
axis. The sample is attached at each end into the grips of the tensile testing machine. During
the experiment, the sample is elongated along its axis at a constant rate, while the instantaneous
load applied into the sample plus the subsequent elongation are determined by a load cell and

extensometer respectively.

Ultimate
tensile
strength

Elongation at break

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

Stress / MPa

Strain

Ay
Young's Modulus = —
Ax

Figure 2.5 An example of a stress strain plot and the calculation of the mechanical properties from it

2.7.1 Experimental procedure
Dog-bone shaped of PLA and PLA-HA (5-35 wt% HA) specimens with a gauge length of 15
mm, width of 3.20 mm and thickness of 3.20 mm were prepared for tensile testing via injection

moulding procedure.

Uniaxial tensile testing was performed on the specimens at ambient temperature (21 °C) using
an Instron 5566 mechanical tester (Instron, High Wycombe, UK) with a 10 kN load cell, a
cross-head speed of 2 mm min? and 500 ms time intervals. The mechanical testing was
proceeded up to the failure of the specimen and the data were collected via Merlin software.

Five repeats were tested for each type of sample and the average values were quoted in the text.
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2.8 Three-point bending flexural testing

The three-point bending flexural testing determines the amount of force required for bending a
material under three-point loading conditions. It is a classical technique in engineering used to
determine the value for Young’s modulus of a material while it is flexing. During the
experiment, the specimen is located on a support span while the force is applied into the centre
of the specimen, which results in producing three-point bending of the specimen at a particular

rate.

2.8.1 Experimental procedure

Rectangular (beam) shaped of PLA and PLA-HA (5-35 wt% HA) specimens with a length of
25 mm, width of 11 mm and thickness of 1 £ 0.1 mm were prepared for flexural testing via
injection moulding procedure. Three-point bending flexural testing was performed on the
specimens at ambient temperature (21 °C) using an Instron 5566 mechanical tester (Instron,
High Wycombe, UK) with a 10 kN load cell, a cross-head speed of 2 mm min™ and 500 ms
time intervals. The mechanical testing was continued up to the failure of the specimen and the
data were collected via Merlin software. The flexural modulus (Ef) and flexural strength (of)
were determined using Equations 2.2 and 2.3, respectively. Five repeats were tested for each

type of sample and the average values were quoted in the text.

L3m .
Ef = e (Equation 2.2)
of = (Equation 2.3)

where L is the length of the beam in mm, m is the slope of the load-deflection graph, b is the
width of the beam in mm, d is the thickness of the beam in mm and F is the maximum force

that sample can withstand obtained from the load-deflection graph in newton (N).
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2.9 Dynamic Mechanical Thermal Analysis (DMTA)

Dynamic mechanical thermal analysis (DMTA) is a technique used to study and characterise
the viscoelastic behaviour of polymeric materials. During the DMTA experiment, sinusoidal
stress is applied into the specimen at a constant frequency while it is heated. Changes in
temperature results in variations in properties of the material, including stiffness (storage
modulus) and damping (Tan 8). Two types of modulus, including the storage modulus (in
phase) and loss modulus (out of phase) could be obtained through this technique owing to
sinusoidal force. The elastic behaviour of the material could be determined according to its
storage modulus. By dividing the loss modulus into storage modulus, Tan 6 (damping) could
be obtained. Tan 6 determines the energy dissipation of material and used for calculation of Ty.
The Tgis considered at a point (temperature) where there is a large drop in the amount of storage
modulus in a storage modulus versus temperature graph. It could also be measured at the peak

of Tan é in a Tan 6 against temperature plot.

2.9.1 Experimental procedure

Rectangular shaped specimens of PLA and PLA-HA (5-35 wt% HA) with the same dimensions
mentioned above for flexural testing were prepared for DMTA experiment via injection
moulding procedure. Dynamic temperature three-point bend testing was carried out using the
DMTA (NETZCH DMA 242 cell linked to TASC 414/3 controller). The specimens were
heated from RT up to 130 °C at a heating rate of 1 °C min! and frequency of 25 Hz. The data

were collected by NETZSCH DMA measurement channel 18 software.

2.10 Nano-indentation (nano-hardness) testing

The nano-indentation testing can be applied to determine the hardness of small volumes of
material. During the nano-indentation experiment, the depth of penetration into the surface of

the sample is measured as the load is applied to a known geometry indenter tip (usually a three-
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sided pyramid geometry named Berkovich tip). Consequently, the area of the contact (indent)
could be calculated using the known geometry of the indenter. The Young's modulus of the
sample could be determined by measuring the rate of change of load and depth (slope of the

load against the depth of penetration plot).

2.10.1 Experimental procedure

An amorphous PLA plaque obtained via hot pressing cut into small squares of approximately
15 mg that is suitable for conditioning in a DSC (see Figure 2.6). Three specimens were left
amorphous, whereas six of them were conditioned in the DSC in order to make semi-crystalline
samples (Xc ~ 40%) with different spherulites dimensions (small and large sizes). Prior to nano-
indentation testing the nine (three repeats of each type) PLA samples were cold mounted using
an epoxy resin (Epofix™ ) which has a curing temperature of 40 °C [138] which is less than
the T4 of the PLA to avoid any crystallisation. Each three different samples, including one
amorphous, one with small spherulites and one with large spherulites were placed into one stub
for cold mounting creating three epoxy stubs. After putting the samples in the mould, the
Epofix™ was poured on top. The mixture was then left overnight (around 12 hours) to be cured.
Subsequently, the samples were polished (up to x4000 grit) to remove the top amorphous layer

and to make them flat enough for the nano-indentation testing.

A NanoTest Vantage machine coupled with the NanoTest software, was used for determination
of both nano-hardness and Young’s modulus of the samples. The diamond 3-sided pyramid
indenter (Berkovich) applied a load of 5 mN into the specimen. The time of loading and
unloading was 30 seconds with 5 seconds hold in between them. The number of indentations
applied at different locations in each sample in a rectangular pattern shown in Table 2.2. The
gaps between these indentations were 30 and 20 um in each row and column, respectively (see

Figure 2.7 as an example).
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Figure 2.6 An amorphous hot pressed PLA sample ready for conditioning for nano-indentation

experiment

Table 2.2 The number of indentations made on each specimen

Type of specimen

Number of indentations (row x column)

Epofix™ resin 99 (11x9)
Amorphous 48 (8 x 6)
Small spherulites 54 (9 x 6)
Large spherulites 30 (6 x5)

Figure 2.7 An image of the small spherulite specimen provided by the NanoTest Vantage machine
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2.11 Tribological experiment

Different components such as lubrication, friction and wear rate of the materials can be

investigated through tribological studies.

2.11.1 Experimental procedure
An amorphous PLA sheet obtained via hot pressing was cut into rectangular samples with the

dimensions of 55 mm long and 25 mm wide, which is suitable for wear testing (see Figure 2.8).

M

b

Figure 2.8 An amorphous hot pressed PLA sample ready for conditioning for wear experiment

The initial idea was to explore the effect of spherulitic microstructure on the tribological
behaviour of PLA. However, due to the occurrence of degradation phenomenon during
producing the PLA samples with large spherulites that are appropriate for wear experiment,

this was abandoned.

In order to obtain semi-crystalline samples (approx. 40%) with small spherulites, amorphous
hot pressed PLA samples were conditioned in an oven at 95 °C and held for 2 hours (cold
crystallisation). Large spherulites samples were made via melt crystallisation in a furnace by
which the cooling and heating rates could be controlled. The process for making large
spherulites samples involved heating the amorphous hot pressed PLA samples up to 210 °C
and held for 5 minutes before being cooled to 125 °C and held for 36 hours in order to produce

samples with around 40% crystallinity. However, a sample with some bubbles and
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discoloration was produced through this method (see Figure 2.9) indicating the degradation of
the sample. Therefore, the investigations into the effect of spherulite sizes on wear behaviour
of crystalline PLA samples were discontinued and instead, the effect of secondary

crystallisation on tribological behaviour of the samples was explored.

%! .
183 YR AR .

»';','.-‘..-n X y - o ¢/

|H'|mjl ||l|lI1||l|||||||||-|mmn'nngm||u.||nn|nn.|u||||
0ocmi1 2 3 4 5 6 7

Figure 2.9 Degraded PLA specimen after holding it in the oven at 125 °C for 36 hours

Three rectangular specimens obtained via hot pressing were left amorphous whereas fifteen of
them were conditioned in the oven for various periods including 2 hours, 3.5 days, 7 days, 14
days, and 28 days (three repeats for each of them) to investigate the effect of secondary

crystallisation on the wear rate of the PLA.

TE 77 High-Frequency Friction Machine was applied for the measurement of friction and wear
rate of the PLA samples. During the experiment, some loose debris were produced from the
material, which was removed using a piece of blue roll in order to minimise the contamination.
The temperature was maintained at 25 °C (below the Tg) to avoid crystallisation. Four
thermocouples were used for measurement of the temperature including one attached to the
outside part of the specimen and the others (three of them) were put under the surface of the
specimen at the centre of the stroke and two turnaround points. A 6 mm steel ball was run

across the length of the sample with a stroke length of 12.5 mm and a frequency of 5 Hz. A

47



constant amount of load (10 N) was applied during each test. Testing for all samples was run

for 60 minutes.

2.12 Hydrolytic degradation studies

2.12.1 Preparation of Tris buffer solution
Tris buffer is an appropriate solution for studying most of the biological systems. This is
because its pKa (acid dissociation constant) could be maintained at around 8 at RT, making it

be as a suitable buffer for keeping the pH in the range of 7-9.

In order to make 500 mL Tris buffer solution, 6.057 g of Tris powder was added into 450mL
of distilled water in a volumetric flask. Afterwards, the flask was put on a hot plate and the
solution was stirred at 24 °C for around 10 minutes up to dissolving the powder through the
water completely. Subsequently, the pH of the solution was measured by a pH meter and at the
same time, hydrochloric acid was added to the mixture to set the appropriate pH (around 7).
Since the pH values could vary by changing the temperature, they were determined according
to the temperature at which the degradation experiment is going to run using the equation

below:

pH(TExperimental) = pH(TSynthesise) + (TEXperimental - TSynthesise) X« (Equation 2-4)

where the experimental temperatures (Tgxperimental) are 37, 50 and 70 °C. The temperature for

synthesising the Tris buffer solution (Tsynthsise) IS 24 °C and the pH at this temperature equals
to 7.4. The Temperature coefficient (o) defines the relative variation of pH in Tris buffer
solution with regards to the changes in temperature (0.028 °C™1). The final pH results are shown

in Table 2.3. Finally, three containers of 500 mL Tris buffer solution at pH=7.4 for three

48



different temperatures, including 37, 50 and 70 °C were obtained. The final mixtures were kept

in glass bottles in the fridge at around 5 °C up to running the degradation experiment.

Table 2.3 Determination of pH of Tris buffer solution at different temperatures

Temperature coefficient (a)- pH/°C -0.028
Synthesise temperature (°C) 24
- "]
Temperature of experiment (°C) pH
37 7,764
50 8,128
70 8,688

2.12.2 Degradation testing under static conditions

As-received PLA pellet sample with a weight of 0.5 g was immersed into approximately 5 mL
Tris buffer solution in a 30 mL glass flask. Three repeats were performed in three different
flasks for all temperatures, including 37, 50 and 70 °C (in the oven) to ensure the reliability
and accuracy of the results. The experiments were run for 2 months and the mass of the samples
was measured by using a balance (Sartorius model ME414S) with the accuracy of 0.0001g at
different periods, including: after 2 days, after 15 days, after 30 days, after 45 days and after
60 days from the start point of the experiment. Prior to mass measurement, each sample was
washed with distilled water and was dried in the oven at 37 °C for 24 hours. The pH of the
buffer solution was also measured at different periods (0, 30, 45 and 60 days) during the

experiment.

2.12.3 Degradation testing under dynamic conditions

“Flow-through cell apparatus” is commonly used for dissolution testing in drug development
areas. Through this technique, the quality of the drugs could be ascertained by recording the
process of drug release from a dosage form. In this work, we used this method to study the

hydrolytic degradation behaviour of PLA and PLA-HA samples for a certain period (1 month).
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The device consists of a reservoir, which contains the dissolution medium. The medium is
forced from the reservoir vertically upwards through the cells using a pump. The temperature
of the system is controlled by a water bath. The flow cells are made of transparent and inert
materials. They have a filter system on top of them, which could prevent the escape of
undissolved particles from the cells. The bottom of the cells is filled with tiny glass beads
(diameter: 1 mm) up to around 5 mm from the top of the cells in order to prevent the entering
of the solution into the tubes. The samples should be located on the glass beads. The flow-
through cell device can operate in two different configurations, including closed-loop and
open-loop configurations (see Figure 2.10) [139]. In a closed-loop configuration, a fixed
volume of the medium is recycled whereas in an open-loop configuration a fresh liquid from

the reservoir continuously going into the cell.

w
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Figure 2.10 Schematic illustration of a) closed-loop and b) open-loop configurations of flow-through

cell apparatus [139]
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2.12.3.1 Experimental procedure

The main reason for using the flow-through cell technique for hydrolytic degradation studies
here was to simulate the blood circulatory system of the human body, as the final applications
of the materials are bone scaffolds used in the human body. Therefore, this in vitro testing
(dynamic hydrolytic degradation) could be more similar to the actual in vivo experiment
compared to the static hydrolytic degradation testing. The dynamic hydrolytic degradation was
performed in a closed-loop configuration using Sotax CH-4008 Basel flow-through cell
apparatus. Eleven samples were prepared for the experiment. The list of the samples is shown
in Table 2.4. The same buffer solution (Tris buffer) as for static experiment was used for
dynamic degradation testing. According to the results from the static degradation, there was no
mass loss for the samples at 37 °C. Furthermore, at 70 °C (above the Tg), there was a possibility
of occurrence of secondary crystallisation during the experiment. Therefore, the temperature
of 50 °C was used during the dynamic degradation experiment. The circulation volume of Tris
buffer in each cell was 100 mL (the minimum volume in a closed-loop configuration to limit
evaporation at 50 °C). The speed of the circulation was 8.3 mL min™. Since the apparatus
consisted of only six flow cells (see Figure 2.11), the experiment was done two times (the same
condition) and each time half of the samples were tested. The degradation experiments were
run only for 1 month due to the time constraints and limited access to the device. The cells for
three of the sample, including 3.5 days, 7 days and 28 days of secondary crystallisation were
broken during the experiments. Thus no results achieved for these samples (the results of the
effect of secondary crystallisation could not be reported). It was not possible to stop the flow-
through cell apparatus (degradation testing) during the experiment at different periods.
Therefore, the results could be obtained only at two time intervals (before and after
degradation). However, Some fractions of the solution was taken from all samples (from the

solution) at different time intervals including after 2 days, 7 days, 15 days and 30 days (from
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the start point) during the experiment in order to find out the degradation rate and behaviour of

all samples and comparing the results of them.

Figure 2.11 Sotax CH-4008 Basel flow-through cell apparatus

Table 2.4 List of the samples prepared for dynamic degradation experiment

HA)

Amorphous hot pressed PLA-HA (20 wt%
HA)

Sample Investigation
As-received PLA pellet Reference
Amorphous hot pressed PLA Effect of hot pressing
Amorphous hot pressed PLA-HA (5 wt% Effect of HA

PLA sample with small spherulites
(Xc:40%) made in DSC

PLA sample with large spherulites
(Xc:40%) made in DSC

Effect of spherulite dimensions

Secondary crystallisation process of PLA: 2
hours, 3.5 days, 7 days, 14 days, and 28
days heat treated in the oven

Effect of secondary crystallisation
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2.12.4 Size Exclusion Chromatography (SEC) coupling with static light scattering
(LS)

Size Exclusion Chromatography (SEC), also known as gel permeation chromatography (GPC)
is a method by which dissolved polymer molecules could be separated according to their size
or volume. Static light scattering is another method used to determine the intensity of the
scattered light in order to measure the molecular weight of a polymer. By adding the LS
detector to SEC, the absolute amount of molecular weight could be obtained without the need

for a standard curve as the reference.

2.12.4.1 Experimental procedure

The molecular weight of all samples before and after degradation process under dynamic
conditions was measured and analysed using size exclusion chromatography (SEC) system
equipped with a multi-angle static light scattering (LS) detector and a differential
refractometric index (DRI) detector. The multi-angle LS detector made it possible to have

access to the absolute masses of the analysed polymers (no need for using a standard curve).

Tetrahydrofuran (THF) was used as the solvent for most of the samples. However, some of the
polymers were not soluble in THF and they were dissolved instead in chloroform. The hot
pressed amorphous PLA was dissolved in both solvents as a reference. In size exclusion
chromatography (SEC), the species were eluted according to their size (hydrodynamic radius);
the larger molecules are eluted first, the smaller ones last. The samples were solubilized in the
solvent to obtain solutions of concentration close to 10 mg ml . The solubilisation was long
(6 days). The samples were filtered on 0.45 pum filters before being analysed by SEC. Injections
have been tripled and were reproducible; only one of the results was shown in the text. ASTRA

V11 (Wyatt Technology) software was used for the analysis of the results.
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2.12.5 X-ray Diffraction (XRD)

X-ray Diffraction (XRD) could be used for recognising different types of polymer phases
including semi-crystalline and amorphous. It is also possible to measure the degree of
crystallinity using this method. Three basic elements are used in the X-ray technique, including
a sample holder, an X-ray tube and an X-ray detector. To generate the X-ray scan of a specimen,
firstly some electrons are produced by heating a filament in a cathode ray tube. Secondly, these
electrons are accelerated towards the specimen using a voltage. Thirdly, when the specimen

interacts within the electrons, the X-ray spectra could be obtained.

2.12.5.1 Experimental procedure

XRD analysis was carried out for amorphous PLA sample before and after the degradation
experiment under dynamic conditions using an X-ray diffractometer (INEL Equinox 1000,
France) to explore the effect of the degradation process on the crystallisation behaviour of the
amorphous sample. Diffraction data were collected in the 20 range between 10° and 60° with a

step size of 0.02°/20. The XRD experiment was run for 90 minutes.
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Chapter 3: Controlling the microstructure and crystallisation
behaviour of PLA

3.0 Introduction

The focus of this chapter is on the study of basic thermal characterisation, crystallisation
kinetics and controlling the final microstructure of a semi-crystalline random copolymer of
PLA using both Differential Scanning Calorimetry (DSC) and Hot Stage Microscopy (HSM).
Controlling the microstructure and crystallisation behaviour of the polymer could have an

effect on its use in bone repair.

3.1 Results and discussion

3.1.1 Thermal characterisation of the as-received PLA pellet

Samples with a weight of around 10 mg were cut from PLA pellet and secured inside
aluminium pans with lids. First, samples were heated from 25 to 210 °C at a heating rate of 20
°C min~and held for 5 minutes to clear any thermal history. Secondly, they were cooled to 25
°C at a cooling rate of 20 °C min before being reheated to 210 °C in a DSC at the same heating
rate. Subsequently, another cooling and heating scans (the same as previous ones) were

repeated in order to prove that the samples are reproducible.

The thermal transitions associated with heating, cooling and reheating processes are shown in
Figure 3.1. A step change in the heat flow that occurred at about 65 °C during the first heating
corresponds to the glass transition process. This was followed with a linear increase in the heat
flow up to the onset melting temperature at 140 °C where there was evidence of melting. The
melting process was completed by 160 °C when the heat flow continued to increase linearly
with temperature due to the rise in the specific heat of the liquid amorphous phase. The degree

of crystallinity of PLA based composite material can be calculated by using Equation 3.1:
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A”m;ﬁv”;ﬁ”er) X 100% [140] (Equation 3.1)

AHp X1 (==

C

where AH,, and AH. correspond to the heat of fusion and heat of crystallisation of PLA
respectively, AHY, is the heat of fusion of the totally crystalline PLA (93.0J/g ) [140] and wt%
filler refers to the weight percentage of the filler. The degree of crystallinity for the as-received

PLA pellet was determined to be 38%.
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Figure 3.1 DSC graphs of as-received PLA pellet first, second and third heating

The glass transition temperature was reduced during the second and third heating to around 61
°C. In contrast, there was an increase in the heat capacity (ACp) at the T4 on subsequent heating
processes (Table 3.1). These two events are due to the fact that the initial sample was partially
crystalline while the cooled samples were found to be totally amorphous (no melting peak was
observed). The breadth value (the difference between the onset and the endset temperature)

was almost the same for all three heating scans.
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Table 3.1 Glass transition temperatures and heat capacity values of first, second and third heating +
standard deviation

Process Onset Midpoint Endset Breadth ACp(TQ)
(°C) (°C) (°C) (°C) (k1)
Heat 1 63.7+ 0.3 65+ 0.5 67+0.3 3.3£03 0.42 + 0.006
Heat 2 59.3+0.2 61+0.6 62.8+0.2 35+0.2 0.56 £+ 0.005
Heat 3 59.6 +0.2 61+0.7 62.8+0.2 3.2+02 0.53 £ 0.005

Figure 3.2 shows the DSC curves as obtained during the cooling process at 20 °C min™. It is
apparent from Figures 3.1 and 3.2 that the PLA pellet did not recrystallise on subsequent

heating and cooling processes.
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Figure 3.2 DSC graphs of as-received PLA pellet first, second and third cooling

To conclude, the as-received PLA pellet was semi-crystalline; however, there was no evidence
of recrystallisation during all the subsequent heating and cooling scans. These results are
consistent with other findings reported by Abdul Aziz et al. [51]. The next stage is to explore
the effect of using various heating and cooling rates as a means to control the crystallinity,

microstructure and Tg.
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3.1.2 Influence of different heating rates on the glass transition temperature

The T4 of a polymer depends on the cooling rate at which the glass is formed [51]. The
measured Tg is also dependent on the sample mass and heating rate [141]; increased values of
both can increase the thermal lag (which is due to the temperature differential between the
thermocouple, which shows the output temperature near to the sample and the real temperature

within the sample) and the measured Tg.

Since Ty is influenced by the heating rate; it is essential to report all Tgtemperatures along with
the relative heating rates. Hence, it was decided to explore the effect of different heating rates

on Tg values.

The experiment was conducted in three different sets of samples in order to minimise the effect
of thermal degradation on the samples. On the first run of each set, PLA samples were heated
up and melted completely by holding them at 210 °C for 5 minutes before being cooled down
to the RT at a constant rate of 20 °C min™*. The samples were reheated to 210 °C with a range
of heating rates from 5-50 °C min™ to investigate the effect of heating rate on the Tgy. As
illustrated in Figure 3.3, the glass transition temperatures became more prominent as the
heating rate increased, showing that high heating rates could increase the sensitivity of the
DSC. The Tg shifted towards higher temperatures with increasing heating rates due to the
thermal lag effect (Figure 3.4). The effect of the thermal lag was corrected by extrapolating to

zero heating rate.
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As can be seen in Table 3.2, the T4 value shifted around 6 °C to a higher temperature by
increasing the heating rate from 5 to 50 °C min™. In addition, the breadth value of the glass
transition temperature became larger by increasing the heating rate. Similar results were found

regarding this effect for polystyrene by Foreman et al.[141].

Table 3.2 The effect of the heating rate on the onset, midpoint, endset and breadth of the glass transition

temperature + standard deviation

Heating Onset Midpoint Endset Breadth
rate(°C min) (°C) (°C) (°C) (°C)

5 56.7 £ 0.05 58.6 £ 0.6 59.9 £ 0.05 3+£0.2
10 57.6 £0.05 59.6 +0.5 61 +0.01 3.3+£0.05
15 58.2 £ 0.05 59.8+0.8 61+0.6 3+04
20 58.6 £ 0.05 60.5+0.4 62+0.4 3.7+0.07
30 59.6 £ 0.05 61.7+0.7 63+ 0.7 4+0.1
40 61.6 £ 0.05 63.4+0.5 65+ 0.7 4+0.1
50 62 +0.07 64 £0.2 66 £ 0.5 4.4 +0.03

In summary, by increasing the heating rate, the thermal gradient developed across the specimen
leading to shifting the T4 towards higher temperatures. However, this heating rate dependence
of the Ty can be normalised using a calibration curve as a correction procedure. Therefore, all

Tg temperatures are reported according to their relative heating rates.

3.1.3 Influence of various cooling rates on the crystallinity of the polymer

As-received PLA pellet samples were heated in a DSC up to 210 °C at a constant heating rate
of 20 °C min't and held for 5 minutes to be melted completely. Afterwards, they were cooled
to RT at various cooling rates from 0.1 to 50 °C min and reheated to 210 °C at the same heating
rate to measure the degree of crystallinity according to the established melting peak. The effect
of cooling rate on the melting behaviour of PLA during the subsequent heating process is
shown in Figure 3.5. It is quite apparent from this figure that samples remained totally
amorphous when treated under fast cooling rates whereas by applying slow cooling rates, the

melting endotherm became measurable.
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Figure 3.5 The effect of different cooling rates on the melting behaviour of PLA

Figure 3.6 shows that both the heat of fusion and the degree of crystallinity increased gradually
as the value of cooling rate became smaller. The value for the degree of crystallinity obtained
at 0.1 °C min was more than 35%, which was almost equal to the one for the as-received
sample. This clearly indicates that when the samples were cooled quickly, there was not enough
time for any crystallinity to develop within that time-scale, whereas the low cooling rates
provided sufficient time for crystallinity to increase. This is because under fast cooling rates
the motion of the molecular chains cannot track the cooling temperature; thus, the chains have

less mobility and they cannot diffuse into the crystalline lattice within a short time period [71].
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Due to a lack of sensitivity, no exothermic crystallisation was observed on the cooling run (see
Figure 3.7). This indicates that although the crystallisation process has occurred under low
cooling rates according to the results of subsequent heating processes, the rate of the
crystallisation was too slow to be detected by DSC during the cooling processes. This is in

accordance with the results found by Abdul Aziz et al. [51].
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Figure 3.7 Cooling DSC processes of PLA pellet under different cooling rates

3.1.4 Influence of various cooling rates on the glass transition temperature

Figure 3.8 shows the effect of different cooling rates on the glass transition temperature. It is
apparent from this figure that as the cooling rate decreased, the T4 became more pronounced.
The peaks on the Tg are attributed to the physical ageing phenomenon that can occur during
the cooling process of the polymer from above to below the Tgy. During the cooling process,
when the polymer was cooled through its Tg, the mobility of molecular chains was reduced and
the material became thermodynamically unstable. Consequently, the polymer which was in
non-equilibrium glassy state tended to reach equilibrium. Ageing is caused by thermodynamic
drive forces which encourage a move towards equilibrium conditions above the T4 and this
appears as an ageing peak on Tq[142]. Therefore, by reducing the cooling rate, there is more
time for the material to be aged. However, it is quite interesting to note that no ageing peak
was observed at the cooling rate of 0.1°C min™. This could be attributed to the three-phase
structure of a semi-crystalline polymer containing both crystalline and amorphous areas. The
amorphous region comprises of two sections, including a mobile amorphous fraction (MAF)

and a rigid amorphous fraction (RAF). The RAF is highly coupled with the crystal phase
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resulting in reducing the mobility of the amorphous phase [143]. On the other hand, the
physical ageing process could occur when the molecular chains are mobile. In other words, the
thick lamella structure and the high crystalline content of the sample at this cooling rate

hindered the ageing process or slowed it down to a point which could be ignored [144].
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Figure 3.8 Glass transition temperatures of PLA on subsequent heating processes after cooling it at

different cooling rates

Figure 3.9 shows two entirely different trends regarding the influence of cooling rate on the T,.
For the slow-cooled samples which are considered to be partially crystalline (less than 5 °C
mint) the T4 became larger as the cooling rate decreased. In contrast, for the amorphous
samples (5 °C min't and above), the Tgyincreased with higher cooling rates. The latter trend is
related to the usual dependence of T4 on the cooling rate in a DSC measurement where the
temperature at which the polymer chains lock into the glassy material is determined by the
cooling rate which imposes a time-scale over which the molecular chains are allowed to move.
This is because the glassy polymer is formed at a temperature, which is in equilibrium.
Consequently, when the polymer cools slowly, more motions can occur and the network of
chains that are moving around can rearrange themselves so that they can follow maintaining

the thermal equilibrium of their environment whereas by applying fast cooling rates the
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molecular mobility decreases and the structure becomes more out of equilibrium and

subsequently the T4 goes up.
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Figure 3.9 The relationship between different cooling rates and the established Tg. The red area (Semi-
crystalline samples, the dependence of T4 on crystallinity) and the blue area (amorphous samples, the
dependence of Tq40n cooling rate).

The amorphous region of the curve (blue area) can follow an Arrhenius relationship shown

below (Equation 3.2)

Ea

k=Aexp—E

[51] (Equation 3.2)

where K is the cooling rate (R¢), A is a pre-exponential factor, Eais the activation energy for
molecular mobility (kJ mol™?), R is the universal gas constant (8.314 J mol™ K1) [145] and T is
the glass transition temperature (Tg) in Kelvin. Figure 3.10 shows an Arrhenius plot of Ln
(cooling rate) against the reciprocal temperature. The amount of activation energy (Ea)
calculated from this equation was 448 + 0.95 kJ mol™. According to a report by Murphy et al.,
the activation energy value of a PLA polymer depends on D-lactide content. According to that
report, incorporation of more D-lactide into PLA decreases its Tg and Eavalue due to the greater

mobility of molecular chains [136]. However, the Ea values obtained by Murphy et al. for two
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types of semi-crystalline PLA samples with the same amount of D-lactide content like in this
study (4%) were higher (around 700-800 kJ mol) than the amount of Ea value achieved in this
study. This might be due to the lower molecular weight of the PLA in this study resulting in

lower Ea values [136].

R?=0.9664

Ln (Rate of cooling / °C min?)

0 T T 1
297 2.98 2.99 3 3.01 3.02 3.03

Reciprocal temperature / 1000 K

Figure 3.10 Arrhenius curve of log (cooling rate) versus the reciprocal temperature for amorphous PLA

samples

Regarding the semi-crystalline samples (the red area) as mentioned before, T4 was increased
inversely with the value of cooling rate. The reason is that in this region, the Tgis also
influenced by the crystallinity and as can be seen in Figure 3.11, the Tq4 value became larger by
increasing the amount of crystallinity. This is because, in a semi-crystalline polymer, the
amorphous regions are trapped among many hard crystalline materials, which can reduce their

segmental mobility and consequently increase the T¢[51].
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crystalline PLA samples

Overall, these results indicate that the amount of cooling rate plays a vital role in the
determination of T4. However, in semi-crystalline polymers, the degree of crystallinity seems
to be the dominant factor for the calculation of Tg. This is also in agreement with Abdul Aziz

etal. [51].

3.1.5 Correlation between the cooling rate and morphology of the PLA studied
under hot stage microscopy (HSM)

In order to investigate the correlation between the cooling rate and the resulting morphology
of the PLA during the crystallisation process from the melt, thin film samples prepared by hot
pressing were examined under hot stage microscopy (HSM). The same procedure as DSC was
applied for the samples under HSM. First, samples were heated up to 210 °C at a rate of 20 °C
min™tand held for 5 minutes; afterwards they were cooled down to the RT at various cooling
rates (0.1-3) °C min™* before being reheated to the melt temperature at the same heating rate.

There was no evidence of spherulites formation during the heating process. Thus, the heating

67



rate was sufficient to avoid any recrystallisation. Figures 3.12-3.16 illustrate the morphology

behaviour of PLA during the cooling process from the melt at different cooling rates.

Figure 3.12 HSM micrographs showing growth of spherulites during the cooling process at a cooling

rate of 0.1 °C min’. The white scale bars represent 40 um
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Figure 3.13 HSM micrographs showing growth of spherulites during the cooling process at a cooling

rate of 0.5 °C min'’. The white scale bars represent 40 um
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Figure 3.14 HSM micrographs showing growth of spherulites during the cooling process at a cooling

rate of 1 °C min. The white scale bars represent 40 um
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Figure 3.15 HSM micrographs showing growth of spherulites during the cooling process at a cooling
rate of 2 °C min. The white scale bars represent 40 um

Figure 3.16 HSM micrographs showing growth of spherulites during the cooling process at a cooling

rate of 3 °C min. The white scale bars represent 40 um
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As can be seen from the figures above the formation of spherulites for all cooling rates initiated
at around 125 °C and completed at a range of 90-100 °C. It is also apparent from these figures
that at slow cooling rates such as 0.1 °C min- the spherulites which were created were relatively
large (80-120 um) and as the cooling rate increased the size of spherulites became smaller up
to around (5-25um) at the cooling rate of 1 °C min. This can be associated with the
relationship between nucleation and growth rate. Faster cooling rates increased nucleation
density. Therefore, the number of crystalline structures increased, but the size of them
decreased as the cooling rate went up. No spherulites were observed at the cooling rate of 3 °C

min’, suggesting that this rate was too fast for the growth of any crystalline structure.

These results suggest that the morphology and size of spherulites for the PLA sample can be

controlled and manipulated by applying different cooling rates.

3.1.6 Isothermal crystallisation kinetics of PLA samples studies by DSC

According to the previous results from nonisothermal crystallisation studies under the HSM,
the range of temperatures at which the molecular chains are sufficiently mobile to reorganise
themselves and adopt the appropriate structure for crystallisation process are between 90-125
°C. Thus, using DSC, the isothermal studies of PLA samples were investigated within this
range of temperatures. This procedure started by heating the samples of weight 8-10 mg
secured in aluminium pans up to 210 °C, holding them for 5 minutes and rapidly cooling them
down to the pre-set crystallisation temperatures (95,110 and 125) °C. The samples were then
held for a period of (0.5hr-4hr) at these temperatures and afterwards were cooled down to 25
°C before being reheated to the melt to explore the effect of isothermal crystallisation process
at different temperatures on the samples. Heating and cooling rates of 50 °C min™ were applied

during the process to avoid any additional crystallisation. Figure 3.17 illustrates the melting
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endotherms produced during the subsequent heating processes, which were performed on the

samples after being held at different crystallisation temperatures for various periods.
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125°C
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According to this figure at low crystallisation temperature (95 °C), a double melting endotherm
was detectable whereas the higher temperatures (110 °C and 125°C) produced only one single
endotherm. This fact has been observed before in other reports [112, 113, 146-148]. Multiple
melting peaks usually appear during the heating process when the samples are treated at low
temperatures or under low heating rates. There are different explanations for this phenomenon.
First, it can be related to the fact that crystal structures always have the tendency to become
more stable by rearranging themselves through melting, recrystallisation and remelting
process, which usually occur during the DSC heating scans. The crystallisation process at low
temperatures creates small and imperfect crystal structures. Therefore, these imperfect crystals
go through lots of reorganisations on heating which culminates as a multiple melting behaviour
in a DSC heating scan. Furthermore, it can be associated with the polymorphism phenomenon
in which there are more than one crystal structures that go through a melting and crystallisation
process during the heating scan. Other factors which contribute to these multiple melting peaks
phenomena are the variation in the thickness of lamella and the difference in the molecular

weight of various polymer chains [146, 147].

According to Table 3.3, at both temperatures of 110 and 125 °C the degree of crystallinity (Xc)
increased as the holding time at these temperatures became longer. The crystallisation process
occurred much faster at 110 °C in comparison with 125 °C at which the value of X was very
low (around 6%) up to 1.5 hours and afterwards (after 4 hours) it had a sharp increase up to
around 37%. This is because by annealing the polymers at higher temperatures (near to the
melting peak) only crystal structures with the highest melting point could be produced.
Therefore, a longer period is required for making more perfect crystal components with a
higher melting point. This is as a consequence of forming and melting less perfect crystal
components with lower melting points at the beginning of the crystallisation process and then
reforming these imperfect crystals into more perfect ones with higher melting peaks [110].
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Table 3.3 Measurement of X. of PLA samples at 110 and 125 °C at various isothermal times + standard
deviation

Time (Min) Xc (%) at Xc (%) at
110 °C 125 °C
30 8+04 0.20 £ 0.005
60 27+0.9 2+0.2
90 39+04 6+0.9
180 40+0.9 29+£0.9
240 41+0.9 37+£0.35

Figure.3.18 shows the DSC trace of heat flow against time at three different Isothermal
temperatures (95, 110 and 125 °C). As it is apparent from this figure, due to the lack of
sensitivity, no isotherm was detectable at all temperatures. However, melting peaks appeared
in all subsequent heating scans after the isothermal processes (as shown in Figure 3.17). This
indicates that, although crystallinity had occurred during the isothermal hold, it was too low to

be detectable by the DSC.
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Figure 3.18 Heat flow against the time of Isothermal process for different time periods, at (a) 95 °C,

(b)110 °C and (c) 125 °C
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3.1.7 Isothermal crystallisation kinetics of PLA samples via HSM

In order to examine the effect of the isothermal process on the microstructure of the samples,
thin film samples were analysed under HSM. The process involved melting the samples at 210
°C with a heating rate of 50 °C min™ and held for 5 minutes before being cooled to the
crystallisation temperatures at the same rate as heating rate. The growth of spherulites and their
impingement with each other were observed under the HSM by holding the samples at three
different isothermal temperatures (95,110 and 125 °C) for various periods (see Figures 3.19-

3.21).
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Figure 3.19 HSM micrographs showing growth of spherulites during melt crystallisation at 95 °C. The
white scale bars represent 40 um
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Figure 3.20 HSM micrographs showing growth of spherulites during melt crystallisation at 110 °C.

The white scale bars represent 40 pm
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150min

Figure 3.21 HSM micrographs showing growth of spherulites during melt crystallisation at 125 °C.

The white scale bars represent 40 um

As can be seen from micrographs above (Figures 3.19-3.21), the microstructure and size of
spherulites were controlled and manipulated by holding the samples at different isothermal
temperatures for various periods. As the isothermal temperature went up the size of spherulites
increased while their number decreased. This can be associated with the relationship between
the nucleation and growth rate, which was mentioned earlier. At higher isothermal
temperatures, the nucleation density decreased. Therefore, the number of crystalline structures

decreased, but the size of them increased as the temperature went up. Small spherulites (approx.
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15-20 um in diameter) were formed at the low temperature of 95 °C shown by Figure 3.19
whereas the larger spherulites samples with a range of around 60-100 um and 200-250 um in
diameter were grown at 110 °C and 125 °C, respectively (see Figures 3.20 and 3.21). Similar
experiments were performed by Abdul Aziz et al. for PLA at 95 and 125 °C [51]. However,
the whole crystallisation process of the sample from the melt state at 95 °C (less than 60
minutes) and 125 °C (around 1 hour) occurred faster in that report [51] in comparison with this
study in which the time required for completing the crystallisation process were 70 minutes at
95 °C and 200 minutes at 125 °C. This might be because of using a different grade of PLA and
applying a different melting temperature (210 °C) in this study compared to that report in which
the results were recorded after melting the polymer at a lower temperature (180 °C), which
could influence the nucleation process (triggered residual crystal components to act as the
nucleating agents) and consequently have an effect on the crystallisation kinetics. This point
was emphasised by the differences observed for the dimensions of formed spherulites for PLA
at 125 °C between these two studies. The diameters of spherulites in this study (200-250 pum)
were slightly greater than the size of spherulites (175 um) formed by Abdul Aziz et al. at 125

°C.

Overall, these results indicate that the morphology and crystal sizes of polymer samples can be
controlled and manipulated by applying different isothermal temperatures for certain time

periods.
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3.1.8 Isothermal crystallisation kinetics and the Avrami analysis

The isothermal crystallisation process was also performed using the HSM equipped with a light
dependent resistance (LDR). The heat treatment process was the same as mentioned above in
Section 3.1.7 for the isothermal morphology analysis of the PLA at different temperatures
under the HSM. Thin hot pressed PLA samples were heated up to 210 °C and held for 5
minutes. Afterwards, they were cooled down to the pre-set crystallisation temperatures (95-
125 °C) and held for various periods. A rate of 50 °C min*t was used for both heating and

cooling rates.

Figure 3.22 illustrates the X, values of PLA as a function of crystallisation time at various
isothermal holding temperatures from 95 to 125 °C. According to this figure, all the curves
presented a sigmoidal shape, suggesting that the primary process which occurred during the
initial stages of crystallisation was faster in comparison with the secondary one which occurred
at later stages of crystallisation process [149]. Furthermore, it is apparent from the same figure
that the relative crystallinity firstly increased as the temperature went up. However, after
reaching a peak at 110 °C, the crystallinity rate decreased with increasing the temperature. This
is because at higher temperatures the polymer chains are more able to crystallise. Nevertheless,
much higher temperatures could enhance the mobility of the polymer chains significantly,
which leads to a longer period for completing the crystallisation process. Similar results for
isothermal crystallisation of PLA for these range of temperatures were reported by Zhou et al.

[150].
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Figure 3.22 Relative crystallinity (X:) against crystallisation time of PLA held at different isothermal

temperatures

Half-time values are usually applied in order to describe the crystallisation rate of the polymers
[150]. There was an induction time with all the sigmoidal curves shown in Figure 3.22. The
induction time was deducted from the initial half time obtained from the sigmoidal curves at
different isothermal temperatures and the final results compared and shown in Figure 3.23. As
it is apparent from this figure, the half time of the crystallisation of the PLA sample was highly
dependent on the crystallisation temperature and it approached its minimum level at 110 °C.
At high temperatures (T>120 °C), the molecular chains were too active; thus, there was little
chance for the formation of stable nuclei. However, as the temperature decreased further and
the viscosity increased more, the rate of crystallisation approached its maximum level at the
halfway of the curve between the Tgand Tm (110-120 °C). Near to the Tg (95 °C), the viscosity
of the polymer increased significantly which resulted in decreasing the mobility of the chain

segments and less possibility of the formation of stable nuclei [67, 75].
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Figure 3.23 Variation in half-life with crystallisation temperature
The Avrami equation was employed for the analysis of the isothermal crystallisation kinetics

of the PLA as follows [151]:
1— X, =exp(—Zt™) [151] (Equation 3.3)

where X, is the percentage of relative crystallisation at time t, n is the Avrami exponent that
can take different values depending on the crystallisation mechanism and Z is the crystallisation
rate constant which contributes to time-dependent properties of nucleation and growth. By

taking logarithm to both sides, Equation 3.3 can be transformed to the equation below:

log[—In(1 — X;)] = logZ + nlogt (Equation 3.4)
By plotting the log [—In(1 — X;)] against logt as shown in Figure 3.24 and getting the linear
regression of these data the values of n (the slope of the line) and the Ln (z) (the intercept of

the line) can be determined.
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The half time of crystallisation can be also calculated using the equation below:

th. = m72 [150] (Equation 3.5)
The value of the Avrami exponent (n value) varied between 2.6 and 3.1 (see Table 3.4) which
is in good agreement with other reports for PLA and its copolymers [59, 150-152]. In terms of
the crystallisation models adopted by the Avrami, the growth of spherulites are in accordance
with the growth of spherical particles from heterogeneous nuclei, for which n=3 [153].
According to a report by Hay et al. [83], the Avrami model can describe the crystallisation
mechanism of a polymer only when the nucleation is either predetermined or sporadic with a
constant radial growth. In this condition, the Avrami exponent (n value) is 3 and 4, respectively.
In other words, the exponent value must be an integer to be described accurately by the Avrami
model. However, as can be seen from the results of this work, that is not the case. Nevertheless,
fractional Avrami exponents (n values) which are close to integer values acceptable by the
Avrami model have been widely observed during the crystallisation process of the polymers.
These fractional values might be as a result of variation in the nucleation density across the

polymer sample [153].

The variation in half-life with temperature obtained from the Avrami equation is illustrated in
Figure 3.25. The results for both Figures 3.23 and 3.25 followed a similar trend. However, the
halftime values obtained from the Avrami equation (Figure 3.25) were lower in comparison
with the ones obtained previously (Figure 3.23). The halftime values obtained from the Avrami
model might be less accurate because of the limitations of this model such as comprising only
the primary crystallisation process (not the secondary) as well as the fluctuations existed in n

and Z values which obtained from the regression of the lines.
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The variation in the growth rate constant, Z, is shown in Figure 3.26. Although Z is a reciprocal

function of half time value, in this figure, it did not exhibit a linear reciprocal relationship with

halftime trendlines (Figure 3.25).
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Figure 3.24 The Avrami plots of PLA at different isothermal temperatures

Table 3.4 The n values of PLA at different isothermal temperatures obtained from Avrami + standard

deviation
T (°C) n
95 2.6 £0.07
110 3.23+0.09
120 3.18 £ 0.09
125 2.36 £ 0.07
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Figure 3.25 Variation in half-life with crystallisation temperature obtained from the Avrami

0.06

0.05 i

0.04

0.03 i

0.02

Rate constant (Z) / min’!

0.01

90 100 110 120 130

Crystallisation temperature / °C
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3.2 Conclusions

Studies into the crystallisation kinetics of PLA were conducted under nonisothermal and
isothermal conditions. According to the results from nonisothermal studies, the degree of
crystallinity of PLA samples can be controlled and manipulated by using different cooling
rates. Additionally, by applying different cooling rates polymers with various spherulite
dimensions and microstructures can be produced. Both cooling and heating rates could
influence the glass transition temperature of the polymer. In isothermal conditions, the
crystallinity behavior, morphology and crystal sizes of the polymer were manipulated at
different isothermal temperatures. The isothermal crystallisations were analysed using the
Avrami model and produced n values of around 3, indicating a three-dimensional crystal

growth mechanism with sphere geometry.
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Chapter 4: Controlling the microstructure and crystallisation
behaviour of PLA-HA composites

4.0 Introduction

In this chapter, PLA-HA composites were fabricated using three different procedures,
including hot pressing, injection moulding and solution casting. The advantageous and
shortcomings of each technique were discussed. In order to investigate the effect of HA
particles on the morphology, thermal behaviour, crystallisation kinetics and mechanical
properties of the PLA matrix, composite samples were characterised using different techniques
including SEM, DSC, HSM, TGA, tensile and flexural tests as well as DMTA. Additionally, a

novel approach for producing porous structures using DCM solvent was introduced.

4.1 Results and discussion

4.1.1 SEM morphology of PLA and HA powders as well as hot pressed samples

In order to produce composite samples with a suitable dispersion, PLA pellets were
cryogenically ground into powders. The scanning electron microscopy (SEM) was used for the
morphological study of both PLA powders obtained by cryogenic grinding and the as-received
HA powders. Figure 4.1 illustrates the SEM images of PLA powders. As can be seen from this
figure, the average size of the PLA powders is around 970 £+ 190 um. The SEM morphology
of the as-received HA powders shown in Figure 4.2. It is apparent that HA powders have an

average size of 19 + 0.5 um with an irregular shape.
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Figure 4.2 SEM images of the as-received HA powders
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Figure 4.3 demonstrates the SEM micrographs of fracture surfaces of the hot pressed composite
samples containing different amount of HA (0-40 wt%). It is apparent from this figure that HA
particles with sharp edges (Figure 4.2) are not obviously recognisable even at 40 wt% loading
of HA. This indicates that HA particles were successfully integrated within the PLA matrix.
No agglomeration of HA powders was observed in the pictures showing that the dispersion of
the filler within the polymer matrix was quite well. As the percentage of HA particles increased
through the composite, a rougher surface was observed under the microscope. This is in
accordance with previous reports which suggest that by adding HA into PLA the surface

roughness of the composite could be increased [154, 155].

Figure 4.3 SEM micrographs of hot pressed PLA-HA samples with different wt% of HA
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4.1.2 Nonisothermal DSC studies of PLA powder and hot pressed samples

In order to investigate the effect of cryogenic grinding on the crystallinity and thermal
behaviour of the as-received PLA pellets, both PLA pellets and powder (after grinding) were
analysed by DSC. In the first run, PLA pellets and powders were heated up to 210 °C at a
heating rate of 20 °C min* and held for 5 minutes. Afterwards, they were cooled to the RT at
20 °C min'* before being reheated to the melt temperature at the same heating rate (Figure 4.4).
The degree of crystallinity and glass transition temperature of both PLA pellet and powder
were almost similar during the first and second heating scans (Table 4.1). According to both
Figure 4.4 and Table 4.1, the cryogenic process did not change the properties and thermal

behaviour of the original PLA pellet.

80 —heating process-PLA powder —cooling process-PLA powder
—reheating process-PLA powder —heating process-PLA pellet
o cooling process-PLA pellet — reheating process-PLA pellet

60

50

I

40

N

20

Relative Heat Flow Endo up (mW)

10
45 65 85 105 125 145 165

Temperature / °C

Figure 4.4 DSC graphs of as-received PLA pellet and powder (after cryogenic grinding) first heating,
cooling and second heating (reheating) processes
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Table 4.1 Comparison of properties of PLA before and after cryogenic grinding process + standard

deviation

Type of sample

Xc (%) -heat 1

Xc (%0) -heat 2

Tg(°C) -heat 1

Tg (°C) -heat 2

PLA pellet

38+£0.3

0

65+ 0.5

61+ 0.6

PLA powder

38+0.5

0

64.5+0.8

61+ 0.7

A nonisothermal DSC process was performed on PLA and PLA-HA hot pressed samples to
investigate the effect of HA and hot pressing process on the crystallinity and thermal behaviour
of the samples. The process involved heating the samples (around 10 mg) up to 210 °C and
held for 5 minutes to eliminate any thermal history. Afterwards, they were cooled to the RT
before being reheated to the melt temperature. The heating and cooling rates applied during the
processes were 20 °C min. Figure 4.5 illustrates the reheating processes of all composite
samples (0-40 wt%) HA. As it is apparent from this figure, there was evidence of some
crystallisation and melting during all reheating processes. However, according to Figure 4.6,
no melting peak or crystallisation appeared during the reheating process when a heating rate of
50 °C min?was applied (PLA and 10 wt% HA). This suggests that the crystallisation and
melting peaks observed during the reheating processes in Figure 4.5 were not related to the
pre-existing crystallinity of the pure PLA due to hot pressing process or the HA content of the
composite, but, they could be related to the crystallisation that occurred during the reheating
process due to the low heating rate [156]. Furthermore, as can be seen from Figure 4.5, a peak
appeared on the T4 for all samples suggesting that some physical ageing occurred during the
process. However, physical ageing tends to happen in amorphous materials and not in semi-
crystalline [144]. This further supports the hypothesis that all samples achieved through hot
pressing were totally amorphous and HA did not seem to influence the crystallinity behaviour

of the samples.
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20 °C min't using different heating rates (20 and 50 °C min)
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The glass transition temperatures of the samples with different HA loadings were compared
and shown in Figure 4.7. As it is apparent from this figure, the glass transition temperature
increased slightly with increasing the HA content in the samples (except for 5 wt% HA).
However, the variance of the Tqwas not significant (according to the error bars). Nevertheless,
the shifting of the Tqinto a higher temperature due to the increase in the filler content has been
reported previously by other authors [121, 125, 128, 129]. This could be attributed to the
agglomeration of HA particles, which restricted the chain mobility of the polymer. Thus, in
order to mobilise the polymer chains, more energy was required resulting in an increase in the

Ty [125].
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Figure 4.7 The effect of HA loading on the T of hot pressed composite samples
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4.1.3 Isothermal crystallisation studies of hot pressed samples by DSC

In order to explore the effect of HA particles on the crystallisation behaviour of PLA under
isothermal conditions, PLA and PLA-HA samples with different loadings of HA were
isothermally treated under the DSC at three different isothermal temperatures (95,110 and 125
°C). The heat treatment process was repeated the same as for the pure PLA in Chapter 3

(Section 3.1.6).

Figures 4.8.a-4.8.f show the melting endotherms of subsequent heating processes that were
performed on the PLA and PLA-HA samples (5-40 wt% HA loading) after being held at 95 °C
for various periods. As can be seen from these figures, double melting peaks due to the melting-
recrystallisation-remelting process, which was mentioned previously (Chapter 3), appeared
during the heating processes of all samples. The general trend of these figures shows that
storing a sample at a longer period resulted in stabilising the double melting peaks and
converting them into one single peak. Furthermore, the area under the melting region for all
samples increased over time. It is also apparent that adding more HA led to double melting
peaks converting faster into one single melting peak, indicating that HA could accelerate the
crystallisation process. Nevertheless, according to these figures, by adding a larger amount of
HA particles in the polymer samples (30 and 40 wt% HA), melting peaks with a small shoulder
appeared suggesting that the rate of crystallinity could be reduced by the addition of HA
(Figures 4.8.e and 4.8.1). This observation might be attributed to the fact that at high loadings,
the filler particles can generate a physical barrier or steric hindrance to the growth of crystal

lamellae and consequently limit the crystallisation process [157].
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Figure 4.8.a Melting endotherms produced after Isothermal crystallisation process at 95 °C. PLA
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Figure 4.8.b Melting endotherms produced after Isothermal crystallisation process at 95 °C. PLA-HA
(5 wt%)
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Figure 4.8.c Melting endotherms produced after Isothermal crystallisation process at 95 °C. PLA-HA
(10 wt%)
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Figure 4.8.d Melting endotherms produced after Isothermal crystallisation process at 95 °C. PLA-HA
(20 wit%)
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Figure 4.8.e Melting endotherms produced after Isothermal crystallisation process at 95 °C. PLA-HA
(30 wt%)
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Figure 4.8.f Melting endotherms produced after Isothermal crystallisation process at 95 °C. PLA-HA
(40 wt%)
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Figures 4.9 and 4.10 illustrate the melting endotherms of subsequent heating processes, which
were performed on the PLA and PLA-HA samples (10-40 wt% HA loading) after being held

at 110 and 125 °C, respectively, for various periods.
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Figure 4.9 Melting endotherms produced after 60 minutes of Isothermal crystallisation process at 110
°C for PLA-HA samples with different HA loadings
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Figure 4.10.a Melting endotherms produced after 60 minutes of Isothermal crystallisation process at
125 °C for PLA-HA samples with different HA loadings
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Figure 4.10.b Melting endotherms produced after 180 minutes of Isothermal crystallisation process at

125 °C for PLA-HA samples with different HA loadings
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The degree of crystallinity of the samples treated under the DSC at 110 and 125 °C for various
times was determined using Equation 3.1 in Chapter 3 and is shown in Table 4.2. As can be
seen from this table, the degree of crystallinity (Xc) increased considerably by adding more HA
through the structure of the composites for various periods at both temperatures. However, the
gap between the degree of crystallinity of pure PLA and PLA-HA composites which were heat
treated isothermally at 125 °C for 60 minutes was considerably more in comparison with the
samples which were heat treated isothermally at 110°C and 125 °C for 60 and 180 minutes,
respectively. This might be because in the latter cases, the degree of crystallinity of pure PLA
was very high. According to previous reports, the effect of a filler as a nucleating agent on the
degree of crystallinity in a polymer can be much less when the material is highly crystalline
[157].

Table 4.2 Measurement of X. of PLA-HA samples at 110 and 125 °C for various isothermal times +
standard deviation

HA (%) 110 °C for 60 min 125 °C for 60 min | 125 °C for 180 min
(%) (%) (%)
0 27+0.9 2+0.2 29+0.9
10 35+0.2 9+0.8 44+ 0.5
20 38+0.6 12 + 07 45+ 0.5
40 50+ 0.3 36+0.5 51+0.8

103



4.1.4 Isothermal crystallisation kinetics and Avrami analysis of hot pressed samples
The isothermal crystallisation process for PLA-HA composite samples was also performed
using HSM equipped with a light dependent resistance (LDR). The procedure was repeated the

same as for the pure PLA, which was described in Chapter 3 (Section 3.1.8).

Figure 4.11 illustrates the relative crystallinity (X;) values of the samples with various HA
loadings as a function of the crystallisation time at various isothermal holding temperatures
from 95 to 125 °C. The general trend for the variation of crystallinity over isothermal
crystallisation time for all samples was quite similar to each other. The crystallinity of all
samples was firstly increased by increasing the temperature up to reaching its peak at 110 °C.

Afterwards, there was a reduction in crystallinity by increasing the temperature up to 125 °C.
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The halftime crystallisation values of all samples at different isothermal temperatures obtained
from Figure 4.11 are compared and shown in Figure 4.12. As can be seen from this figure, the
addition of HA particles in PLA can increase the crystallisation rate for all isothermal
temperatures. However, the crystallisation rate did not vary too much by increasing HA content
at 110 °C. This was because the rate of crystallisation was too fast at this temperature such that
the light dependent resistance (LDR) procedure was not capable of detecting the differences in
the crystallisation rate for different samples. Composite samples contain 5 and 10 wt% HA
showed a negative effect on the crystallinity of the PLA matrix. This might be due to the
composition variance of HA particles in the polymer matrix. According to this figure, there was
no linear relationship between the crystallisation rate and the amount of HA in the sample.
Nevertheless, the general trend showed that PLA-HA composites could reach 50% of relative
crystallinity (Xt) in a shorter time in comparison with the pure PLA indicating that HA could
act as a nucleating agent to facilitate the crystallisation process of PLA. Similar results were

also reported by Liuyun et al., who found that HA acted as a nucleating agent in PLGA [158].
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Figure 4.12 Half time crystallisation of hot pressed PLA-HA composites at different isothermal

temperatures

The Avrami equation, which was described previously in Chapter 3, was applied for the
analysis of the isothermal crystallisation kinetics of the PLA-HA composites. The Avrami
graphs of all samples were obtained by plotting the log[—In(1 — X,)] against logt and are
shown in Figure 4.13. The rate constant Z and n values of the samples at different isothermal
temperatures were determined by getting the linear regression of the Avrami graphs and are
shown in Figure 4.14 and Table 4.3, respectively. The Z constant for the composites containing
different amount of HA did not follow any trend. The n values obtained at 95 and 125 °C seem
to increase by increasing the HA loading without any linear relationship. However, at 110 °C,
the n values were almost similar for all samples comprising different percentages of HA. The
halftime values obtained from the Avrami equation are illustrated in Figure 4.15. The general
trend for the variation of the halftime crystallisation at different isothermal temperatures for all
samples was very similar to the one observed in Figure 4.12. As previously mentioned in
Chapter 3, the discrepancy between the halftime values obtained from the Avrami equation and
the ones obtained from the crystallisation-time graph might be related to the limitations of the

Avrami method.
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Figure 4.13 Avrami plots of the hot pressed PLA-HA composites with different HA wt% loadings, a)
0% b) 5% c) 10% d) 20% e) 30% f) 40% held at different isothermal temperatures
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Figure 4.14 Crystallisation rate constant of hot pressed PLA-HA composites at different isothermal
temperatures. The error bars are small (around 3%).

Table 4.3 The n values of hot pressed PLA-HA composites at different isothermal temperatures

obtained from Avrami =+ standard deviation

T HA %
(°C) 0% 5% 10% 20% 30% 40%
95 2.6 £0.07 2.4+0.07 2.8+0.08 4+0.1 39 £0.1 | 3.7x£0.1
110 | 3.23+£0.09 2.5+ 0.07 2.8+£0.08 34 £0.1 3.7£01 |29+0.09
125 | 2.36 £0.07 3+0.09 2.62 £0.07 3+0.09 294008 | 34+0.1
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Figure 4.15 Half time crystallisation of hot pressed PLA-HA composites at different isothermal

temperatures obtained from the Avrami equation. The error bars are small (around 4%).

4.1.5 Isothermal crystallisation kinetics of PLA-HA samples via HSM

In order to investigate the effect of the HA particles on the microstructure of the samples, the
final morphology of PLA and PLA-HA samples after completing the isothermal crystallisation
process at 95, 110 and 125 °C were recorded and shown in Figure 4.16. The isothermal
crystallisation process was repeated the same as for pure PLA in Chapter 3 (Section 3.1.7). The
general trend of the figure shows that in all samples by increasing the holding temperature, the
size of the spherulites increased while their number decreased. This is associated with the
relationship between the nucleation and growth rate, which was previously explained. At lower
temperatures, the mobility of polymer chains was not high enough to grow into crystalline
lamellae structures from the amorphous state. As the temperature went up, the nucleation sites
decreased, resulting in a reduction in the number of spherulites. However, higher temperatures
could offer better chain mobility leading to larger spherulites. It is also apparent from this figure

that by increasing the HA loading in the polymer matrix, the size of spherulites became smaller
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while their number increased. Furthermore, the crystallisation process completed earlier at all
temperatures by adding the HA particles in the polymer matrix. For instance, by introducing
20 wt% HA into the PLA matrix, the time required for completing the crystallisation process
at the isothermal temperature of 125 °C was reduced by more than 2 hours. According to these
optical microscopy images, the addition of HA had a typical heterogeneous nucleating effect
for the isothermal crystallisation of PLA matrix because of the randomly distributed nucleating

sites.
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Figure 4.16 Final microstructure of hot pressed PLA-HA composites with different HA wt% loadings
under HSM, a) 0 % HA, b) 10 % HA c) 20 % HA d) 40 % HA at 95, 110 and 125 °C from left to the

right - The white scale bars represent 40 pm.
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4.1.6 Thermogravimetric analysis (TGA) of hot pressed samples

PLA and PLA-HA hot pressed samples were analysed by TGA in order to confirm and
determine the presence of HA within the PLA matrix and explore the effect of HA particles on
thermal decomposition and stability of the PLA matrix. Figures 4.17 and 4.18 demonstrate the
weight loss and derivative weight loss curves of the samples, respectively. TGA plots of the
samples show that decomposition of the samples initiated at around 300 °C and was complete
around 400 °C. According to the previous reports, HA did not undergo any thermal
decomposition within this range of temperatures [159]. Therefore, it was expected that HA
particles played a vital role in the enhancement of the thermal stability of the PLA. However,
as it is apparent from both Figures 4.17 and 4.18, the decomposition of PLA was catalysed by
additional loadings of HA particles. The weight loss values at different temperatures where 5%
(Ts), 50% (Tso0) and 80% (Tso) of the initial weight were lost were obtained from the TGA plots
and shown in Table 4.4. According to this table, the thermal stability of PLA decreased (around
40 °C) with increasing HA loading in the initial stages of thermal degradation (Ts). At later
stages of decomposition, the decrease in thermal stability was not significant compared with
that of pure PLA. The slight increase in Tgo and T, (the peak temperature obtained from the
first derivative-Figure 4.18) at 40 wt% HA compared to 20 wt% HA might be due to the
restriction of the PLA molecular mobility as a result of high loading concentration of the filler.
Previous studies have shown that low loadings of HA had the potential to enhance the thermal
stability of thermoplastic polymers such as poly(methyl methacrylate) and polyamide [160],
although this study verified that the thermal stability of the polymers could be also decreased
by addition of HA particles. Having said that, the effect of calcium phosphates, including -
TCP and HA fillers on decreasing the thermal stability of the PLA was also reported by other
authors [125, 159-163]. This could be attributed to the high hydrophilicity of HA and its

tendency to absorb moisture. On the other hand, PLA is a type of polyester polymer, which is
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very sensitive to hydrolysis. Consequently, the hydrolytic scission of PLA could result in
promoting a plasticization process and formation of lactic acid as well as oligomers which
possess less thermal stability at high temperatures in comparison with the long PLA molecular
chains [163]. According to previous reports, HA particles could enhance the thermal stability
of PLA when they are at very low concentration (less than 5 wt % HA) within the matrix [159,
160]. However, higher loadings of the filler could shift the onset of degradation to the lower
temperatures. The residual percentage weight of the composites did not correspond to the actual
weight of HA in each sample (see Table 4.4). This might be due to the HA variations in the
composite. Overall, these results indicate that high concentration of HA loadings could
accelerate the decomposition of PLA at the initial stage; however, the reduction of the thermal
stability of the polymer at later stages of the decomposition process was insignificant.
Furthermore, in general, the thermal degradation of the hot pressed composites was almost

invariable, and decomposition had occurred at approximately the same temperature.
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Figure 4.17 TGA of hot pressed PLA-HA composites, Mass loss (%) versus temperature
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Figure 4.18 First derivative mass loss (%/°C) versus temperature for hot pressed PLA-HA composites

Table 4.4 Characteristic temperatures of the thermal decomposition of hot pressed PLA-HA
Composites + standard deviation, Ty = temperature at which x % of the initial mass is lost.

Sample Ts/°C Tso/°C Tso/°C Tp/°C Residual
weight
percentage
Pure PLA 320+ 0.5 356 +0.9 370+ 0.5 366 + 0.5 1+0.3
20% HA 310+0.3 352+ 0.5 367+0.5 360+0.1 10+ 0.5
40 % HA 279+0.5 350+ 0.6 368 +0.1 364+0.1 12+0.4

4.1.7 SEM of injection moulded samples

In order to investigate the effect of HA particles on the mechanical properties of PLA matrix,

samples of HA-PLA with 0-35 wt% HA were prepared via injection moulding. Figure 4.19

illustrates the SEM morphology of the fracture surfaces of the injection moulded samples

containing different loadings of HA. The results showed that HA particles were

homogeneously dispersed within the matrix at lower concentration loadings of HA (5 and 12

wt%) without containing any lumps. However, at higher loadings (20 and 35 wt% HA) large

HA particles were observed clearly. Additionally, there were several gaps and voids within the

matrix. Agglomeration of HA at high loadings could be associated with the orientation
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phenomenon, which usually occurred during the injection moulding process of polymers [164—
166]. During the injection process, the viscous polymer matrix was forced through the mould
or die under high pressure and temperature, resulting in some molecular orientation of the
samples. Consequently, this orientation could cause non-uniform distribution of the filler
within the polymer matrix. In addition, from Figure 4.19, it was observed that some HA
particles were located on the surface of the polymer composite. This might be advantageous as
the HA particles are bioactive and would be exposed to cells and tissues in the body forming a
chemical bond. Furthermore, agglomeration of HA particles on the surface can increase the
roughness of the composite's surface. According to previous reports, by increasing the surface
roughness cell adhesion could be improved [159]. This is because the rough substrates possess
more topographical features with more surface area, which is beneficial for the interactions

within cells and proteins.
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Figure 4.19 SEM micrographs of fracture surfaces of the injection moulded PLA-HA composites with
different HA wt% loadings a) 0 % HA, b) 5 % HA c) 12 % HA d) 20 % HA and e) 35 % HA
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4.1.8 DSC analysis of injection moulded samples

A nonisothermal DSC process (the same as hot pressed samples) was performed on all injection
moulded samples to explore the effect of HA loading and injection moulding process on the
crystallisation and thermal behaviour of samples. The subsequent heating process (after one
heating and cooling) of all injection moulded samples is shown in Figure 4.20. The DSC traces
of the injection moulded samples were quite similar to the hot pressed samples. Crystallisation
and melting were observed during the subsequent heating scans of all specimens, including
pure PLA. This was previously attributed to the crystallisation process that occurred during the
heating procedure due to the low heating rate [156]. The value of Tq for all samples was quite
similar and the HA content of the samples did not influence it (see Figure 4.21). Overall, there
was no significant difference between the nonisothermal DSC results of injection moulded

samples and the ones observed for hot pressed samples.
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Figure 4.20 Second heating DSC scan of injection moulded HA-PLA composites with different HA

loadings
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Figure 4.21 The effect of HA content on the Tg of injection moulded PLA-HA composites

4.1.9 Mechanical properties of injection moulded samples

In order to explore the effect of HA on the mechanical properties of PLA-HA composite
samples, both tensile and flexural strength tests were performed for all injection moulded
samples. Figures 4.22-4.24 demonstrate the effect of the amount of HA in the sample on the
ultimate tensile strength (UTS), elongation at break and tensile modulus (Young's Modulus),
respectively. The range of values obtained for the UTS and elongation at break for the pure
PLA were in accordance with previous reports [125, 129, 163]. There was a decrease in both
UTS and elongation at break as the amount of HA increased. The reduction in UTS by the
incorporation of more inorganic fillers through the structure of the thermoplastic polymer is
typical and was previously reported by other authors [125, 129, 132, 163, 167]. This might be
due to a decrease of the cross-sectional area of the load-bearing polymer by adding more fillers
into the matrix [129]. Furthermore, according to the literature, the mechanical strength of a
PLA-HA composite made from non-modified HA particles can be reduced because of the weak

interface between the PLA matrix and HA particles [120].

119



The reduction of elongation at break with higher loadings of HA was expected as in all polymer
composites elongation mostly arises from the polymer rather than the inorganic filler, which is
more rigid. Higher loadings decreased the amount of polymer required for the elongation and
eventually reduced the final value for elongation at break [129]. As expected there was a
proportional increase in the tensile modulus (stiffness) of the matrix by increasing HA loadings

(Figure 4.24) indicating that by adding more fillers more rigid materials were obtained.
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Figure 4.22 Evolution of the tensile strength as a function of HA wt%
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Figure 4.24 Evolution of tensile modulus as a function of the HA wt%. The error bars are very small

(+ 0.03-0.05) and are not recognisable in the figure.
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Similar trends were observed for the flexural behaviour of composite samples. As the HA
loading increased, the flexural modulus increased due to the higher stiffness of the material
(Figure 4.25). The flexural modulus increased considerably from 3.7 GPa for the pure PLA up
to around 5 GPa for the composites containing 35 wt% HA. The range of values for the flexural
modulus was in accordance with values obtained for PLA composites in the literature [162,

163]. In contrast, the flexural strength of PLA decreased around 10 MPa by increasing the HA

loading to 35 wt% HA (Figure 4.26).

Generally, the results for both flexural and tensile tests followed a similar trend. PLA-HA
composites containing 10-20 wt% of HA are considered as the most appropriate choice in terms
of maintaining a good balance between all mechanical properties as they offer a high stiffness

with slightly lower deformation ability in comparison with pure PLA.
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Figure 4.25 Evolution of flexural modulus as a function of the HA wt%

122



85
80

75 1 |

0 |

Flexural Strength / Mpa

65 {

60

0 10 20 30 40
HA / wt%

Figure 4.26 Evolution of flexural strength as a function of the HA wt%

4.1.10 Dynamic mechanical thermal analysis (DMTA) of injection moulded samples
PLA and PLA-HA injection moulded samples were analysed by DMTA in the range of
temperatures from RT to 130 °C, in order to explore the viscoelastic behaviour and glass
transition temperature changes of PLA and its composites. Figure 4.27 illustrates the values of
storage modulus (E") as a function of temperature for different HA loadings. As can be seen
from this figure, a peak appeared on the curves for all samples except for 12 wt% HA as the
samples reached to their Tg. This observation was unexpected. This might be associated with
the orientation that occurred during the injection moulding process. During the heat treatment
(during DMTA testing) as the samples reached to near their Tg, the oriented molecular chains
obtained from the injection moulding process should be relaxed. However, the samples were
clamped in a dual cantilever during the DMTA experiment which may have inhibited the
process of chain relaxation and therefore higher heat flux was required to overcome the
situation leading to the relaxation of highly oriented polymer chains. This higher force which
could be considered as an apparent stiffness appeared as a peak on the curves for all samples

around their Tg. However, this phenomenon (the peak on the T4 due to the orientation) was not
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observed previously in similar experiments (DMTA of injection moulded samples of PLA-HA

composites) [125].
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Figure 4.27 Storage modulus vs. temperature for PLA and PLA-HA injection moulded samples

Figure 4.28 shows the trend of E' (storage modulus) as a function of temperature for 20 wt%
HA before and after the heat treatment at 70 °C in an oven for 1 hour. As it is apparent from
this figure, the peak on the Tq disappeared after the heat treatment of the sample. This is because
the sample above the Ty was a liquid during equilibrium and all the polymer chain orientation
disappeared. Therefore, the peak on the T4 could be considered as an artifact from the injection
moulding process, which could be removed by annealing the samples above their T4 and below
their crystallisation temperature. A new increase in E' was detected at temperatures around 90-
120 °C in both Figures 4.27 and 4.28 which could be attributed to the crystallisation process
due to the low heating rate (1 °C min™) applied during the experiment. Therefore, higher
crystallinity led to a higher stiffness of the sample. The increase in crystallinity started slightly
earlier (around 80 °C) for 20 wt% HA sample which was heat treated at 70 °C compared to the

one which was not heat treated (Figure 4.28). This could be due to the preheating process at 70
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°C. The E' started to decrease again after an increase due to the crystallinity in both Figures
4.27 and 4.28. This could be due to the melting out of a proportion of the material and

producing some mobile chains.
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Figure 4.28 Comparing the storage modulus of 20 wt% HA before and after heat treatment at 70 °C

The effect of HA loading on the storage modulus for the samples is shown in Figure 4.29. The
general trend of this figure shows that the E' values for the samples became greater as the HA
loading increased, indicating that the material became more rigid by adding more HA. This is
in accordance with previous results in this study regarding tensile and flexural mechanical
properties of the injection moulded samples where it was shown that by increasing the HA
loading, the material became stiffer. A similar range of values for E' of PLA and PLA-HA

samples were reported by Liu et al. [125].
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Figure 4.29 The effect of HA wt % loading on the storage modulus for injection moulded samples

By plotting tan 6 versus temperature (Figure 4.30), the glass transition temperature (Tg) was
obtained. Tan & generally remained constant up to the onset of Tg. The main peak observed at
around 65-70 °C was considered as the range for the glass transition temperature (Tg) of the
sample. The second peaks observed for some of the samples could be due to the mobilisation
of another less mobile region of the amorphous phase. The Tg values were obtained from the
main peaks of the curves of figure 4.30 and compared with each other (Figure 4.31). The range
of values of Tq for samples with different HA wt% loading is quite similar and the HA did not

seem to influence it.
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Figure 4.30 Tan Delta vs. temperature for PLA and PLA-HA injection moulded samples
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Figure 4.31 The effect of HA content on the T of injection moulded PLA-HA composites obtained

from DMTA
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4.1.11 TGA analysis of injection moulded samples

PLA and PLA-HA injection moulded samples were analysed by TGA (the same procedure as
hot pressed samples in Section 4.1.6) in order to confirm and determine the presence of HA
within the PLA matrix and explore the effect of HA particles on the thermal stability of the
polymer. The results of weight loss and derivative weight loss for injection moulded samples
were quite similar to the ones observed for the hot pressed samples (see Figures 4.32 and 4.33).
According to Figure 4.32, decomposition of all samples occurred between around 300 and 400
°C. It is quite apparent from this figure that the decomposition of PLA was accelerated by
additional HA loadings. The general trend of the data presented in Table 4.5 indicates that the
thermal stability of the PLA was decreased by increasing the amount of HA within the samples
due to the hydrolysis, which was mentioned earlier (Section 4.1.6). However, there are some
exceptions to this trend. For example, at Tso the decomposition was delayed by adding more
HA in the composite, which was previously attributed to the aggregation of HA powders within
the matrix and restriction of the PLA molecular mobility. The residual percentage of the
composites were approximately equal to the weight percentage of the filler within the sample
(Table 4.5). For example, composites that contained 20 wt% HA had a residual percentage
weight of 24%, which corresponded to the weight of HA particles and the residual PLA in the

sample.
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Figure 4.32 TGA of injection moulded PLA/HA composites, Mass loss (%) versus temperature
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Figure 4.33 First derivative mass loss (%/°C) versus temperature for hot pressed PLA-HA composites
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Table 4.5 Characteristic temperatures of the thermal decomposition of injection moulded PLA-HA

Composites + standard deviation , Tx = temperature at which x % of the initial mass is lost.

ol T s o To | oereentage
loading (°C) (°C) (°C) (°C) %
0 333+ 0.5 369+04 383+ 05 375+ 0.1 1.3+0.02
5 324+04 362 +0.2 375+0.8 365+ 0.5 10+ 05
12 327 +0.5 365+0.9 379+ 0.7 367 +0.1 14+ 0.2
20 320+ 0.5 367 0.1 - 368 +0.8 24+ 0.8
35 313+0.3 369 +0.7 - 365+ 0.7 42 + 0.05

4.1.12 Imaging and SEM analysis of samples achieved by solution casting

PLA and PLA-HA samples with various HA loadings (5-40 wt% HA) were produced via the
solution casting method. Figure 4.34 illustrates the photo of a PLA film obtained by dissolving
the PLA pellets in DCM. The white regions in the film indicated that crystallisation had
occurred within the PLA matrix during the experiment. Furthermore, the colour of the whole
surface of the film was white and cloudy suggesting that the sample was partially crystalline.
Inducing the crystallisation of PLA by organic solvents has been previously reported in the
literature [168]. Figure 4.35 shows photos of two PLA-HA composite films (5 and 20 wt%
HA) obtained by solution casting. It is apparent from this figure that the HA particles were not
uniformly dispersed within the PLA matrix and instead were agglomerated around the edges
of the film. This could be due to the crystallisation of PLA that occurred during the evaporation
of the solvent resulting in the migration of HA particles towards the edges of the sample and
preventing their integration within the matrix. The SEM images of PLA and PLA-HA (40 wt%
HA) also revealed spherulites (through the appearance of polyhedral boundaries) that were
formed during the evaporation of the solvent (Figure 4.36). These observations suggest that the
solution casting might not be an appropriate method for production of a PLA-HA composite
with a suitable dispersion of the filler within the matrix.
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Figure 4.34 PLA film sample obtained by solution casting

Figure 4.35 PLA-HA film samples with 5 and 20 wt% HA from left to right obtained by solution casting
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Figure 4. 36 SEM images of a) PLA and b) PLA-HA (40 wt% HA) film samples obtained by solution

casting

4.1.13 Etching the samples in DCM

The HA particles were not distinguishable in the SEM images of the surface area of the PLA-
HA (40 wt% HA) composite (Figure 4.36). Hence, it was decided that the samples should be
etched using DCM in order to remove the surface skin and find out if HA particles could be
discovered. However, the SEM images of the etched composite samples (40 wt% HA) revealed
that a polymer matrix with a uniform porous surface structure could be created through etching

the samples with DCM (Figure 4.37). This was a surprise allowing us to further investigate the
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relationship between the etching of the samples and the formation of porosities within the

samples.

Figure 4.37 SEM images of PLA-HA (40 wt% HA) film sample obtained by solution casting after 10
minutes etching in DCM

4.1.13.1 Investigation of the Porous Surface Structure

An amorphous hot pressed plaque of PLA was cut into small pieces and put in 50 mL of DCM
inside a glass beaker (DCM temperature: 20.5°C) for various periods. It was discovered that
the samples were dissolved and disappeared entirely after 5 minutes etching in DCM. Figure
4.38 illustrates the SEM morphology of the amorphous PLA samples after etching in DCM for
various periods. It can be observed that a uniform distribution and size of pores covering all
the samples after etching in DCM were present. It was also apparent that as the samples were
held in DCM for a longer period of time, the average pore diameters and their depth within the
samples increased. According to the literature, the nucleation sites for the polymer foams could
occur in random locations in a polymer [169]. Therefore, it could be speculated that the
nucleation sites for different pores and the locations where DCM dissipate through the PLA
sample occurred randomly within the surface of the polymer. DCM might have acted as a

lubricant inducing the molecular chains of the polymer to slide over each other and cluster in
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several different regions near to the nucleation spots. After the removal of the sample from
DCM, the molecular chains could settle into new positions and by evaporation of the DCM

from the sample, a porous surface structure could be achieved.
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Figure 4.38 SEM images of an etched amorphous hot pressed PLA sample a) after 10 seconds etching,
b) after 30 seconds etching and c) after 2 minutes etching
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A crystalline PLA film obtained from solution casting was also examined after etching in DCM
for 60 seconds. An interesting phenomenon was observed from the SEM micrograph of the
etched crystalline PLA sample (see Figure 4.39). As it is apparent from this micrograph, large
pores with a diameter of around 3.5 um surrounded by several smaller pores with the average
size of around 1 um and less were observed. The interesting point was that the large pores were
surrounded with a halo of no pores, which span the surface around 15 pum. This might indicate
that the driving mechanic behind the formation of pores within the samples is based around a
concentration gradient of DCM such that the pores with larger diameters pushing away the
DCM from the surrounding region. Consequently, the growth of smaller pores within that area

was prevented and the large pores could get the chance to grow even larger.

Figure 4.39 Semi-crystalline PLA obtained by solution casting, etched in DCM for 60 seconds

136



In order to investigate the penetration depth of the pores within the samples, the fracture
surfaces of the amorphous hot pressed PLA samples after etching through DCM for various
periods were observed under the microscope. This could allow calculating the dissolution rate
of DCM through the PLA sample. However, as can be seen from all micrographs in Figure
4.40, there were no internal pores through the sample after etching for various times. Therefore,
according to these images, the porous structure was only present at the surface of the polymer
and it did not penetrate deeper into the sample. This could be considered as an advantageous
feature for bone applications as the polymer can maintain most of its original stability and
mechanical properties, while providing enough porosity for migration, penetration and

proliferation of the cells into the structure of the scaffold.
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Figure 4.40 SEM morphology of the fracture surfaces of PLA after etching in DCM for various periods
including a) 1 min, b) 2 min and c) 4 min
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4.2 Conclusions

PLA-HA composite samples were fabricated using three different procedures, including hot
pressing, injection moulding and solution casting. SEM micrographs revealed that the HA
particles were homogeneously distributed within the PLA matrix in all hot pressed samples.
However, the dispersion of HA particles with PLA was poor in both injection moulding and
solution casting techniques due to the orientation and crystallisation phenomena occurring
during these processes. Isothermal DSC results showed that the degree of crystallinity went up
by increasing the HA loading. Furthermore, the double melting peaks converted into a single
peak by incorporation of HA particles through the sample. HSM images revealed that HA
particles had a heterogeneous nucleating effect on PLA. This was also confirmed by the Avrami
analysis, where it was observed that the crystallisation rate increased by increasing the HA
content of samples. However, there was no linear relationship between the HA loading and the
rate of crystallinity. According to the results of mechanical tests PLA-HA composites with 10-
20 wt% HA could be considered as the most appropriate samples in terms of maintaining a
good balance between all mechanical properties, including stiffness and deformation
simultaneously. It was expected that the HA particles increased the thermal stability of PLA;
however, according to the TGA results, the decomposition of PLA was catalysed by the
incorporation of HA particles due to hydrolysis. By etching the samples in DCM, a structure
with uniform pore size and distribution was produced. Furthermore, by manipulating the time
of etching, the diameter of the pores could be controlled. This porous structures could be

beneficial as bone scaffolds for migration and attachment of the cells and proteins.
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Chapter 5: The effect of microstructure on the hardness and
tribology behaviour of PLA

5.0 Introduction

In this chapter, the effect of spherulitic microstructure on nano-hardness (nano-indentation)
characteristics of PLA was explored. Firstly, by using hot stage microscopy (HSM) the
spherulitic microstructure was investigated. Secondly, appropriate samples required for nano-
hardness testing were produced by the DSC. Furthermore, the effect of secondary

crystallisation on tribological behaviour of PLA was investigated.

5.1 Results and discussion

5.1.1 Hot Stage Microscopy (HSM)

According to the HSM micrographs recorded during the isothermal process, the size of
spherulites can be controlled and manipulated at different isothermal temperatures. Figure 5.1
shows the samples with small spherulites (approx. 5 um in diameter) produced at 95 °C via
cold crystallisation. The process involved heating amorphous thin film hot pressed samples
(15-20 um) at a rate of 50 °C min up to 210 °C, holding them for 5 minutes before cooling
them back to RT at a rate of 50 °C min™. Afterwards, samples were heated up at the same
heating rate to 95 °C and the spherulites formation at this temperature for a certain period (up
to achieving a semi-crystalline sample with approx. 40% crystallinity) was recorded. As it is
apparent from this figure, the spherulites formation was entirely finished after 20 minutes. It
seems that the crystallisation process occurred more quickly through this procedure (cold
crystallisation) compared to the melt crystallisation at the same temperature in Section 3.1.7 in
Chapter 3 (Figure 3.19). This is in accordance with the literature where it was shown that the

isothermal crystallisation process at a certain temperature was slower from the molten state
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than from the amorphous (glassy) state [170]. Furthermore, the size of spherulites grown via
this method (cold crystallisation) was more uniform and slightly smaller than those previously
achieved at 95 °C from the molten state (approx. 15-20 um in diameter) demonstrated in
Chapter 3. Samples with large spherulites (200-250 um in diameter) were grown isothermally
at a higher temperature (125 °C) from the molten state, as illustrated in Section 3.1.7 in Chapter

3 (Figure 3.21).
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Figure 5.1 HSM images of spherulites formation at 95 °C via cold crystallisation for different periods:

a) 0 minutes, b) 10 minutes, and c) 20 minutes. The white scale bars represent 40 um.
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5.1.2 Differential scanning calorimetry (DSC)

By analysing the samples via HSM, the crystalline microstructure could be observed and
measured accurately. However, HSM was not capable of making the samples with appropriate
geometry that can be applied for the nano-hardness experiment. On the other hand, DSC was
able to produce suitable samples for the nano-hardness experiment, whereas the microstructure
could not be observed through this method. Therefore, the actual samples for the nano-hardness
experiment were prepared via DSC by considering the assumption that the same
microstructures as shown in HSM micrographs could be obtained for the samples via this
method. The amorphous hot pressed samples were dried in the oven for 24 hours at 60 °C
before applying them in the DSC in accordance with literature to remove moisture and prevent
any degradation [170]. Samples with small spherulites were produced through the DSC by
heating the samples up to 210 °C and held for 5 minutes before cooling them back to 25 °C.
Afterwards, the samples were removed from the DSC and were put in an oven at 95 °C for
various periods up to achieving semi-crystalline samples with approximately 40% crystallinity.
The procedure for making large spherulites samples involved heating the samples in the DSC
to the melting temperature (210 °C) and held for 5 minutes to erase the previous thermal
history. Then, the samples were cooled down straight to 125 °C and held at this temperature
for a certain period to obtain semi-crystalline samples with around 40% crystallinity. In both
procedures, heating and cooling rates of 50 °C mint were used to avoid additional

crystallisation.
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The degree of crystallinity of both types of samples, including small and large spherulites was
measured by heating the samples in the DSC at a heating rate of 50 °C min (Figure 5.2). The
required hold time to produce semi-crystalline samples (around 40% crystallinity) via the DSC
was longer compared to the HSM. This might be due to the differences that existed in the

sample sizes and geometries.

140 -

'//L —240 min
110 -

z

E

(=X .
> 180 min
(=}

©

(=

w

R /JL; —120 min
[ P

© 7~

£ / 60 min
2 50 - -

®

o —30 min
-4

20 T
120 150 180

Temperature / °C

a)

170

140 —//\ —270 min
—/,& —240 min

110
180 min

80 —90 min

—_— —60 min

50

Relative Heat Flow Endo up (mW)

—30 min
20
120 150 180

Temperature / °C

b)

Figure 5.2 Melting peaks of PLA samples produced (a) via cold crystallisation at 95°C and (b) via melt
crystallisation at 125°C
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The double melting peaks which are visible in Figure 5.2.a for 30 minutes at the isothermal
hold of 95 °C is due to the melting-recrystallisation mechanism, which was previously
explained (in Chapters 3 and 4). These double melting peaks were disappeared after holding
the sample for 1 hour. However, multiple melting peaks produced via melt crystallisation at
the same temperature (95 °C) were in all DSC traces up to 4 hours (Figure 3.17.a in Chapter
3). This is in accordance with the previous results from HSM where it was shown that the
crystallisation kinetics were faster via cold crystallisation compared to the melt crystallisation
at the same isothermal temperature. Therefore, the double melting peaks for PLA could convert
into one single peak in a shorter period when the crystallisation occurred from the glassy state

compared to the molten state.

The degree of crystallinity increased with increasing isothermal heat treatment holding times,
as shown in Table 5.1. The semi-crystalline samples (X¢:~40%) with small spherulites were
achieved at 95 °C via cold crystallisation after an isothermal holding time of 4 hours whereas
the 40% large spherulites semi-crystalline samples were obtained through melt crystallisation
at 125 °C after a holding time of 4.5 hours. Therefore, these samples were produced through

the DSC to be applied for the nano-hardness testing.
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Table 5.1 X. values obtained for cold crystallisation at 95 °C and melt crystallisation at 125 °C for
different periods + standard deviation

Temperature Isothermal hold Xe
(°C) time (min) (%)
95 30 -

60 24+ 0.4
120 30+£0.3
180 36+04
240 39.5+0.3

125 30 0.20 £ 0.005
60 2+0.2
90 6+0.9
180 29+0.9
240 37+0.35
270 39.5+05

5.1.3 Nano-Indentation (nano-hardness) analysis

Semi-crystalline hot pressed samples with different sizes of spherulites (small and large
diameters) obtained from the DSC and amorphous hot pressed sample (without any heat
treatment) as the reference were used for the nano-indentation testing. Only one epoxy disc
contains (one amorphous, one small spherulites, one large spherulites) samples were tested due

to time constraints. The indentation was also conducted on Epofix ™ resin as a control measure.

Table 5.2 shows the mean values for hardness and elastic modulus (Young’s modulus) for all
PLA samples and Epofix™ resin. As can be seen from this table, the amount of hardness and
Young’s modulus for Epofix™ resin were significantly less and quite distinguishable
compared to PLA samples suggesting that the indentation test was properly done on the
samples (not on the resin as the top layer of the samples). Furthermore, samples with large
spherulites demonstrated a greater value for both hardness and Young’s modulus in comparison
with the smaller spherulites samples and both of the semi-crystalline samples displayed higher

hardness and Young’s modulus compared to the amorphous sample.
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These differences in the amount of both hardness and Young’s modulus among the PLA
samples with different microstructures indicate that the top amorphous layer of all samples was

removed successfully through polishing.

According to Table 5.2 and Figure 5.3, the standard deviation for both hardness and Young’s

modulus for semi-crystalline samples were relatively higher than the amorphous sample.

Table 5.2 Hardness and Young’s modulus of Epofix™ resin and PLA samples with different
microstructures + standard deviation

Sample type Hardness Young’s Modulus
(GPa) (GPa)
Epofix™ resin 0.185 +0.021 4.2+0.25
Amorphous PLA 0.285 £ 0.022 6.79+£0.29
Small Spherulites PLA 0.343 +0.028 7.31+£0.35
Large Spherulites PLA 0.377 + 0.036 7.79+£0.42
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Figure 5.3 The values obtained for a) nano-hardness and b) Young’s modulus for PLA samples with

different microstructures

Achieved hardness values from the nano-indentation experiment were plotted against the
location of indentations for all samples (Figures 5.4-5.6) to explore precisely the relationship
between the spherulitic microstructure and nano-indentation results. As it is apparent from
these figures, the indentations were applied at different locations in each sample in a

rectangular pattern.
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Figure 5.4 Amorphous sample. Graph of nano-hardness values against the location of indentations on

the sample (top), the HSM micrograph of the sample (middle) — (The white scale bars represent 40 um)
and SEM micrograph of the indentations on the polymer surface (bottom)
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Figure 5.5 Small spherulites sample. Graph of nano-hardness values against the location of indentations

on the sample (top), the HSM micrograph of the sample (middle) — (The white scale bars represent 40

um) and SEM micrograph of the indentations on the polymer surface (bottom)
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Figure 5.6 Large spherulites sample. Graph of nano-hardness values against the location of indentations
on the sample (top), the HSM micrograph of the sample (middle) — (The white scale bars represent 40

um) and SEM micrograph of the indentations on the polymer surface (bottom)
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Smaller deviations observed for both hardness and Young’s modulus for the amorphous sample
compared to the semi-crystalline ones could be due to the more uniform and homogenous
microstructure of the amorphous sample (Figure 5.4) in comparison with the semi-crystalline structures
(Figures 5.5 and 5.6). A semi-crystalline polymer contains three different microstructures, including the
soft amorphous areas, harder crystalline lamellae regions and softer inter-spherulitic boundaries.
Therefore, the results for values of indentation in a semi-crystalline polymer could be various depending
on the location of testing [143, 171]. However, according to Figure 5.6 (large spherulites samples), the
full area of nano-indentation block (180 um x100 um) was smaller than the area of a single spherulite
(approx. 200 um x 200 um) indicating that the indentation experiment could be conducted across the
surface of a single spherulite (not on the amorphous boundary layers in between them). However, the
hardness value is usually greater in the center of a spherulite and becomes smaller outwards towards
the boundaries [107]. Therefore, the large variations in the results could be related to the differences in
the amount of hardness across the surface of a single spherulite. Nevertheless, no visible pattern was
observed in the values of hardness corresponding to different areas where the nano-indentation
experiment was applied to them (Figure 5.6). Although the microstructure of the amorphous sample
was more uniform, shown by the smaller standard deviations of hardness values, it still had some
variations as illustrated in Figure 5.4. This might be because of the hot pressing procedure by which the
polymer chains were oriented in the polymer matrix and the final microstructure of the polymer became
anisotropic [172]. Therefore, it could be beneficial to do the same nano-indentation testing on a PLA
pellet (before any process) to explore whether the standard deviation values decreased or if any change

could be observed in the amount of hardness overall.

According to the results, a lower hardness was obtained for small spherulites samples compared
to the samples with large spherulites showing that by increasing the diameter of spherulites,
the hardness value went up. This observation disputed the theory that declares the hardness
value is not influenced directly by the spherulite size [109, 171]. The differences in hardness
values between small and large spherulites samples might be originated from the variations in

the thickness of lamellae [109, 171]. According to the Gibbs-Thomson equation, there is a
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direct relationship between the thickness of lamellae and the melting point in a polymer [173].
According to the results of DSC shown in Figure 5.2, small spherulites samples had a melting
point of around 159 °C. The DSC traces displayed a higher melting point (around 163 °C) for
large spherulites samples, which proposes that there was an increase in lamellar thickness for
these samples compared to the samples with small spherulites. These results suggest that the
increase in hardness values for larger spherulites samples derived from the increase in lamellar
thickness, which is in accordance with the literature [171, 174, 175]. An increase in the lamellar
thickness could be also derived from the increase in crystallisation temperature [176]. In this
study, samples with large spherulites were prepared at a temperature of 30 °C higher than the
samples with small spherulites. This could further support the proposal that the increase in
nano-hardness results for larger spherulite samples was associated with an increase in the

lamellar thickness.

In all SEM micrographs of the samples (Figures 5.4-5.6), some scratches could be observed.
This could be as a result of using a coarse grit paper during polishing of the samples. Thus, the
results might have been affected by these scratches, particularly in the case of measuring the
hardness on top of these scratches. However, since the hardness measurements were made on
a single stub, which contained all samples that were cold mounted and polished in the same
way, the issue could be ignored. Furthermore, according to the SEM micrographs, a permanent

plastic deformation had occurred in all samples.
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5.1.4 The effect of secondary crystallisation on tribology behaviour of PLA

In order to determine the effect of secondary crystallisation on tribology behaviour of PLA,
amorphous hot pressed PLA samples were conditioned in the oven at 95 °C for various times.
The degree of crystallinity for these samples was measured by using the DSC through heating
the samples at 50 °C min* (Figure 5.7) and the results shown in Table 5.3. It is surprising that
the degree of crystallinity of the nano-indentation PLA samples that were heat treated at 95 °C
for 2 hours in the oven (Figure 5.2.a) was around 13% less than the degree of crystallinity
achieved here at the same condition. However, the nano-indentation samples were melted in
the DSC at 210 °C for 5 minutes before conditioning them in the oven whereas the specimens
for wear testing were put in the oven straight away (the dimensions of the specimens were not

appropriate to put them in the DSC for melting).

The secondary crystallisation was attributed to the lamellae thickening via secondary
nucleation on the surface and the growth occurrence perpendicular to the surface of the
lamellae. The thickness of lamella started to increase linearly with the square root of the
isothermal heat treatment time just from the moment that the primary process started to produce
the lamellae [177]. According to Figure 5.8, there was a significant positive relationship
between the degree of crystallinity and isothermal heat treatment time at 95 °C, indicating the

occurrence of secondary crystallisation.
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Figure 5.7 Melting peaks of PLA samples produced via secondary crystallisation

Table 5.3 Different Percentages of crystallinity at various periods at 95°C + standard deviation

Isothermal treatment time (at 95°C) Mean crystallinity (%)
None (Amorphous) 0.45+0.05
2 hours 43.0+£0.2
3.5 days 4512+ 1.4
7 days 46.15+3.1
14 days 48.7+0.5
28 days 520+2.1
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Figure 5.8 The relationship between the extent of secondary crystallisation and the square root of the
isothermal heat treatment time

During the experiment for some samples the coefficient of friction did not follow the trend of
an increase in friction with sliding time (see Figure 5.9 polyamide 6, POM and UHMWPE as
an example from the literature) [178]. This included four samples; number 2 of amorphous
samples, number 1 of 3.5 days samples, number 3 of 14 days samples and number 1 of 28 days

samples, all of which were shattered during the experiment. Therefore, these samples were not

included in the following data analysis.
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Figure 5.9 Relationship between coefficient of friction and sliding time for polyamide 6, POM and
UHMWPE (load 30N, sliding speed = 0.88m/s) [178]

Wear rate was determined by calculating the percentage of mass loss and the results shown in
Table 5.4. As can be seen from this table, the percentage of mass loss for amorphous samples
was almost equal to the semi-crystalline samples, which were held at 95 °C for 2 hours. This
point opposed the previous literature that illustrated the semi-crystalline polymers were more
wear resistant than the amorphous polymers [179, 180]. However, this low difference observed
here could be because of the small number of samples (three samples of each type) which wear
tested suggesting that by increasing the number of samples for the experiment a more
significant difference might be observed. The SEM micrographs of wear scars shown in
Figures 5.10 and 5.11 supported this proposal. As it is apparent from these micrographs, the
width of wear scars for amorphous samples was around 3.5 mm which was wider than the
width of wear scars for semi-crystalline samples (around 2.8mm) suggesting a lower mass loss
for the latter group (semi-crystalline samples). Moreover, according to the SEM micrographs,

there was a larger difference between the wear tested and non-wear tested regions in amorphous
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samples compared to the semi-crystalline ones suggesting that the semi-crystalline samples

were less worn (Figure 5.11).

Table 5.4 Mass Losses for heat-treated PLA samples (secondary crystallisation) for different periods

+ standard deviation

Isothermal treatment time (95 °C) Mean mass loss (%)
None (Amorphous) 1.24 +0.36
2 hours 0.59+0.13
3.5 days 0.71+£0.20
7 days 0.98 £ 0.06
14 days 0.92 +0.22
28 days 1.35+0.36

NLUD78 x40 2mm

NMUD7.8 x40 2mm

NMUD79 x40

Figure 5.10 SEM micrographs of the middle of the wear scar; a) amorphous sample 1, b) amorphous

sample 3, ¢) semi-crystalline 2 hours at 95°C sample 2, d) semi-crystalline 2 hours at 95°C sample 3

(direction of friction from top to bottom), x40 magnification
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NMUD8.2 x250 300 um

a) b)

NMUD75 x300 300 um

NMUD7.4 x300 300 pm

c) d)

Figure 5.11 SEM micrographs of the middle of the wear scar; a) amorphous sample 3, b) semi-
crystalline 2 hours at 95°C sample 3, and SEM micrographs of the wear scar boundary; ¢) amorphous
sample 3, d) semi-crystalline 2 hours at 95°C sample 2 (direction of friction from top to bottom ), x200-

300 magnification

Figure 5.12 illustrates a linear relationship between the isothermal heat treatment times and
wear mass loss for semi-crystalline PLA samples. As can be seen from this figure, longer
isothermal heat treatment time increased wear mass loss, indicating clearly that the wear
resistance of polymer samples decreased by the development of the secondary crystallisation.
This is in accordance with previous literature, which reported that the introduction of secondary
crystallisation could increase the embrittlement in polymer samples. This is because by
increasing the crystallinity, the chain mobility of the polymer decreases, resulting in increasing
the embrittlement in polymer samples [181]. Subsequently, by increasing the embrittlement,
the tensile strength, which plays a vital role in determining the wear properties decreases [182].
Therefore, the possibility for the fracture of the polymer samples increases by developing the

tensile stresses in embrittled areas of them [62] which leads to the breaking off some sections

159



of the polymer surface and consequently increases the wear mass loss. Furthermore, the
development of secondary crystallisation could introduce thermal degradation into the polymer

samples [137], which possibly leads to an increase in wear mass loss.

As mentioned earlier, two pieces of samples, including sample 1 from 2 weeks and sample 3
from 4 weeks secondary crystallisation were broken during the experiment. The degree of
crystallinity for these two samples were around 50%. According to the literature, the critical
stress intensity factor (Kic) for PLA could be decreased when its degree of crystallinity reaches
beyond 50% [183]. This could explain clearly the reason for the shattering of these samples
during the experiment. Nevertheless, it is surprising that the other samples with approximately
the same degree of crystallinity did not destroy. For example, sample 3 from 4 weeks secondary

crystallisation process, which had the highest degree of crystallinity (54%) among all

specimens did not break.
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Figure 5.12 The relationship between increasing isothermal treatment time and wear mass loss
(Amorphous samples are not included)
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5.2 Conclusions

HSM experiments showed that samples with small and uniform diameters could be produced
at 95 °C from the amorphous state. The crystallisation kinetics was faster via cold
crystallisation compared to the melt crystallisation at the same temperature (95 °C). Larger

spherulites samples were produced at a higher temperature (125 °C) via melt crystallisation.

According to the results from nano-indentation samples, the spherulite dimensions could
influence the nano-hardness of PLA, but only when the thickness of lamellae is considered
specifically. The results showed that the lamellar thickness increased as the size of spherulites

became larger, resulting in an increase in the amount of nano-hardness of the samples.

The results from wear testing suggest that there was an increase in mass loss in PLA when it
was amorphous compared to its semi-crystalline structure. However, introducing the secondary
crystallisation caused an increase in embrittlement within the PLA sample resulting in a

reduction in wear resistance of the sample.
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Chapter 6: The effect of hydrolytic degradation on different
microstructures of PLA

6.0 Introduction

In this chapter, the effect of hydrolytic degradation on the mass change of PLA pellets in both
static and dynamic conditions was investigated and compared. Furthermore, the effect of the
hydrolytic degradation process on the changes in the molecular weight and the microstructural
behaviour of PLA and PLA-HA samples under dynamic conditions was explored using SEC,

DSC and XRD techniques.

6.1 Results and discussion

6.1.1 Mass loss measurements under static and dynamic conditions

The in vitro degradation experiment was performed on an as-received PLA pellet of 500 mg
(as the reference) at three different temperatures including 37, 50 and 70 °C in 5 mL Tris-buffer
for a period of two months in static conditions. During the hydrolysis process, water or buffer
can penetrate into the polymer chains randomly. Consequently, the molecular weight could be
reduced, resulting ultimately in producing water soluble oligomers. Therefore, the hydrolysis
rate could be indirectly followed by mass loss measurements during a specific period of time
[184]. No weight loss was observed for the PLA at 37 °C (the average temperature of the human
body) indicating that this period was not enough for the degradation of the sample. According
to the literature, the hydrolysis rate of PLA is very slow. Therefore the degradation experiments
are usually carried out at higher temperatures (50 °C and above) in order to accelerate the
process [184-187]. By increasing the temperature of the degradation medium, the degradation
rate could be accelerated significantly, while the overall mechanism of degradation was

reported to be similar at different temperatures [187].
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Figure 6.1 shows the mass change of a PLA pellet as a function of time during 60 days of
degradation at 50 °C. The percentage of the remaining mass decreased with degradation time.
From the same figure, it is also apparent that the mass loss of the polymer at the initial stages
of hydrolysis was very small up to 30 days. Afterwards, the degradation of the polymer
increased dramatically. This is in accordance with a report by Beslikas et al. who stated that at
the initial stages of hydrolysis, only small parts of the material could be removed. The authors
speculated that this might be because the hydrolysis rate was very small and occurred only at
the end of the polymer chains resulting in the formation of polymer chains with low molecular
weight [184]. However, Fukuzaki et al. reported that the low mass loss of the polymer at the
first days of hydrolysis could be due to the fact that the hydrolysis of polyesters occurs
randomly along the polymer chain resulting in the decrease of the molecular weight without
significant mass loss [188]. This is because the oligomers, which are formed at the initial stages
of hydrolysis, are not small enough to be water soluble and diffuse through the bulk material.
Therefore, only after a long period of time, when the size of oligomers decreased sufficiently
to become water soluble, they could be diffused out, resulting in reducing the weight
considerably [184]. PLA is generally hydrophobic and the polymer chains can become water
soluble only when the molecular weight ranges between 5000 and 8000 g mol™. Nevertheless,
this could be varied according to the thickness of the material. For instance, in the case of
samples with high thickness, the polymer chains could not be diffused out from the sample
even after decreasing their molecular weight sufficiently (soluble point). On the other hand, the

degradation products could migrate easily from thin specimens, mainly from the surface [189].

According to Figure 6.1, there is a weight loss of 9% and 25% after 30 and 60 days of the
degradation process, respectively. The values obtained for the weight loss reported by Beslikas
et al. (0.5% after 30 days and around 3.5% after 60 days) [184] were much smaller compared

to the ones observed in this study. This is because the PLA grade used in the report by Beslikas
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et al. contained only L-lactide, whereas the PLA in this study included also 4% of D-lactide.
According to the literature, the degradation rate of copolymer bonds is greater than the homo-
polymer bonds and generally, the more L-D bonds can lead to faster degradation rates. The
reason why L-D bonds can degrade faster than L-L bonds is not very clear. The difference
might be attributed to the concept of collective steric effects [189]. These effects from L-L and
D-D bonds could be different from the L-D configuration, which ultimately can influence the

rate of degradation.
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Figure 6.1 Mass % as a function of time during 60 days of the degradation of the PLA pellet at 50 °C

Figure 6.2 illustrates the percentage of the remaining mass as a function of time during 60 days
of the degradation process of the PLA pellet at 70 °C. The amount of weight loss at this
temperature was 32% and 51% after 1 and 2 months, respectively. The values for the weight
loss and the hydrolysis rate are much higher (around 2 times more) in comparison with the ones
observed at 50 °C. This is because by increasing the temperature; the diffusion rate of the buffer
could be increased, resulting in increasing the amount of soluble oligomers. Furthermore, at

the temperature of 70 °C (which is above the T4 of the PLA in this study) the molecules of the
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buffer could penetrate through the amorphous region of the polymer easier, resulting in a faster

rate of hydrolysis [186, 187].
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Figure 6.2 Mass % as a function of time during 60 days of the degradation process of the PLA pellet
at 70 °C

A degradation study under dynamic conditions was conducted for all samples (as described in
the experimental Chapter 2, Table 2.4) at 50 °C for 30 days. No change was observed in the
weight and dimensions of all samples, including the as-received PLA pellet during the
experiment, in contrast to the degradation observed under static conditions for the as-received
PLA pellet as discussed above. The reason that no weight change was observed during the
dynamic degradation testing could be related to the heterogeneous hydrolysis as well as the
auto-acceleration phenomenon, which could influence the degradation process. In other words,
the monomers which are generated during the hydrolysis process (e.g., lactic acid) can reduce
the amount of pH locally [189], [190]. This means that under static conditions, there was a
local decrease of pH that could accelerate the degradation rate of the polymer. The changes of
pH as a function of degradation time for PLA pellet at 50 °C in static conditions shown in

Figure 6.3. As it is apparent from this figure, the amount of pH decreased significantly (from
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8.17 to 3.93) after a month. However, during the degradation study under dynamic conditions,

there was no localised change of pH as the pH was almost constant during the experiment

owing to the aqueous environment being regenerated continuously (circulation of the buffer)

and therefore any small changes in the pH did not have any effect on the degradation rate.

Consequently, during degradation under dynamic conditions, the effect of the auto-acceleration

degradation mechanism was eliminated resulting in a decrease in degradation rate and lower

weight loss compared with the weight loss observed during the degradation study under the

static conditions.

pH

30 40

Time(days)

Figure 6.3 pH changes as a function of time during 60 days of degradation process at 50 degree for

PLA pellet in static conditions. The error bars are very small (= 0.04) and are not recognisable in the

graph.
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6.1.2 Size exclusion chromatography (SEC) analysis

Size exclusion chromatography (SEC) analysis was performed on the samples before and after
the degradation process under dynamic conditions in order to investigate the effect of the
degradation process on the molecular weight behaviour of the samples. Table 6.1 shows the
amount of the molecular weight measured by SEC on the samples before the degradation
process. As it was explained previously in the experimental chapter (Chapter 2), most of the
samples (PLA pellet, amorphous PLA, PLA-5 wt% HA and PLA-20 wt% HA) were analysed
by SEC using THF as the solvent. However, the semi-crystalline samples with around 40%
crystallinity degree (small and large spherulites, the preparation was the same as the nono-
indentation samples in a DSC which was explained in Chapter 5) were not soluble in THF;
thus, CHCIz was used as the solvent for their analysis. However, according to Table 6.1,
different values of molecular weight were obtained for the amorphous PLA sample (as the
reference) using the two different solvents (THF and CHCIs). Therefore, it was decided to
compare the results for each group of the samples (according to the solvent) separately.
According to Table 6.1, the amount of the molecular weight of the as-received PLA pellet was
86,920 g mol™. It is also apparent from this table that there was a reduction in the amount of
molecular weight of PLA and PLA-HA composite samples after the hot pressing process
(amorphous PLA, PLA-5 wt% HA and PLA-20 wt% HA). The decrease in the molecular
weight of the PLA after a melting manufacturing process (hot pressing in this study) due to the
thermal degradation is usual and it has been reported previously by other authors [136, 191].
However, there was a significant reduction in the molecular weight of PLA-5 wt% HA sample
(compared to the other hot pressed samples) after hot pressing, which was unexpected. This

could be due to an error occurred during the SEC measurement of the samples.

The amount of molecular weight of the semi-crystalline samples with 40% crystallinity (small

and large spherulites) is smaller than the amorphous PLA sample (Table 6.1). This might be
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because the crystalline phase of the polymer was not dissolved entirely during the SEC
analysis; thus, the obtained molecular weight was mostly related to the dissolved amorphous

part of the semi-crystalline polymers.

Semi-crystalline samples (around 40% crystallinity) with large spherulites illustrated a larger
value of molecular weight (around 18000 g mol™) in comparison with small spherulites with
the same degree of crystallinity. As previously mentioned in Chapter 5, the thickness of
lamellae in the large spherulites sample was greater than the small spherulites sample with the
same degree of crystallinity. According to the literature, increasing the average lamellar

thickness in a semi-crystalline polymer can result in increasing its molecular weight [192].

Table 6.1 SEC analysis of polymer samples before degradation under dynamic conditions

Solvent Sample Mn/gmol? | Mw/ gmol? | PDI= Mw/ Mn
PLA pellet 51,602 86,920 1.7
Amorphous 45,014 77,428 1.7
L PLA
T PLA- 5% 31,322 60,207 1.9
- HA
PLA-20% 47,469 85,245 1.8
HA
‘ Amorphous 48,800 62,900 1.3
PLA
(reference)
Semi- 25,030 36,150 1.4
o crystalline
Q PLA-Small
O spherulites
Semi- 41,650 54,050 1.3
crystalline
PLA-Large
spherulites
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Table 6.2 illustrates the amount of molecular weight measured via SEC for the samples after
the degradation process. As it is apparent from this table, the molecular weight of all samples
was reduced significantly suggesting that hydrolytic degradation occurred within all samples
in accordance with the literature [15, 184, 187, 189, 193]. The percentages of reduction of My
and M, for the as-received PLA pellet and the amorphous PLA (after hot pressing) are quite
similar. However, according to the results, it seems that by increasing the amount of HA
particles within the polymer (5 and 20 wt% HA), the percentage of the decrease in both My
and M, of PLA was reduced (see Table 6.2). According to the literature, by incorporating the
HA particles into the structure of PLA, the degradation rate was reduced as a result of ion
exchange between the alkaline HA particles and the aqueous environment neutralising the
effect the degradation by-products (such as L-lactic acid) on the hydrolysis of the polymer

[133].

In the case of the semi-crystalline samples with a similar degree of crystallinity, the reduction
in the molecular weight was more in the case of large spherulites samples compared to the
samples with small spherulites (see Table 6.2). This might be due to the fact that samples
containing small spherulites were more densely packed compared to the samples containing
larger spherulites. Therefore, the buffer molecules could not penetrate deeply inside the small
spherulite samples containing more densely packed microstructures compared to the samples
containing larger spherulites. However, Tomasi et al. reported that the enzymatic degradation
rate of Poly(3-hydroxybutyrate) (PHB) increased by decreasing the average size of spherulites

[194].
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Table 6.2 SEC analysis of polymer samples after degradation under dynamic condition

Solvent Sample Mn Mw/ PDI= Mw | Reduction | Reduction
/gmol? gmol-! / Mn of Mn % of Mw %
PLA pellet | 13,793 24,789 1.8 73 71
Amorphous | 13,386 24,506 1.8 70 68
L PLA
T PLA- 5% 14,759 22,840 1.6 53 62
|_
HA
PLA-20% | 18,772 38,677 2 60 54
HA
e e
Semi- 12,020 21100 1.7 52 42
crystalline
PLA-Small
5 spherulites
(I) Semi- 14,160 19,090 1.4 66 65
crystalline
PLA-Large
spherulites

As it was explained in the experimental chapter, SEC analysis was also performed on the liquid
(Tris buffer) at different points of the experiment to investigate the amount of polymer release
(dissolution of the polymer) during the experiment. However, as it was expected, no polymer
was detected in good agreement with the fact that no mass change was observed during the

polymer degradation study.

The values of the polydispersity index (PDI) for all samples before hydrolysis were similar and
they remained the same after hydrolysis (Tables 6.1 and 6.2). There is a debate in the literature
about how polymer hydrolytic degradation occurs. According to some authors, during
hydrolysis, the reactivity of the polymer bonds at the end of the polymer chains is higher [195].
However, others believe that hydrolysis takes place by random chain scission and the reactivity

for all bonds is equal. In the latter case, when all bonds have equal reactivity, a larger polymer
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chain containing more bonds, could react with water and degrade faster in comparison with
smaller polymer chains. Therefore, the size of polymer chains can become similar and
consequently, the polydispersity (PDI) can approach 1. On the other hand, if the reactivity of
the bonds at the chain ends is higher the degradation occurs more quickly for smaller polymer
chains compared to the larger ones resulting in increasing the PDI of the samples during
hydrolytic degradation. In this study, the amount of PDI did not increase after degradation,
indicating that all polymer bonds had identical reactivity and degradation occurred randomly

rather than at the chain ends [189].

6.1.3 The effect of degradation on the microstructure of polymers

DSC analysis was carried out on the samples before and after the degradation process under
dynamic conditions in order to explore the effect of the degradation process on the crystallinity
and microstructure of the polymer samples. The DSC traces (1% heating scans) of the samples

before and after degradation are presented in Figures 6.4-6.9.
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Figure 6.4 DSC scans (first heating scans) of as-received PLA pellet before and after degradation
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Figure 6.5 DSC scans (first heating scans) of amorphous PLA obtained via hot pressing before and

after degradation
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Figure 6.6 DSC scans (first heating scans) of amorphous PLA-5 wt% HA obtained via hot pressing

before and after degradation
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Figure 6.7 DSC scans (first heating scans) of amorphous PLA-20 wt% HA obtained via hot pressing

before and after degradation
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Figure 6.8 DSC scans (first heating scans) of 40% semi-crystalline sample with small spherulites before

and after degradation
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Figure 6.9 DSC scans (first heating scans) of 40% semi-crystalline sample with large spherulites before

and after degradation

According to Figure 6.4 (DSC traces of the as-received PLA pellet), the area under the melting
peak increased significantly after degradation compared to the DSC trace of the sample before
the degradation process, suggesting that the degree of crystallinity increased during
degradation. Regarding the samples obtained via hot pressing (Figures 6.5-6.7), no melting
peak was observed in the DSC traces before hydrolysis indicating that all samples were totally
amorphous. However, after degradation, two melting peaks (one small and a larger second one)
appeared in the DSC traces of all three samples demonstrating that the amorphous material was
crystallised during degradation. As previously explained (in Chapters 3 and 4), double melting
peaks usually appear during the heating process when samples are treated at low temperatures
or low heating rates. The maximum heating rate which was possible to use in the DSC was 50
°C min?. However, multiple melting peaks were observed in the DSC trace of samples
attributed to the crystallisation during the heating of the polymer in accordance with the
literature [136]. It can be assumed that some part of the amorphous phase were crystallised

during hydrolysis and when a sample of the hydrolysed polymer was heated in the DSC, the
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crystalline part acted as a nucleating agent resulting in further crystallisation. Consequently,
this crystallinity is associated with the heating process and the only way to prevent it is to run
the DSC experiment at a much faster heating rate which was not possible. In the DSC trace of
PLA-20 wt% HA after degradation (Figure 6.7) an exothermic peak can be observed between
90 and 130 °C attributed to cold crystallisation. Therefore, it can be presumed that HA may act
as a nucleating agent to promote the crystallisation of PLA after the degradation process. On
the other hand, there was no exothermic peak in the DSC graphs of PLA-20 wt% HA composite
before the degradation process (see Figure 6.7). Consequently, it can be speculated that HA
might act as a more effective nucleating agent when the molecular weight is decreased due to
degradation. The area under the melting peaks was also increased for both semi-crystalline
samples with small and large spherulites indicating that the heat of fusion was increased for

the degraded samples (Figures 6.8 and 6.9).

The degree of crystallinity (Xc), melting point (Tm) and glass transition temperature (T,) for all

samples were measured and shown in Table 6.3.

Table 6.3 Xc, Tmand Tg of the samples before (B) and after (A) the degradation process under dynamic
conditions + standard deviation

Sample Xc % Tm°C Tg°C
PLA pellet B 38.20 £ 0.04 161+0.8 70+1
A 48 £ 0.1 169 +0.7 Not detectable
Amorphous PLA | B 0.45+0.05 156 + 0.2 60+ 0.9
A 37+0.4 159+ 0.3 67+ 1
PLA-5 wt% HA B 1.2 +0.06 158 £ 0.2 60+ 1
A 35.8+ 0.03 162+ 0.3 67+ 1
PLA-20 wt% HA | B 0.52 156 £ 0.3 62+ 0.8
A 31+0.2 162+ 0.3 67+ 0.9
Semi-crystalline B 39.5+0.3 162.8 £ 0.04 69+ 1
PLA with small A 45+ 0.5 163+0.1 70+ 0.8
spherulites
Semi-crystalline B 39.5+0.5 163 +0.2 67+ 0.9
PLAwithlarge | A 48+ 0.5 164 +0.2 68+ 0.8
spherulites
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The degree of crystallinity (Xc) of the semi-crystalline samples (PLA pellet, 40% small
spherulites and 40% large spherulites) was increased after degradation in accordance with the
literature [15, 184, 190, 196, 197]. During the hydrolytic degradation process, the polymer
chains reacted with water molecules resulting in chain scissions. Consequently, the polymer
chains became more mobile resulting in polymer crystallisation and leading to a gradual
increase in the heat of fusion and degree of crystallinity of the samples [184, 197]. Due to the
faster hydrolytic degradation of the amorphous region compared to the crystalline region, the
overall degree of crystallinity of the semi-crystalline samples increased during hydrolysis
[190]. Beslikas et al. reported that the degree of crystallinity of PLA increased up to 60 days of
hydrolytic degradation and it was stabilised afterwards. This is because after a while (e.g., 60
days in that report) when the molecular weight of the polymer decreased severely, the

crystalline region of the semi-crystalline polymer also started to degrade [184].

The degree of crystallinity for all amorphous samples (PLA, PLA-5wt% HA and PLA-20wt%
HA) shown in Table 6.3 increased from almost 0% up to more than 30%. This observation is
in good agreement with the literature [190, 198]. Goepferich et al. reported that the degree of
crystallinity was increased in degraded amorphous polymers (e.g., quenched polymer samples).
This is because, during hydrolysis when the polymer chains reacted with the buffer or water,
the mobility of polymer chains increased (the Ty of the polymer decreased) owing to the

plasticization effect of water which led to the recrystallisation of the polymer [190, 198].

The melting points of the peaks for all samples increased after degradation due to the increase
in the crystallinity during degradation (Table 6.3). However, according to Beslikas et al., the
increase of the melting point of the semi-crystalline samples was temporary and after a certain
period of time, when the crystalline part of the polymer started to hydrolyse, the melting points

shifted to lower temperatures [184].
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According to Table 6.3, the T; was not detectable during the DSC analysis of the PLA pellet
sample after the degradation indicating that the amorphous part of the sample was reduced
significantly or was not present and therefore the T, of the amorphous phase was not possible

to be measured by the DSC.

The T, values for all amorphous samples were shifted to higher temperatures after degradation.
This observation cannot be explained by the Fox-Flory equation (Equation 6.1) that clearly
states the relationship of the glass transition temperature with the average number of molecular
weight and predicts that the glass transition temperature decreases with the average number of

molecular weight of the polymer due to degradation [199]:
Tg = Tgew =5~ [199] (Equation 6.1)

where K (k.kg.mol ) is the Fox-Flory constant, T, is the glass transition temperature of a
polymer having an infinite molar mass and M, is the average number of molecular weight of

the polymer.

As mentioned above, our results did not show the same dependence of T to the molecular
weight as predicted by the Fox-Flory equation. This is very surprising and therefore, it was
thought that the way the Ty was calculated might have had an effect on the data presented in
this thesis. According to Figures 6.5-6.7, there is an ageing peak on the T, for all amorphous
samples before the degradation process. As it was explained in the experimental chapter
(Section 2.3), when an endotherm peak appears on the Tg, the Ty of the sample must be
determined according to the Richardson’s method [135]. The value obtained for the T, through
the Richardson’s method is usually smaller in comparison with the normal procedure (mid-
point) for the calculation of Tg. Therefore, since the T, was determined through two different
procedures (mid-point before degradation and Richardson’s method after degradation), the

comparison might be within a range of errors. Furthermore, according to the literature, the
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value of T gz can be increased with more D-isomer for the amorphous samples [200].
Therefore, it can be presumed that the copolymer (4% D-isomer in this study) has a lower
dependence of T on the average number of molecular weight (M,) when it is in its amorphous

phase compared to the semi-crystalline sample in accordance with the literature [198].

The ageing peaks for all samples disappeared after degradation (see Figures 6.4-6.9). As
previously explained (in Chapter 4), physical ageing peaks tend to occur in amorphous
materials, but not in partially crystalline ones [144]. This further supports the hypothesis that
the amorphous phase of the samples during the hydrolytic degradation process was removed

and the crystallinity within the samples was increased.

Figure 6.10 illustrates the DSC traces (1% heating scans) of the hot pressed amorphous PLA
plaques, which were conditioned in the oven at 50 °C for different periods from 1 to 28 days.
According to this figure, ageing of all samples occurred, but no melting point was observed
suggesting that no secondary crystallisation occurred during the degradation process at 50 °C.
This finding reinforces the argument that the thermal behaviour of all samples was not affected
by the temperature of 50 °C during the degradation, no secondary crystallisation was observed
and therefore any changes in the DSC curves after degradation were only caused by the

hydrolytic degradation process.
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Figure 6.10 DSC scans (first heating scans) of amorphous PLA sample conditioned in the oven at 50
°C for different periods (0 day-28 days)

Figure 6.11 shows the XRD spectra of the hot pressed PLA sample before and after the
degradation process under dynamic conditions. The hot pressed PLA before degradation was
totally amorphous (a broad peak shown in Figure 6.11 in blue colour). However, after
degradation, two diffraction peaks (110)/(200) and (203) at 19.3° and 22.3°, respectively,
appeared in the XRD pattern of the sample corresponding to the crystalline structure of PLA
in accordance with the literature [201, 202]. This result further confirms that the amorphous

sample was crystallised during degradation.
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6.2 Conclusions

The amount of weight loss and hydrolysis rates after degradation under static conditions were
doubled with increasing the temperature from 50 to 70 °C. No weight loss was observed at 37
°C during the degradation process for the total time of 2 months, indicating that this time period

was not sufficient for the degradation of the PLA samples at 37 °C.

No change was observed in the mass and dimensions of the samples after degradation under
dynamic conditions. This was attributed to the fact that there was no local reduction of pH
during the experiments because the average value of pH was constant as the degradation

medium was recycled and mobile.

According to the SEC results, there was a significant reduction in the molecular weight of all
samples, indicating that degradation occurred under dynamic conditions. By increasing the
amount of HA within the polymer samples, the change in the molecular weight was reduced
due to the alkaline nature of HA particles. Regarding the semi-crystalline samples with the
same degree of crystallinity, it seems that samples containing small spherulites and exhibiting
more densely packed microstructures were more stable in reaction with the buffer compared to
the samples with larger spherulites. The values of PDI for all samples before and after
degradation were almost similar, indicating that the degradation occurred randomly through all

polymer chains.

DSC studies showed that the degree of crystallinity increased for all samples after the
degradation under dynamic conditions. In addition, XRD studies revealed that the amorphous
sample crystallised during the degradation. According to the DSC results, HA might act as a
more effective nucleating agent for PLA samples after the degradation process (when the

molecular weight of PLA decreased significantly).
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Chapter 7: Conclusions and Future Work

7.1 Conclusions

DSC and HSM techniques were used to study the crystallisation kinetics and thermal behaviour
of the PLA samples. It was possible to produce both totally amorphous and semi-crystalline
polymer samples with controlled fractional crystallinity under nonisothermal conditions by
controlling the cooling rates from the melting point via these techniques. HSM revealed that
the spherulites dimensions could be controlled and manipulated using various cooling rates.
By decreasing the cooling rate, the size of the spherulites was increased significantly.
Furthermore, the effect of the cooling rate on the glass transition temperature of both semi-
crystalline and amorphous samples was studied by DSC. Regarding the semi-crystalline
samples, which were produced via low cooling rates (less than 5 °C mint), the Tyincreased as
the cooling rates decreased, whereas the T4 of the amorphous samples made at faster cooling
rates (5 °C min"t and above) became larger by increasing the cooling rate. These two different
types of behaviour were attributed to the fact that the T, of partially crystalline samples was
mainly influenced by the degree of crystallinity, while the cooling rate was found to be the

dominant factor in determining the T4 of the amorphous samples.

The morphology and crystallisation behaviour of the polymer samples was also controlled
under isothermal conditions by holding the samples at three different temperatures, including
95, 110 and 125 °C after their melting. Double melting peaks appeared during the isothermal
heating process of the samples at the low isothermal temperature of 95 °C even after 4 hours
of heat treatment in the DSC due to the melt-recrystallisation-remelting process. However,
these multiple melting peaks disappeared after holding the samples for 1 hour at the same
temperature (95 °C) in the DSC when the crystallisation occurred from the amorphous state.

Furthermore, generally, the crystallisation rate was faster through cold crystallisation compared
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to the melt crystallisation at the same temperature (95 °C). According to the HSM isothermal
crystallisation experiments, by increasing the isothermal temperature, the size of spherulites
increased, while their number decreased due to the relationship between the nucleation and
growth rate. The fastest rate of crystallisation occurred between 110 and 120 °C. The isothermal
crystallisation was also analysed using the Avrami equation and produced n values of around

3, indicating a three-dimensional crystal growth mechanism with spherical crystals geometry.

PLA-HA composites were fabricated using three different procedures, including hot pressing,
injection moulding and solution casting. According to the SEM micrographs of fracture
surfaces of hot pressed samples, the HA particles were homogeneously distributed within the
PLA matrix. However, the dispersion of HA particles with PLA matrix was poor in both
injection moulding and solution casting techniques due to orientation and crystallisation

occurred during these processes.

Isothermal DSC results of PLA-HA composites at 95 °C revealed that the double melting peaks
converted to a single peak by the incorporation of a low amount of HA particles (5-20 wt%
HA) into the polymer sample, indicating that HA accelerated the crystallisation process.
However, at higher loadings of HA (30 and 40 wt% HA), melting peaks with a small shoulder
appeared suggesting that the rate of crystallinity can be also reduced by the addition of HA.
Nevertheless, the degree of crystallinity was increased linearly by increasing HA content
through the composites at both 110 and 125 °C. According to the HSM micrographs, HA
particles had a heterogeneous nucleating effect on PLA. This was also confirmed by the Avrami
analysis, where it was observed that the crystallisation rate increased by increasing the HA
content of the samples. However, there was no linear relationship between the HA loading and

the rate of crystallinity.
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Mechanical testing results showed that generally by increasing the amount of filler (HA wt%)
within the polymer matrix, the material became stiffer, while its elongation decreased.
Composite samples containing 10-20 wt% HA were considered as the most appropriate in
terms of maintaining a good balance between all mechanical properties, including stiffness and

deformation simultaneously.

It was expected that the HA particles increased the thermal stability of PLA. However,
according to the TGA results, the decomposition of PLA was catalysed by the incorporation of

HA particles due to hydrolysis.

By etching the samples in DCM, polymer structures with a uniform pore size and distribution
were produced. Furthermore, by manipulating the time of etching, the diameter of the pores

was controlled.

The results of the nano-indentation testing revealed that as the size of spherulites increased, the
thickness of lamella became larger, resulting in an increase in the amount of the nano-hardness
of samples. According to the results of tribology studies of PLA samples, the amount of mass
loss was increased by introducing secondary crystallisation due to an increase in the
embrittlement of the polymer samples. Nevertheless, according to the SEM micrographs and
the calculated weight loss of the polymer samples, the wear resistance of polymer samples was

lower in the amorphous phase compared to the semi-crystalline phase.

Hydrolytic degradation results under static conditions showed that no weight loss was
identified at 37 °C during the degradation process for the total time of 2 months, suggesting
that this period was not sufficient for the degradation of PLA samples at the average
temperature of the human body. However, the mass loss and hydrolysis rates were increased
with increasing the temperature from 50 to 70 °C due to an increase in the diffusion rate of the
buffer at a higher temperature. On the other hand, no change was observed in the mass and
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dimensions of the samples after degradation under dynamic conditions. This was attributed to
the fact that there was no local reduction of pH during the experiments because the average

value of pH was constant as the degradation medium was mobile and recycled.

According to the SEC results, there was a significant reduction in the molecular weight of all
samples, indicating that degradation occurred under dynamic conditions. By increasing the
amount of HA in the polymer samples, the change in the molecular weight was reduced due to
the alkaline nature of HA particles resulting in neutralising the effect of the degradation by-
products on the hydrolysis rate of the polymer. Regarding the semi-crystalline samples, it was
observed that samples containing small spherulites were more stable during the reaction with
the buffer compared with the samples containing larger spherulites. This was attributed to the
fact that small spherulites samples had a more densely packed microstructure compared to the
larger spherulites samples. Consequently, the buffer could not penetrate deeply inside the
samples containing small spherulites. The values of PDI for all samples before and after the
degradation was almost similar, indicating that the degradation occurred randomly through all

polymer chains.

According to the DSC results, the degree of crystallinity increased for all samples during the
hydrolytic degradation under dynamic conditions. In addition, XRD studies revealed that the

amorphous sample crystallised during the degradation.
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7.2 Future Work

PLA-HA composites within this study were produced using three different techniques; hot
pressing, injection moulding and solution casting. However, by using an extruder (which can
produce filaments of the composite samples) followed by a 3D printing device (Fused
Deposition Modelling (FDM)), 3D components of composites with greater effectiveness of
blending of PLA and HA particles can be obtained. Furthermore, it would be very interesting
to control the cooling rate of polymer samples during the 3D printing process by using a cooling
system by which the cooling rate can be adjusted. Consequently, 3D specimens with different
degree of crystallinity and microstructures can be produced and the results can be compared
with the results of different microstructures of the polymers in this study. Additionally, the
crystallinity studies and thermal characterisations of PLA and its composites with HA, which
was the main focus of this work can be repeated for the samples obtained via 3D printing with
the expectation that likely they will exhibit an improvement in blending. Subsequently, the
effect of HA particles as nucleating agents on the PLA matrix could be further investigated and
analysed. Furthermore, in this study, only one type of HA powder with a specific particle size
was used for all experiments. It would be interesting to repeat all thermal characterisations and
crystallisation studies of this work for different particle sizes of HA powder to investigate the
effect of various HA particle sizes on the crystallisation behaviour of PLA. In this thesis, the
crystallinity of polymer samples was only analysed by DSC. It would be also beneficial to
study and analyse the crystallisation behaviour of the samples via XRD and compare the results

with DSC.

In this work, it was shown that by etching the samples using DCM, specimens with uniform
porosities were produced. Further investigations could be performed in this area. Firstly, the
samples could be dried by heating the samples in the oven above the evaporation point of DCM
(39.6 °C) until all DCM is removed. Secondly, cell culture growth experiments could be
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conducted on the heat treated and etched samples to investigate how well the living cells can

interact and adhere to the surface of these samples.

The effect of spherulite dimensions on the nano-hardness of PLA samples was investigated in
this thesis. It would be quite useful to explore the effect of secondary crystallisation on the
nano-hardness of PLA samples as well. Similarly, regarding the wear testing; only the effect
of secondary crystallisation on the mass loss of polymer samples was explored. However, the
study could be expanded to investigate the effect of spherulitic microstructures on the wear
resistance of polymer samples. Consequently, specimens containing large spherulites can be
produced on a scale large enough to be appropriate for wear testing followed by comparing

these results with samples containing small spherulites.

Hydrolytic degradation experiments under both static and dynamic conditions must be
accomplished for a longer period until weight loss could be observed. SEC analysis must be
performed on the liquid (Tris buffer) at different points of the experiment to explore the amount
of polymer release (dissolution of the polymer) during the hydrolysis experiment under
dynamic conditions. In this study, the characterisations were performed for the samples before
(initial point) and after (final point) degradation. However, by characterising the buffer (e.g.,
SEC analysis) at different periods during hydrolysis, a better understanding of the degradation
process can be obtained and the effect of different microstructures of the polymer on the
hydrolysis can be further investigated. Furthermore, the exact rate of hydrolysis could be
determined for different samples and the results can be analysed and then compared with each
other. It would be also beneficial to examine the effect of secondary crystallisation of PLA
samples on their hydrolytic degradation. Furthermore, the study could be expanded to explore

the effect of different microstructures of PLA on the enzymatic degradation behaviour of PLA.
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