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Abstract

The combined use of material extrusion additive manufacturing (MEAM) and
biodegradable polymers such as polylactide (PLA) is one of the most versatile
and valuable manufacturing strategies for biomedical applications. MEAM enables
rapid production of personalised PLA medical devices as they degrade by hydrolysis
over a period of months or years. Although MEAM presents a range of opportu-
nities, there are a number of limitations, the most critical of which is mechanical
anisotropy, specifically low strength in the direction normal to the print platform
(Z direction). This limits its use for long-term mechanical application. Numerous
studies have attributed the diffusion of the polymer chains across the interface
between layers as the main underlying mechanism of mechanical anisotropy. How-
ever, attempts to understand mechanical anisotropy of MEAM parts have resulted
in considerable inconsistencies, with no consensus on the degree of anisotropy or
its dependency on printing parameters.

In this thesis, experimental studies describe the development of a new mi-
croscale uniaxial tensile specimen, based on the idea of COntinuously Varied EX-
trusion (CONVEX) by direct GCode scripting to reduce geometrical complexities
of current testing standards and to enable improved manufacturing control. The
newly devised PLA specimen comprised of stacked individual extruded filaments
enabled an improved fundamental analysis of extruded filaments (F specimens,
representing bulk-material properties when extruded filament printed along the

print platform) and the interface (Z specimens when extruded filament printed



normal to the print platform) between them. Geometrical analysis of specimens
by microscopy allowed accurate cross-sectional area measurements to be used in
strength calculations and generated new understanding about the effect of testing
orientation on mechanical properties of MEAM parts. Mechanical and thermal
characterisations of both specimen types were conducted to consider the effects of
physiological temperature (PT), hydration and in-aqua testing against the control
(non-hydrated specimens tested in air at room temperature). Mechanical studies
showed bulk-material bond strength between layers. The filament-scale geometries
in Z specimens (i.e. grooves between layers) were responsible for strain concen-
trations and significantly reducing strain at fracture and toughness. In contrast,
for F specimens, the grooves were aligned in the direction of loading and did not
impact mechanical properties. Furthermore, the importance of submerged tests
at PT for PLA was confirmed by demonstrating a combined plasticisation effect
of water and higher temperature, highlighting an important risk of conventional
laboratory testing overestimating properties by two-fold. The testing environment
has a similar effect on both F and Z specimens. Moreover, during long-term hy-
drolytic degradation experiments, it was found that the interface degraded in a
similar manner to the bulk polymer material. Comparison of thermal and chemical
properties revealed that during the early stage of hydrolytic degradation, crys-
tallinity was the dominating factor, whilst at later stages, mechanical properties
were mainly defined by the molecular weight.

The new understanding developed in this thesis highlights that for MEAM parts,
the interface does not affect its long-term properties. This improves confidence in

using the MEAM process for high-value applications.
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Chapter 1. Introduction 1

Chapter 1
Introduction

This chapter introduces the use of material extrusion additive manufacturing (MEAM)
for the development of customised polymeric implants, including their application,
mechanical properties and degradation. The overall aims, objectives and method-

ology of the thesis are also outlined.
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1.1 Research background

Synthetic biodegradable polymers are widely used in numerous sectors including
biomedical engineering, thanks to the ability to tailor their mechanical (i.e. strength
and modulus) and chemical (i.e. molecular weight) properties as well as their degra-
dation kinetics [I], 2]. One of the most studied synthetic biodegradable polymers
is polylactide (PLA), formed by naturally-derived lactide monomers [2]. A PLA
medical device can act as a temporary support for a damaged tissue/organ during
the healing process, since it undergoes hydrolytic degradation — as its main mecha-
nism of degradation — by cleavage of ester bonds mostly within amorphous regions.
Such interactions lower the molecular weight (M,,) of the PLA and increase its
crystallinity, while the soluble oligomers and monomers are released. Therefore,
the microstructural changes in PLA directly affect its mechanical properties during
the hydrolytic degradation. The benefits of using biodegradable polymers, as op-
posed to permanent ones, are recognised by many surgeons supported by satisfying
early-stage results after the implantation [3]. But some surgeons choose not to
use biodegradable polymers, including PLA, as some evidence highlights late-stage
complications due to the scaffold fracture. This resulted in the discontinuation of
the only readily available polymeric stent in 2017 [3]. Hence, it is necessary to
have a clear understanding of the long-term degradation behaviour of PLA and
the related evolution of its mechanical properties. Furthermore, both mechanical
and thermal properties together with the rate of degradation can substantially vary
depending on the manufacturing process, especially for PLA as it is sensitive to
moisture and temperature [4].

Among the commonly used technologies for biodegradable polymers, MEAM
plays a significant role in technological development. Its benefits include the ability
to rapidly manufacture bespoke parts with complex geometries, which are often
very costly or time-consuming to achieve by traditional subtractive manufacturing
methods. This technology attracted significant research interest and investment

from high-value industries, including those in the biomedical field [1], 2].
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MEAM operates by the extrusion of a molten polymer through a nozzle of spe-
cific diameter as it moves in the X-Y planes (typically parallel to the print platform)
to generate parts sequentially. The lowering of the print platform in the Z direction
at completion of each layer enables deposition of subsequent layers, leading to a
layer-wise production. Such a layer-wise methodology is widely known to result in
the biggest limitation of MEAM - mechanical anisotropy in the Z direction [5 [6].
Historically, this anisotropy was attributed to deficiencies in interlayer bonding,
which limited MEAM use for load-bearing and high-value applications [5, [6].

Many studies [6-9] sought to understand the effects of various printing param-
eters on mechanical properties of MEAM parts, but results are often conflicting (as
discussed in Chapter 3). In addition, limited studies investigated the degradation
of interlayer bond as the most critical aspect of the MEAM process (as discussed
in Chapter 4). These gaps in the knowledge exist since many researchers still
employ the adapted ASTM polymer-testing standard designs for mechanical tests.
The main limitation of these ASTM standards is the relatively complex and non-
standardised print paths for MEAM, making it impossible to precisely characterise
the interlayer bonding for the calculation of bond strength. In addition, experimen-
tal [0, 8, [I0] and numerical [1I] studies repeatedly raised the concerns regarding
the geometrical discontinuities in specimens produced according to ASTM stan-
dards, which can result in the pre-mature failure of samples as a result of stress
concentration. These limitations arise due to the lack of an explicit control over
toolpath generation, preventing the use of AM beyond its current capabilities. In
addition, the current methodology to assess mechanical properties of polymers for
biomedical applications is mostly performed in air at laboratory conditions, which
does not represent environments inside the human body (i.e. surrounded by fluid
at physiological temperature (PT; 37 °C)) (as discussed in Chapter 2).

There is no comprehensive understanding of the degradation of mechanical
properties of the interface between extruded filaments against the control, i.e.

along filaments, under medically relevant testing conditions (submerged at PT).
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These factors and respective gaps in the knowledge define the aim and objectives

of this PhD project.

1.2 Aim and objectives

1.2.1 Aim

The aim of this research is to understand the mechanical properties of MEAM PLA
and interlayer bonds during hydrolytic degradation, based on experimental testing

and analysis, combining microstructural, mechanical and degradation methods.

1.2.2 Objectives

To accomplish the aim set for this project, the following objectives are identified:

1. To obtain a better understanding of the mechanical performance of MEAM
PLA for different testing orientations (along and normal to the load) by de-
signing new single-filament wide specimen based on controlling the toolpath

to allow precise geometric characterisation of the interlayer bond.

2. To evaluate the effect of various biomedically relevant testing environments
on mechanical properties and fracture behaviour of MEAM specimens tested

along and normal to their deposition.

3. To assess the degradation of the interlayer bonding at PT in comparison to
bulk material based on specially designed single-filament wide specimens and

new testing environment.

4. To investigate the evolution of various key mechanical, thermal and chemical
properties and the fracture behaviour of bulk polymer and the interlayer
bonding during degradation at accelerated temperatures to establish the
suitability of such approach for prediction of properties of MEAM PLA at
PT.
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1.3 Thesis outlines and key contributions

The thesis is divided into 8 chapters; an outline of the remaining chapters is sum-

marised in the following sections and Figure [1.1]

Chapter 2: Biodegradable polymers and their use in biomedical appli-
cations

A literature-review chapter focuses on highlighting the benefits of employing
PLA for biomedical applications. This chapter identifies current gaps in the liter-
ature and the lack of understanding of the effects of the manufacturing process

and testing environments on mechanical performance of PLA.

Chapter 3: Material extrusion additive manufacturing (MEAM)

The second literature-review chapter reviews the current status of AM and
its application in various sectors, in particular, biomedical engineering. The main
classification of AM technologies is introduced with a special focus on MEAM as
the most commonly used process for thermoplastic polymers. The current view
on the manufacturing-induced anisotropy as the major limitation in MEAM is also
discussed by reviewing the previous studies to highlight their limitations and the

gaps in the knowledge.

Chapter 4: Degradation of MEAM PLA

The third literature-review chapter covers the hydrolytic degradation of MEAM
PLA. Various mechanisms of degradation for PLA are introduced. Bulk hydrolysis
as the main principal degradation model for MEAM PLA is discussed. Previous
studies are reviewed with regard to their characterisation methods and testing de-
signs to identify the gaps in the knowledge with respect to the degradation of the
interlayer bonding in MEAM PLA.
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Chapter 5: New specimen for testing of MEAM parts

This chapter discusses the development of a new uniaxial specimens for MEAM
parts. To do this, the effect of systematically changing a single printing parameter
(e.g. printing speed, acceleration, extrusion rate or retraction) was considered on
the geometry of a single extruded filament along its length. The experimental work
was also carried out for various extrusion temperatures to demonstrate the robust-
ness of new understanding. Based on the obtained results, a novel microscale
single-filament wide specimen was developed to measure mechanical properties of
MEAM specimens tested along (F specimens; to represent bulk material) and nor-

mal (Z specimens; to represent interlayer bonding) to their deposition.

Chapter 6: Effect of testing environment on mechanical properties of
MEAM PLA

This chapter studies on the effect of testing environment on tensile properties
of F and Z specimens. A comprehensive analysis was carried out by combining
mechanical and thermal studies along with fractography to obtain a better under-
standing about the individual and combined effects of PT, hydration (specimens
stored in solution for 48 hours) and in-aqua testing (specimens submerged in so-

lution) on mechanical properties of these specimens.

Chapter 7: Analysis of degradation of MEAM PLA

This chapter focuses on monitoring the evolution of mechanical properties of
F and Z specimens during physical ageing at room temperature (RT) and hy-
drolytic degradation at physiological and elevated temperatures. Trends observed
for mechanical properties were explained by characterising their thermal, chemical
and structural properties. The main type of degradation for PLA specimens was
identified, and the suitability of using increased temperatures to predict polymer's

properties at the body temperature is discussed.
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Chapter 8: Major conclusions and future work
The chapter summarises the main research outcomes, the applicability of new

understanding and the value of the thesis as well as recommendations for future

studies.
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Chapter 2

Biodegradable polymers and their

use in biomedical applications

This chapter covers a comprehensive literature-review of synthetic biodegradable
polymers and their use in medicine. PLA, as one of the most studied biodegradable
polymers, is introduced along with its physical and mechanical properties. In the
last section of this chapter, the effects of physical ageing (storage conditions),
manufacturing processes, and testing environment on mechanical performance of
PLA are discussed.
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2.1 Application of polymers in biomedical appli-

cations

According to International Union of Pure and Applied Chemistry (IUPAC), poly-
mers are “substances composed of macromolecules, a very large molecules with
M,, ranging from a few thousand to as high as millions of grams/mole” [12].

Polymers are broadly distributed in all biological systems including structural
proteins for cytoskeleton, intracellular filaments, matrices in cartilage or ligament
[13]. Many natural polymers, such as collagen and cellulose, have been used in
numerous biomedical applications due to their excellent biocompatibility, which is
“the capability of the material to perform with an appropriate host response in a
specific application” [13H15]. Despite the favourable biocompatibility of natural
polymers, their low mechanical strength is known as a limiting factor for their
use in load-bearing applications [13, [16]. This could be regarded as one of the
major driving forces for the development of synthetic polymers with increased
mechanical properties and better manufacturing reproducibility compared to those
of natural polymers [13] 15, [I7]. Hence, the use of synthetic polymers in biomedical
applications is increasing rapidly.

With current advances in manufacturing and materials science, the production
of parts with complex and intricate geometry is achievable. Different features can
be produced to fulfil structural, biochemical and even mechanical requirements
for a wide range of applications, such as drug-delivery devices, tissue engineering
scaffolds, stents, orthodontics, orthopaedic fixation and ligament augmentation as
shown in Figure 2.1] [13, [15] [18].
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Figure 2.1: Schematic diagram indicating the main medical applications of syn-

thetic polymers. Reproduced from Tyler et al. [18] with permission from Copyright

Clearance Centre.

2.2 Biodegradable polymers

According to the American Society for Testing Material (ASTM), a degradable
plastic is defined as “any plastic which undergoes chemical and structural changes
once it is exposed to specific environmental conditions and such changes would
result in a significant loss in both mechanical and physical properties” [19-21].
The process of degradation can be identified by a prefix or an adjective preceding
the term ‘degradation’ [22]. Within literature many synthetic polymers are often
mentioned as degradable and biodegradable interchangeably. According to Vert et
al. [22] the term biodegradable polymer is defined as "any polymeric substances
susceptible to degradation by biological activity by lowering of their molar mass”.

In the past few years, biodegradable polymers are being actively studied in

tissue engineering and regenerative medicine to replace non-degradable medical
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devices (i.e. metals or non-degradable polymers) [I, 23]. The major motivation
for development of temporary medical devices was the long-term biocompatibility
issues currently associated with metallic devices such as higher risk of infection
and foreign-body reaction, as well as the need for secondary surgery [}, 16}, 23].

Natural and synthetic polymers undergo enzymatic degradation which which
involves two steps: (i) adhesion of extracellular enzyme (including proteinase K,
lipase and esterase) produced by the body to the polymers and (ii) causing the
breaking down of long chemical bonds into smaller chains through hydrolysis [24].
However, enzymatic degradation is highly dependent on the site of implantation,
chemical modification of polymers and the concentration of enzymes [1, [23]. Mean-
while, most synthetic polymers have hydrolysis-sensitive functional groups such as
ester, anhydrides, carbonate and amide [I], 23]. For hydrolytic degradation, water
molecules interact with the hydrolysis-sensitive bonds, resulting in the cleavage of
long chains into smaller ones.

As previously mentioned, synthetic biodegradable polymers offer more batch-to-
batch uniformity and predictable properties compared to that of natural polymers
[I, 23]. There are several synthetic biodegradable polymers used in biomedical
applications such as polycaprolactone (PCL), polyglycolic acid (PGA) and PLA
[25H27]. As this thesis is focused on PLA, its structure, physical and mechanical

properties are reviewed in the following sections.

2.3 Polylactide (PLA) - an overview

PLA is a thermoplastic biodegradable aliphatic polyester produced from the fer-
mentation of renewable sources such as corn starch or sugarcane [4] 27]. It was
first discovered in early 1930s by Carothers (DuPont) [26], 27], and it can be
synthesised using two main procedures: (i) ring-opening polymerisation and (ii)
direct-condensation.

The structural unit of PLA is 2-hydroxycarboxylic acid — a chiral carbon atom
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— as displayed in the Figure [1, 14, 28]. There are two stereoisomers for PLA:
(i) L-lactide (Figure 2.2b) and (ii) D-lactide (Figure 2.2), leading to three forms
of PLA that can be produced: PLLA, PDLA and PDLLA [} /4] 28] [29]. PDLLA is
an amorphous polymer while PLLA and PDLA are both semi-crystalline polymers
(crystallinity, X. = 35-37 %). The crystallinity of PLA is highly dependent on the
M,, and the manufacturing process (i.e. any thermal history) [4} 23].

PLA's crystal exists in three forms: «, § and v depending on the composition
of L and D enantiomers and processing temperature [I} |4, 28]. The stability of «

and its melting temperature (T,,) are higher than that of 3 [4] 27].
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Figure 2.2: (a) Chemical structural unit of PLA and its two stereoisomers: (b)
L-lactide and (c) D-lactide.

Compared to petrochemical-based polymers, PLA production requires 55 %
less energy, making it a cost-effective replacement for industrial and biomedical

applications [4, B0H32]. Additionally, PLA has a better thermal processability
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than PCL for different manufacturing processes including film extrusion, injection
moulding, film forming and additive manufacturing (AM) [4, [I8, [27]. In addition,
due to high flexibility of PCL, there are reports with regards to buckling of the
PCL filament during extrusion compared to the PLA filament. PLA similar to
PGA and PCL, is approved by the U.S. Food and Drug Administration (FDA) for
medical and food packaging applications [4] (18| [28]. Therefore, the use of PLA
in medicine is growing fast and becoming one of the most researched polymers in
this field, resulting in 10 % growth in its biomedical market per year [2, 4] 27 [28].
There are medical and non-medical-grade PLA available in the market [2] [33].
PLA implants intended to be used in vivo should be pure, therefore it should
not contain any stabiliser, making the processing of the material by AM more
challenging. However, medical-grade PLA is expensive (from £19 to £174 per
gram, quotation from several companies) [2, 33, 34]. Hence, non-medical PLA
are preferred for research purposes including in this thesis [2] [33] [34]. An earlier
study by Ahlinder et al. [35] showed that there was no significant difference in
rheological properties of medical and non-medical grade PLA samples. As a result,
the conclusion from this thesis are likely to be applicable to medical-grade PLA.

The first commercial PLA product used in biomedical applications after it was
patented in 1973 was for resorbable sutures [26, 27, [36]. Following this, there were
various PLA-based products on the market including Phantom Soft Thread Soft
tissue fixation screws®, Phantom® sutures, Arthrex Bio-Interference screws® and
many others [I}, 4, 23] 27].

Despite the desirable properties of PLA, there are several disadvantages which
needs to be considered. Low toughness of PLA can limit its application for those
that requires high plastic deformation (e.g. fixation plates and screws). PLA is
a hydrophobic polymer which can cause inflammatory responses when encounters
biological fluids. In addition, a relatively slow degradation rate may cause long-
term complications for short-term applications such as tissue engineering scaffolds
[4, 26, 27].



Chapter 2. Biodegradable polymers and their use in biomedical applications 14

2.3.1 Physical properties

From a design perspective, it is essential to consider the main physical properties of
polymers including their weight and density. The density of PLA is around 1.20-25
g.cm™ [4, 27]. For semi-crystalline PLA, the percentage of D-isomer is normally
less than 6 % [4) [19], and the crystalline regions consist of regular repeat units
folding into a dense region (known as crystallites) [16, [19]. The dense regions act
as a crosslink point, providing higher strength and stiffness capabilities compared
to that of the amorphous regions [37H39].

The thermal characteristic of polymers is normally measured using a differential
scanning calorimetry (DSC) system, which quantifies two important temperatures:
glass transition temperature (T,) and T,,. For amorphous PLA (D-isomers > 6
%), Tg is more relevant to explain the changes in the mechanical performance of
the material [4, 27]. For many applications, the in-service temperature is below
Te,

the temperature increases above the T, there is a transition from a glassy to

resulting in the polymer behaving like a glassy (brittle) material [4, 27]. Once

rubbery state, and the material starts to behave as a viscous fluid [1, 4} 23] 27].
The T4 of PLA is reported to be between 56-65 °C depending on ratio of isomers
and any thermal history [4] 23, [27]. Whereas T, is more important for choosing

the processing temperature which is typically around 150-220 °C for PLA [4] 27].

2.3.2 Mechanical properties

From a biomedical perspective, the mechanical performance of a PLA implant
is critical due to its susceptibility to the surrounding environment (i.e. moisture,
temperature and the loading conditions). Mechanical properties of any biomaterial
should always match the properties of the replaced tissue or organ [15], [I7]. The
most commonly measured mechanical properties for synthetic biodegradable poly-
mers are strength, elastic modulus and strain at break. These properties could be

measured using different characterisation methods including compression, bending
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and tensile testing, in which the latter is considered as a well-trusted technique
since the first two could introduce shear and compression loads [16), 40].

The mechanical strength is determined when the material is subjected to a high
strain, and for biodegradable polymers it is important to predict their mechanical
performance over time [16]. For PLA, the strength is dictated by the presence of
a single weakest segment, causing a brittle fracture [16]. Such a weakness could
be introduced during the manufacturing stage including voids/impurities, surface
imperfections or local chain configurations which would initiate crack formation
during plastic deformation [16]. The strength of glassy polymers, such as PLA,
can be improved by increasing its crystallinity. However, a higher crystallinity
could exert additional constraints on the amorphous regions thus resulting in lower
strength [16].

Semi-crystalline PLA is normally selected for load-bearing applications due to
its high tensile strength of 50-70 MPa, elastic modulus of 2-4 GPa and strain at
break of approximately 3-7 % [4, 27]. The most commonly reported mechanical
properties of PLA in comparison to other biodegradable polymers is given in Table
[4, 27]). These properties can be easily tailored for a particular application
through changing the stereochemistry, manufacturing process or post-processing
treatment (e.g. annealing). For instance, increasing the M,, from 50 kDa to 150
kDa has shown to improve the elastic modulus and tensile strength by factors of

2 and 5, respectively [4], 27].
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Table 2.1: Main mechanical and physical properties of PLA compared to other
synthetic polymers [4]. PLLA and PDLLA refer to polymers consisting of only
the L- or D- stereoisomers of PLA, respectively; PGA- poly (glycolic acid); PCL-

polycaprolactone.

Properties Biodegradable polymers

PLA PLLA PDLLA PGA PCL
Density (g.cm™3) 1.21-1.25 1.24-1.30 1.25-1.27 150-1.71 1.11-1.15
Strength (MPa) 21-60 15-150 28-50 60-99 21-42
Elastic modulus (GPa) 0.35-35 2.7-4.1 1.0-3.5 6.0-7.0 0.21-0.44
Strain at break (%) 2.5-6.5- 3.0-10.0- 2.0-10.0  1.5-20 300-1000
T¢(°C) 45-60 55-65- 50-60 35-45 -60
Tm(°C) 150-162 170-200  amorphous 220-233 58-65

2.4 Factors that change properties of PLA

The properties of PLA can be tailored according to the requirements for its ap-
plication by changing the material formulation, manufacturing process and any
post-processing treatments. Hence the current results available within the liter-
ature should not be generalised [41], [42]. In the following sections, some of the
most studied factors which have shown to significantly alter the properties of PLA
manufactured by conventional and AM techniquesprior to its degradation are dis-

cussed.

2.4.1 Physical ageing (storage condition)

Proper storing of biodegradable polymers is always considered as an important
factor for their applications as they can absorb moisture from the surrounding
environment. Water absorption initiates the hydrolytic degradation of polymer
chains and deterioration of mechanical properties over time. lIdeally, PLA should

be stored in a sealed bag to prevent any deterioration of the material [43] 44]. If
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the polymer is exposed to the air at a temperature below its T, physical ageing
phenomenon can occur [30, 43, 44]. Physical ageing is shown to be a reversible
process and it is different to chemical and biological ageing (i.e. cleavage of bonds
upon degradation) which lead to permanent changes [30].

Numerous studies [30, [45], 46] have examined the evolution of thermal and
mechanical properties of bulk material PLA during physical ageing manufactured
by the conventional manufacturing process such as injection moulding. Briefly, PLA
is processed at a high temperature (> T,,) and then cool down rapidly through its
Tg, resulting in a thermodynamically unstable material [30, 45, 46]. Hence, the
material tends to reach an equilibrium state by a slow rearrangement of its polymer
chains, which is commonly referred to as ‘physical ageing’ [30, 45, [46]. Physical
ageing has shown to modified various key properties of bulk material PLA such as
physical, mechanical and optical [46].

A thorough analysis of previous studies on non-AM PLA indicated that most
studies [45, 47H49] observed an increase in T, with ageing time, while few studies
observed the opposite [50, 5I]. The increase or decrease in T, relies on the cooling
rate and temperature of physical ageing. Cui et al. [50] highlighted that below the
ageing temperature of 28-30 °C, T, is more likely to decrease, while above 30°C,
the Ty increases. It was found that internal stresses which are typically introduced
during the manufacturing process can cause a reduction in T,. Meanwhile, a
reduction in free-volume is responsible for the increase in T, and stiffness of the
PLA [50]. This conclusion is supported by previous studies [43, [46H48], which the
Tg increased with physical ageing of PLA films stored at temperatures 37-40 °C.
Pan et al. [46] showed that the elastic modulus of PLA film was increased by
approximately 23 % when the samples were stored at 40 °C in oven compared to
the control (i.e. 25 °C). In a study by Vyavahare et al. [47], the physical ageing of
amorphous PLA films produced by injection moulding at 37 °C for 24 h with and
without water was investigated. In both cases, enthalpy relaxation was evident in

the DSC curves, with a faster densification for hydrated samples compared to the
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dry ones which was explained by the increase in segmental mobility [47].

Although most studies in literature considered the physical ageing of non-
AM PLA, there are few studies which have examined the effect of MEAM on
physical ageing of AM PLA. Similar to injection moulding, during MEAM process,
PLA is also processed at a high temperature but for a shorter period of time
before its deposition onto the print platform. Nevertheless, Barrasa et al. [52]
indicated that the polymer still undergoes flow-induced molecular orientation and
flow-induced crystallisation during MEAM similar to conventional manufacturing
process, resulting in physical ageing of the MEAM parts over time.

Furthermore, Barrasa et al. [52], investigated the effect of extrusion temper-
ature (e.g. 180 and 190 °C) on physical ageing of MEAM PLA filaments at RT
and less than 30 % RH for 1 year. For both extrusion temperatures, Tg and en-
thalpy relaxation showed similar behaviours by increasing up to 100 days and then
stabilising. Whereas properties related to crystalline phase (e.g. T,) remained
unchanged. Such results disagree with Cui et al. [50], who observed a reduction
in Tg at temperatures below 28 °C. The explanation could be the lower RH value
in the study by Barrasa et al. [52] compared with earlier studies (less than 30 %
vs. 50 % RH).

Surprisingly, the mechanical properties of MEAM PLA improved up to 100
days, after which the values stabilised for both yield strength and modulus. In-
terestingly, authors indicated that at higher extrusion temperature (e.g. 190 °C),
a better flow-induced molecular orientation occurred during the extrusion process.
However, during physical ageing, the molecules slowly re-arranged into a more sta-
ble configuration (i.e. physical ageing) similar to previous studies on non-AM PLA.
Moreover, it was found that the greater the extrusion temperature, the longer it
took for polymer chains to re-arrange themselves.

These studies clearly demonstrated the sensitivity of PLA to the storage con-
dition. Thus, in order to prevent any interaction of the PLA with the surrounding

environment prior to its use, careful storing of the polymer (either feedstock or AM
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part) in a sealed package is necessary to prevent the deterioration of its mechanical

properties.

2.4.2 Manufacturing process

PLA can be processed by various manufacturing processes including injection
moulding, casting, fibre spinning and AM [4]. The latter technology has gained
considerable attention and market value, resulting in a rapid development of AM
for various applications [53].

MEAM is one of the most widely used AM technologies for thermoplastic
polymers including PLA. Commercially available MEAM printers work by feeding
the polymer filaments with diameters of 1.75 or 2.85 mm through a heated liquefier
to be melted before it is selectively extruded through a nozzle onto a print platform
according to the programmed patterns. As the print platform moves down (Z
direction), this process is repeated layer-by-layer to produce the final object. The
extruded filament is normally still in semi-molten state; hence it forms a bond with
the previous layer. MEAM process is discussed in more details in the next chapter.

There are a few important parameters which could change the properties of
PLA during MEAM process including: (i) processing temperature and (ii) residence
time in melt [53]. During the MEAM process, the ester bonds within the backbone
of PLA are heat-sensitive, and when they are exposed to a higher temperature
(>Tm), the rate of degradation is accelerated [53]. However, thermal degradation
is temperature and time dependent [53] [54]. In comparison to injection moulding,
the residence time of MEAM is relatively shorter; 9 seconds versus a few minutes
for injection moulding [53| 54]. In a study by Taubner et al. [55], the effects of
processing temperatures (210 °C and 240 °C) and screw rotation speeds (20 and
120 rpm) on thermal degradation of PLA were studied. It was found that at a
processing temperature of 240 °C, the reduction in the number average molecular
weight (M,) was more significant when rotation speed reduced from 120 to 20

rpm (25.6 kDa to 13.6 kDa, respectively). On the other hand, at a processing
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temperature of 210 °C the reduction was only 3.4 kDa for the same reduction
in the rotation speeds. However, Barrasa et al. showed that despite the short
residence time of MEAM process, flow-induced molecular changes still occurred
and thus, MEAM PLA underwent physical ageing [52]. The existing literature is
still limited to bulk PLA or fibres [55], with few studies considering changes in
properties of AM PLA over time.

2.4.3 Testing environment

When a biomaterial is implanted inside the human body, it is exposed to fluid
at physiological temperature (PT; 37 °C) which is significantly different to those
found in the laboratory conditions (dry in air at RT as shown in the Figure [2.3)
[56]. Typically, the optimisation of mechanical properties of biomedical polymeric
components is based on measurements at RT (22 + 2 °C and 50 % relative
humidity). However, these properties may differ when used inside the human body
as they are sensitive to the changes in the surrounding environment [38] 147, 57,
58]. In particular, PLA can absorb water (less than 1 %) from the environment,
triggering its hydrolytic degradation and loss of its integrity [59) 60]. Hence, it is
crucial to consider the influence of the physiological conditions (i.e. surround by

fluid at PT) on key properties of polymers including PLA.
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(a) (b)
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Figure 2.3: Schematic of two testing environments for mechanical testing of
polymers: (a) in air at RT which is commonly used to measure wet properties and

(b) submerged in water at PT (37 °C) which represents the actual environment.

Studies in the literature were reviewed in terms of their methodologies to
characterise mechanical properties of a wide range of polymers. The search of
the Scopus database with terms ‘wet strength' or ‘wet-state strength’ for differ-
ent synthetic biodegradable polymers, for biomedical applications, indicated that
twenty-one studies [56), [6IH70] [70H75] (Shown in Table have measured the
mechanical properties of dry or hydrated samples in laboratory conditions (i.e. at
RT). Furthermore, only one study appeared to measure the mechanical properties
of PLA submerged in water at RT [76]. Only two studies [77} 78] have measured
the properties of natural polymers with the specimen fully submerged in solutions
at RT or PT.



Table 2.2: Different testing environments and conditions used in previous studies to measure mechanical properties

of synthetic polymers. Most studies only compared dry or hydrated samples for mechanical tests at RT. No studies

measured the mechanical properties of synthetic polymers submerged in water at 37 °C or compared the combined

effect of hydration, submerged and increased temperature. PLLA and PDLA refer to polymers consisting of only the

L- or D- stereoisomers of PLA, respectively; PLGA- poly (lactic-co-glycolic acid); PA- polyamide; PVC- polyvinyl

chloride; PEG- polyethylene glycol; PEG- Polyethylene glycol.

Polymer Material Testing conditions Measured properties Study
Dry vs. Submerged vs. RT vs.
hyrated unsubmerged PT
PLA v X X Tensile strength, modulus  [61]
and strain at break
PLA 4 X X Tensile strength [62]
PLLA v X X Tensile strength and modulus  [63]
PLLA X X X Compressive strength [79]
PLA v X X Tensile strength, modulus  [64]
and strain at break
PLA PLA+ Ti v X X Adhesion strength [65]
PL/DA-Dextran v X X Tensile strength, modulus  [66]

and strain at break
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Polymer Material Testing conditions Measured properties Study
Dry vs. Submerged vs. RT vs.
hyrated unsubmerged PT
PLA-PEG-PLA X X X Compressive modulus [67]
PLA-PEG X X X Tensile modulus [80]
PLA + chitosan v X X Tensile strength, modulus  [68]
and strain at break
PLA X X v Tensile strength and modulus  [38]
PLA X X v Tensile strength, modulus  [81]
and strain at break
PLLA v v X Tensile strength and modulus  [76]
PLA X X X Flexural and [73]
compressive strengths
PLA + collagen v X X Tensile strength and modulus  [75]
PLA + alginate X X X Tensile strength, modulus  [74]
and strain at break
PLGA PLGA v X v Tensile strength and modulus  [69]
PLGA v X v Compressive strength [70]
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Polymer Material Testing conditions Measured properties Study

Dry vs. Submerged vs. RT vs.
hyrated unsubmerged PT

PLGA + apatite v X X Compressive strength [71]
and modulus
PLGA + collagen v X X Tensile strength [72]
PA PA + TiO, X X X Tensile strength, modulus  [82]
and strain at break
PVC PVC + plasticiser X X v Tensile strength and modulus  [83]
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Though the effect of water on PLA may not appear to be significant due to its
low water absorption, studies [45, [47] have shown that many of the key physical
and mechanical properties of PLA are influenced by the presence of water. Studies
in Table [57, [70] confirmed the plasticising effect of water on the mechanical
properties of polymers. For example, Wu et al. [70] reported that the immediate
hydration of PDLLA scaffolds for 30 mins in phosphate buffer saline (PBS), resulted
in the considerable reduction of the compressive strength by more than 20.1 %
compared to the dry scaffold. However, the mechanical characterisation of scaffolds
in air at RT was the main limitation within this study. Other studies [77H80] that
considered submerged tests for natural polymers indicated a significant difference
in the deformation of material by observing an extensive plastic deformation prior
to failure.

An increased temperature additionally enhances plasticisation of polymers,
thus, it is equally important to consider the effect of PT on the mechanical proper-
ties of PLA. A number of studies 38| 56, 70, 81}, [83] have already investigated the
effect of different temperatures ranging from 10 to 60 °C on mechanical properties
of various polymers. The effect of increasing temperature was shown to be similar
to that of water absorption by reducing the strength and increasing the ductility
of the material.

Most earlier studies have highlighted the strong influence of the individual effect
of hydration and temperature on the mechanical performance of various polymer
however, these studies did not acknowledge the combined effects of hydration and
temperature (i.e. submerged at PT). The submerged test was mainly used for
natural polymers without considering its applicability for synthetic biodegradable
polymers such as PLA. Hence, it is critical to determine the individual and combined
effect of environmental factors (submerged testing and higher temperature) on

mechanical properties of PLA for its biomedical applications.
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2.5 Summary

In summary, the application of PLA in the biomedical field has increased rapidly
and many earlier studies measured the wet strength of PLA only when tested
hydrated in air at RT. Therefore, it is important to obtain a better understanding
of the effects of physiological conditions (i.e. submerged at PT) on the mechanical
properties of PLA. In addition, understanding the effect of manufacturing process
such as MEAM, together with the testing environment on the properties of PLA
is important to determine the baseline data prior to monitoring and determining
the degradation profile of MEAM PLA.
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Chapter 3

Material extrusion additive
manufacturing (MEAM)

This chapter focuses on MEAM. The current view on the manufacturing-induced
anisotropy as the major limitation in the MEAM process is critically reviewed.
Earlier studies are evaluated in terms of their testing design and characterisation

methods to identify the gaps in the knowledge.
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3.1 Basic principle of AM

The terms 3D printing and AM have been used interchangeably within the literature
however, the latter is used by the International Organisation for Standardisation
(ISO) and ASTM, and it is defined by ASTM-59200 published in 2018 as “process
of joining materials to make parts from 3D model data, usually layer-by-layer, as
opposed to subtractive manufacturing and formative manufacturing methodolo-
gies”. [84]. The key steps in manufacturing an AM part are summarised below
[5, [85H87]:

1. Designing the part: A digital model is created, or an image of the design

can be used to outline the external geometry of the object.

2. STL conversion: The design is converted into a readable file format for
AM printers (i.e. STL file).

3. Slicer software: The corresponding model is sliced into individual layers
using a slicer software. Manipulation of the model including positioning,
orientation, and the size of the object can be implemented at this stage.
Additionally, other printer parameters depending on the type of AM technol-

ogy can be optimised.

4. Printing the object: The print-path is created by generating a series of

commands called 'GCode’ to initiate the printing process.

5. Post-processing: For some AM techniques it is necessary to perform the

post-processing such as polishing.

3.2 Applications of AM

One of the main benefits of AM technology is production of intricate and complex
small-size structures, which is otherwise not feasible with the conventional subtrac-

tive manufacturing processes [88]. However, the industrial adaption to AM has
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been limited even in the last couple of years, mainly due to (i) the higher cost per
part for high volumes and (ii) the process is too slow for high volume parts [89].
Therefore, even in 2021, AM technology is still not an efficient way to produce
high volume parts as opposed to conventional manufacturing processes.

Metals, polymers, and ceramics all can be used in AM to produce a wide range
of prototypes, models or even high-performance functional parts [88]. The market
for AM technology has indicated a substantial growth rate from 6 billion USD in
2015 to 15 billion USD in 2021 [5] [89]. Subsequently, AM has been used for a
wide range of applications, including within medical, fashion, food, industrial, and
pharmaceutical sectors with few examples of applications summarised in Table
[5, [87].

Table 3.1: Applications of AM in different sectors [5, [87].

Sector Applications

Industrial Jigs, fixtures and prototype for automotive industry,

and end-use parts for aerospace industry

Medical Surgical models for surgery plans, dental fixtures,

crowns and bridges, customised implants and scaffolds

Pharmaceutical Customised drug delivery implants, tablets and capsules

Fashion Jewellery, shoes and clothes

Household Cups, plates and spoon

The amount of research and attention towards AM is increasing as evidenced
by the number of publications in recent years. Entering the keywords "additive
manufacturing” or " 3D printing” in Scopus.com highlighted approximately 49,500
papers online. Considering only the biomedical applications of AM (selected in
a search filter), there was still an increasing trend in the number of publications
per year (483 papers in 2020) as shown in the Figure with a drastic increase
since 2013. The largest contribution was identified from within the engineering

and materials science fields.
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Number of publications

Figure 3.1: The number of publications in the biomedical field (selected in the
search filter) based on the keywords of " additive manufacturing” and " 3D printing”

from Scopus.com.

3.3 Classification of AM processes

Seven main AM process classifications were proposed (ASTM 52900:2018): vat
photopolymerisation, powder bed fusion, binder jetting, sheet lamination, direct
energy deposition, material jetting, and material extrusion [84]. Depending on
the material compatibility and the method of fabrication, these seven processes
can be further separated into different technologies as summarised in Table
[5, 185, 186), [90H93]. Many of the medical devices are manufactured using polymers
[5, 88]. In 2016, the revenues from the materials sales have reached the value
of 950 million USD, with the largest contribution from polymers with 575 million
USD, followed by metals with approximately 130 million USD [5}, [88]. Polymers are
attractive materials for many applications not only because they are readily avail-
able at a relatively lower cost, but also, they have suitable characteristics in terms
of tuneable mechanical and degradation properties and excellent biocompatibility
thus, a suitable choice for surgical guides, medical models, abutments, bridges,
crown and tissue-engineering scaffolds [5) 88]. The main focus of this thesis is
characterisation of MEAM PLA, hence the principle of this manufacturing process

and its advantages for biomedical applications are discussed hereon.



Table 3.2: The main AM processes and corresponding technologies according to ASTM classifications [5] 85 86!

90H93].

AM processes

AM technologies

Basic principle

Materials used

Vat

photopolymerisation

Stereolithography (SLA)
Direct light processing (DLP)

Photopolymer resin is selectively

cured using a laser

Photopolymer

resin

Powder bed fusion

Selective laser sintering (SLS)
Selective laser melting (SLM)

Using thermal energy from different

sources to fuse the powders together

Metals, ceramics

and polymers

Binder jetting

3D powder binding (3DP)

Bonding agent is selectively

dropped to join powders together

Metals, ceramics

and polymers

Sheet lamination

Laminated object

manufacturing (LOM)

Stacking the laminate to the

substrate by bonding mechanism

Paper, plastic

metal foils/sheet

Directed energy

deposition

Directed metal deposition

Laser consolidation

Focused thermal energy
(e.g. laser) is used to melt

the material as being deposited

Metals

Material jetting

Drop on Demand (DOD)

Computer-controlled stage to

move the laser/ink to deposit the material

Wax, polymers

and biological

e.g. ink deposition or laser to materials
Nano Particle jetting (NPJ) precisely deposit the material
Deposition of molten Polymers,
Material extrusion Material extrusion AM (MEAM) material through a nozzle ceramics
onto the print bed and metals
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3.4 MEAM

The MEAM process — also referred to as fused deposition modelling (FDM) or fused
filament fabrication (FFF) — was first developed in 1989 by Scott Crump which
was later patented and commercialised by Stratasys Company as a prototyping
technology to make models [5], 94]. In the last three decades, MEAM technology
has grown from a prototyping technology to one that allows fabrication of complex
and intricate structures for a range of applications such as biomedical [95, [96],

electronic [97] and aerospace applications [98].

3.4.1 Advantages and disadvantages of MEAM

Medical devices such as fixation plates and orthopaedic screws are conventionally
fabricated using injection moulding techniques, however, AM technologies such
as MEAM gained a considerable attention for biomedical applications thanks to
its ability to produce on demand and personalised medical implants and equip-
ment. MEAM is a robust technology, which offers high material-versatility, ease of
handling and processing of the material and supports the production of complex-
intricate geometry parts [5, 94]. In addition, MEAM is suitable for multi-material
components including metals, ceramics and polymers as well as cell-laden hy-
drogels which are difficult to be processed with other manufacturing processes
[5, 185, 186, 00-93], making it an attractive technique for many biomedical applica-
tions [99]. Compared to SLA or SLS, MEAM machines can be easily modified and
customised by researchers for biomedical applications (i.e. changing the feeding
mechanism) due to its low equipment cost, availability of materials and a large
range of capabilities such as multi-material printing. Such level of freedom in
selecting the material in MEAM is advantageous compared to other technologies
including SLA. Thus, many research groups still prefer to use this technology for
manufacturing of including drug-delivery tablets, tissue engineering scaffolds and

3D in vitro models. With all these developments, there is a clear shift in the use
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of MEAM towards high-value applications as opposed to prototyping [99]. More
importantly, controlling the print-path in MEAM system (in terms of customising
the print-path generation) is much easier compared to laser-based AM technolo-
gies. Direct controlling the printing process has enabled new scale of design at a
fraction of nozzle diameter, making it a powerful tool for high-value applications
as demonstrated by Gleadall et al. [99]. Therefore, in the following section (3.5),
different ways of toolpath generation in MEAM system are discussed.

Despite the favourable advantages of MEAM process, there are a number of
limitations associated with this technology. Generally, MEAM process has a lower
resolution (100-500 pm, depending on the nozzle diameter), and lower accuracy
and surface finish (S, = 10.9 pm) compared to SLA or SLS [100, [101]. Moreover,
there is a greater mechanical anisotropy for MEAM parts than in SLA and SLS,
limiting its use for load-bearing applications as listed in the Table [3.3] which was
also one of the motivations of this thesis to understand the mechanical properties
of interlayer bonding. However, as mentioned previously, with current advances in
MEAM systems, there are attempts to overcome these limitations by improving the
MEAM printers (i.e. smaller nozzle size) and having a better and unconstrained
control over printing process to enable the use of MEAM for functional parts as

opposed to prototyping [99, [100].
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Table 3.3: Comparison between different AM technologies with respect to

biomedical applications [100], [101].

AM technology Resolution
(um)

Accuracy

Advantages

Disadvantages

MEAM 100-150 Low Diverse range Poor surface finish,
of geometeries, low resolution,
relatively inexpensive, mechanical
affordability, anisotropy,
ease of use,
multiple materials

SLA 5-25 High High surface Relatively
finish, high resolution, expensive,
intricate details need for

post-processing,
limited range
of material,
issues with
free-radical
formation

SLS 50-100 High No need for support, Expensive,
material versatility, resolution depends
no need for post- on powder
processing microstructure,

laser spot size

Binder jetting 100 Low multiple materials, Need post-
very fast processing,

need to use binder
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3.4.2 Basic principle of MEAM

The feedstock filament (also called spool filament) is fed into a heating chamber set
above the T, of the polymer to ensure the proper flow of the material (Figure
[T} 102]. Once the set temperature is reached, the nozzle moves at a particular
speed, typically parallel to the print platform plane (XY-direction) to extrude a
set amount of material as defined by the extrusion rate in the GCode file. The
print platform moves incrementally down (Z-direction) for each layer (Figure
[103]. The extruded filaments have a constant cross section — defined by the
extruded filament width (EFW) and layer height (LH) — ranging from oval to
near flattened appearance, where their geometries are highly influenced by flow
rate, fluid mechanics of the polymer, and the LH [88| [104]. As the material is
spread laterally from the nozzle on to the previously-deposited layer, it cools to
form an interface between the extruded filaments which leads to a bulbous shape
at the edges (Figure . A balance between a polymer’s rheology, the nozzle
temperature and the printing speed is essential for a successful printing process
[5, 94, 105].



Chapter 3. Material extrusion additive manufacturing (MEAM) 36

Spool

filament
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Figure 3.2: Schematic representation of MEAM system. The spool filament is
fed into the melt chamber to be liquefied and deposited onto the print platform.
The extruded filament geometry is defined by its extruded filament width and layer

height and the interface between layers.

Different types of thermoplastic polymers including PLA, acrylonitrile butadiene
styrene (ABS) and polycarbonate (PC) are used to fabricate models and prototypes
using the MEAM system [106) [107]. A common limitation typically reported for
ABS and PC parts is the shrinkage during the AM process [107]. Although, PLA is
more brittle, it is still easier to print as than the other two polymers. Additionally,
PC and ABS have a higher T,,, which means they require processing at a higher

extrusion temperature, resulting in a greater temperature gradient. Thus, control-
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ling the printing process is more difficult for ABS and PC compared to PLA [107].
Moreover, PLA is a biodegradable polymer that offers a better dimensional accu-
racy than ABS [107], but it will undergo thermal degradation upon AM process.
For biomedical applications, the dimensional accuracy as well as biodegradability
of MEAM PLA are attractive characteristic for production of intricate structures
including personalised tablets with specific drug-release, patient-specific implants
which can be resorbed within the body without a need for secondary surgery and

tissue engineering scaffolds.

3.5 Toolpath generation

Controlling the movement of the print head and extrusion rate are essential in the
MEAM process as they have a direct effect on the resolution, surface finish and
mechanical performance of MEAM parts. There are two main ways to generate
the toolpath: (i) a multi-steps process using a slicer software (conventional way)
and (i) the direct writing of custom GCode as schematically shown in Figure
[99].

Geometrlc and process errors can be |ntroduced

through fixed parametevs

Model is sliced Print-path
CAD model STL file into multiple generated Manufactunn errors
layers layer-by-layer 9

Requirements Additive
----------------------------- for the part and GCode manufacture |-~

design part

. . j Manufacturing errors
Design full print
Full control using cust, procedure <::D
control using custom
¢ Gcl:;dleg Feedback directly implemented

by full control over GCode

Traditional approach:
Slicer software

Figure 3.3: Flow chart comparing the traditional approach using a slicer software
and custom GCode approach. In the latter, explicit control over geometric print-
path and other relevant printing parameters are possible. Reproduced from Gleadall

[99] with permission from Copyright Clearance Centre.
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Historically, many research groups use slicer software such as Cura or Slic3r
to optimise the toolpath and other printing parameters [8, [108] 109]. There are
a number of parameters as discussed below which are frequently reported in the

literature in terms of controlling the quality of AM parts:

e Retraction — pulling the filament back inside the liquefier — is one of the
main printing parameters which is typically used to prevent excess flow of
the material from the nozzle — commonly referred to as strings. Fok et
al. [110] has shown the benefits of using retraction between two separate
AM parts by eliminating the strings between them. In the same study, it was
shown that the time and amount of retraction is important for the successful
printing. In another study by Derossi et al. [111] the effect of retraction
during AM process for food industry was investigated. The authors showed
that by controlling the retraction, it was possible to improve the final quality

of the parts.

e Acceleration is related to the printhead movements, and it is another print-
ing parameters which significantly control the printing defects especially at
the corner (i.e. over-extrusion). When the printhead changes direction,
deceleration occurs at the corner, allowing excess material to be deposited
before the printhead accelerates again. A very interesting study by Tronvoll
et al. [112], studied the effect of a wide range of acceleration values on
filament's geometry to develop a mathematical model which can eliminate

the defects at the corners.

e Jerk is usually associated with acceleration settings and corresponding to
the sudden change in the speed. Unfortunately, in most slicer software, the
jerk setting is not within the user control and thereby, it is advised that users
should leave a wide margin for errors as demonstrated by Hernandez et al.
[113]. surprisingly, the author strongly suggested that newer version of slicer

software should account for jerk and allow to optimise this parameter.
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However, as mentioned above, slicer software has several limitations as outlined

below:

e Limited set of functionalities which prevents the use of the full potential of
AM printers and ultimately unconstrained design freedom. This is a result
of the software considering each extruded filament to have a constant width,

and the part is filled by positioning filaments side by side [99].

e Controlling the XY and Z coordinates as well as extrusion rate, speed,
retraction, acceleration and other setting simultaneously per segment of the

print-path is not possible with slicer software [99].

e Although the slicer software is user-friendly, multiple errors can be introduced
at different stages of the workflow as identified in the Figure[3.3|such as risk
of data transfer errors due to conversion processes from CAD > STL >
sliced layer [99].

e Creating a parametric design with slicer software is time-consuming as it

requires CAD model creation, STL file and slicing steps [99].

e In slicer software, the travel movements (e.g. non-extruding movements)
cannot be minimised or eliminated to prevent defects including, stringing,

nozzle collision with part edges, undesired deposition etc [99].

A recent review article by Loh et al. [I14] emphasised that “suitable method-
ologies have yet to be established to fully enable and exploit the true potential of
[functionally graded additive manufacturing]” and highlighted a need for new ap-
proaches for toolpath generation [114]. Consequently, the limitations of the slicer
software, and the constraints it puts on the user, have resulted in custom toolpath
scripts being developed for different research fields [99] [115H117]. A few suitable
software packages have been developed to allow precise control for specific fields
and applications, including layer-wise scaffold design for bioprinters [118], graded

tissue-engineering scaffolds [119], and continuous extrusions for ceramics [99, 120].
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Direct writing of GCode overcomes the above limitations associated with slicer
software by enabling a precise control over the printing speeds, movement of the
print head and the extrusion rate. Furthermore, it is easier to define print-paths
using mathematical definitions in combination with non-mathematical geometry
[99]. The customised toolpath generation also allows the user to control every sin-
gle point in a manufacturing procedure to conduct a parametric design if necessary
to evaluate the effect of changing a single parameter at a time [99]. Finally, for a
continuous printing process, the workflow for the slicer software involves filling a
CAD-model volume with stacked extruded-filaments of a constant width/height.
This does not allow for continuous printing when structure has geometry with de-
tails smaller than or close to the nozzle diameter and limits the use for high-value

applications [99].

3.6 Physics of bond formation during MEAM

3.6.1 Polymer healing theory

The printing process starts after the GCode file is generated. The spool filament
is pushed into the melt chamber by the feeding system to be liquefied and ex-
truded onto the print platform. The bond formation between extruded filaments
involves a complex interplay between printing parameters (e.g. printing tempera-
ture and printing strategy), material parameters (e.g. viscosity, heat conductivity
and surface tension) and the cooling rate [121H123].

During the extrusion process, the polymer undergoes a considerable amount of
deformation, and accumulation of residual stresses [124]. Simultaneously, the heat
transfers to the print platform (by conduction) and the surrounding environment
(by radiation and convection) [12IH123| [125]. These interactions limit the time
for inter-molecular diffusion of polymer chains between the two deposited layers.
Such changes are typically given as the reasons for the formation of an incomplete

interlayer bond between layers (also called “neck”) as shown in the Figure[3.4][121-
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123|,[125]. As the influence of the surrounding temperature is apparently important,
many models were introduced to explain the dynamics of bond formation between
two adjacent extruded filaments [122] 123 [125]. One of the most well-known
models is 'polymer healing theory’ proposed by Wool and O'Connor [126], which
aimed to explain the changes in mechanical properties of the polymer as a function
of time and temperature [126] [127]. It is believed that the bond strength is
controlled by the inter-molecular diffusion and re-entanglement of polymer chains
across the interface between the extruded filaments [126, [127]. The strength
across the interface is shown to increase sub-diffusively with welding time as t'/4,
until the bulk strength is achieved [124]. It is commonly reported that the depth
of interpenetration or the chain entanglement across the interface controls the
bond strength [124]. As the extrusion temperature is always above the T, of the
polymer, the fusion between the adjacent filaments could occur according to the
following steps: (1) re-arrangement at the surface (2) surface approach, (3) surface
wetting, (4) polymer chain diffusion and finally (5) randomisation [124), [126), 128].

The contact between the two adjacent extruded filaments occurs when the
physical barriers are overcome by the surface re-arrangement [124, 126, [128], and
immediately after that, the surface wetting starts across the interface to improve
the bond strength. Studies [124] (126, [128] indicated that majority of the wetting
occurs when the temperature is above the T,,. As the polymer diffusion contin-
ues across the interface, chemical and/or interfacial bonds are formed to improve
the bond strength [124), [126] [128]. If the high temperature is maintained for a
sufficient time, a complete healing can be achieved, when the polymer diffusion
reaches an equilibrium. At the final stage, polymer chains move around without

any improvement of the bond strength [124) 126, [128].
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Figure 3.4: (a-c) Schematic of the steps in deposition of extruded filaments and
the contact between two deposited filaments. The polymer healing model during
printing process: (1) the surface re-arrangement, (2) surface approach, (3) surface

wetting, (4) chain inter-diffusion and (5) chain randomisation.

3.7 Weak interlayer bonding in MEAM

Interlayer bonding in the Z direction is considered as the most critical aspect of
MEAM and determining properties of this bond is an important step for future
development of MEAM parts for high-value applications. For polymers, tensile,
three-point bending, and impact tests are the most common methods used to
measure the properties of interlayer bonding [40]. Of these methods, tensile testing
is the most appropriate and direct way to measure interlayer bonding properties,
as the other methods could introduce load modes including compression and shear
[40].

A recent review article by Gao et al. [40] compared a broad range of studies
which investigated different loading orientations (i.e. longitudinal; filament ori-

ented along the load and transverse; filaments oriented normal to the load). The
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large number of variables (controlled or uncontrolled as shown in Figure enable
MEAM to achieve complex and intricate structures, but this inherently presents
considerable inconsistencies in the thermal and geometrical outcomes as high-
lighted by Gao et al. Understanding how the printing parameters affect mechanical
properties of MEAM parts is challenging, particularly given their interdependence

and the intrinsic complexity of geometries found in many test specimens.

Structural
parameters

Material
properties
Thermal diffusion: Infill density

Thermal expansion Build orientation —,
coefficient

Infill pattern and orientation

Viscosity ——», Stacking sequence

> Extruded Mechanical
filament bonding properties

Extrusion temperature ——»" «—— Nozzle diameter

Print bed temperature ——"
¢ Extruded filament width
Printing speed —
i & Layer height
Layer time —

— Geometrical effects
— Printing
Thermal effects parameters

Figure 3.5: Variables that can affect mechanical properties of the MEAM parts.

Gao et al. [40] concluded that “limited mechanical properties for the FFF —
printed parts is a result of weak interlayer bond interface that develops during the

layer-wise deposition process” as shown in Figures [3.6p.
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Figure 3.6: (a) Schematic diagram indicating a stack of filaments. (b) The
zoomed-in section highlighting the given explanation in literature for weak inter-

layer bonding due to limited inter-molecular diffusion.

For this reason, in this thesis it was decided to conduct a critical literature-
review to analyse previous studies in terms of: (i) testing standards used for ten-
sile test and (ii) characterisation methods used to measure cross-sectional area
for strength calculations. Twenty-seven studies were reviewed to measure the
anisotropy (Equation based on the measured ultimate tensile strengths of
parts with extruded filaments loaded in the direction of their deposition (UTSxy;
to represent strongest possible orientation) and normal to the direction of their
deposition (UTSz; to represent interlayer bonding). Anisotropy of more than 50
% is typically considered as a severe anisotropy, whereas values less than 10 % are

considered as nearly isotropy [40].

UT'Sxy —UTSy
UTSxy

Based on the selected criteria (i.e. testing standards and characterisation meth-

ods), it was clear that previous studies [6, 129, 129-153] (Table used various
standards for tensile testing and repeatedly highlighted that PLA and ABS parts

) x 100 (3.1)

Anisotropy = (

demonstrated mechanical anisotropy of 14-88 %, with extruded filaments loaded
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normal to the direction of their deposition [5], 54} [107].

Considering the broad range of mechanical anisotropy (Table and con-
tradicting results across the literature, one is inclined to raise concerns about the
validity of comparisons between previous studies which stated that inter-molecular
diffusion is the true cause of the interlayer weakness, as it is not clear whether the
MEAM components being compared had comparable thermal or geometrical prop-
erties. Hence, there is a need for an effective tensile-testing specimen for MEAM

parts to allow fundamental analysis of interlayer bonding.



Table 3.4: Summary of different tensile-testing designs and methodology used to measure contact area in previous

studies in order to quantify the mechanical anisotropy of MEAM parts for ABS and PLA.

Materials ASTM/ISO Cross-sectional area measured by UTSxy UTSz Anisotropy Ref
(MPa) (MPa) (%)

Caliper Microscopy

D638 v X 322 3.9 88 [130]
D5937-96 v X 15.9 7.6 52 [132]
D638 and D790 v X 20.6 7.1 66 [133]
D3039 v X 24.4 13.6 44 [145]

D638 and D3039 v X 19.0 2.6 86 [6]
ABS ISO-R178:1975 v X 18.1 9.9 45 [135]
ISO-178:2006 v X 36.2 32.0 14 [136]
Single-filament v X 35.6 22.1 38 [54]
D638 v X 34.1 17.7 48 [154]
D3039 v X 24.7 14.6 41 [155]
D638 v X 26.1 6.7 74 [156]
PLA D638 v X 53.6 43.4 19 [139]
D638 v X 35.6 18.6 48 [151]
D638 and D90 v X 73.6 46.6 37 [142]
ISO 527 v X 64.3 25.7 60 [157]

(WV3IW) Suinioenuew aaizippe uoisniixa [eusieyy ¢ 491dey”)

oF



Materials ASTM/ISO Cross-sectional area measured by UTSxy UTSz Anisotropy Ref
(MPa) (MPa) (%)

Caliper Microscopy

D638 v X 50.3 225 55 [156]
D638 v X 54.7 37.1 32 [158]
D638 v X 61.0 26.3 57 [159]
D638 v X 422 26.4 37 [160]
PLA D638 v X 40.1 8.90 77 [161]
D638 v X 61.6 32.0 48 [152]
D638 v X 58.2 53.8 8 [162]
Not given v X 56.4 38.5 32 [153]
ISO 527 v X 53.1 25.6 52 [163]
D638 v X 38.1 18.7 51 [164]
D638 v X 50.1 8.50 83 [165]

D3039 v X 56.3 48.6 14 [7]
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3.8 Characterisation methods for interlayer bond

3.8.1 Standard test design for tensile test

For tensile tests, ASTM D638 and ISO 527 are the most commonly used standards
which cover the tensile testing of plastics using dogbone geometry [166]. Most
studies reviewed in Table (18 out of 27) used these two test specimens to
assess the influence of different printing parameters on the mechanical strength of
MEAM parts. So far, ASTM D638 is the most commonly used standard (16 out of
27 from the Table by many research groups [166]. The print-path required for
an ASTM D638 specimen is complex, involving printing the perimeters and infill
with a number of nozzle directional changes leading to asymmetrical features first.
This means the precise characterisation of the interface bond is difficult (see Figure
B.7). Some groups prefer using ASTM D3039 instead of D638 due to the concerns
with the geometrical discontinuities it produces which frequently result in the pre-
mature failure of samples due to the stress concentration as shown in Figure (3.7
[130] 166]. In a recent study [8], the variation in tensile strength of MEAM parts
was attributed to the stress concentration points which are generated for MEAM
specimens. In addition, other studies [11} [167] utilised both experimental and
finite element analyses and concluded that current ASTM and ISO standards are
not suitable for tensile testing of MEAM specimens due to stress concentrations.
Different strategies were proposed including manufacturing parts with a rectangular
geometry and post-processing specimens by annealing, however they did not solve
the issue [8]. Some investigated the addition of “perimeters” to the print-path to
avoid stress concentrations, however, it simply shifted the defects from the surface

to internal regions [8].
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Voids/defect introduced by discrete filaments = creates stress
concentration regions

ASTM D638 tensile testing
specimen made up of discrete
filaments

Figure 3.7: ASTM D638 tensile-testing specimens. Multiple pores/defects
present during printing process, acting as stress concentration. Reproduced with

permission from Rajpurohit et al. [160] from Copyright Clearance Centre.

For time-series studies such as biocompatibility and degradation analysis, it is
necessary to monitor mechanical, chemical and thermal properties of the MEAM
parts for a long period of time (months-years). The volumes of ASTM D638 types
I-V range from 8210 to 1580 mm? and, considering the material cost of £50 per
gram, each sample costs approximately £100 to £500 [33]. Furthermore, each
ASTM standards sample takes around 3 h to print, hence, it is not practical to

have a large volume of data for long-term studies
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3.8.2 Measurement of cross-sectional area

According to ASTM standards “the nominal areas should be measured by microm-
eter [digital caliper] to measure the width and thickness of the test specimens”
[168]. The main issue with the digital caliper is the fact that it measures the
outer dimensions of the test specimens, indicating only the effective strength of
the structure, (including both voids and bonded area, see Figure . In contrast,
characterising the entire bonded area in the cross-sectional region of fracture using
a microscope allows for the discounting of void fraction resulting in the effective
measurement of the area which the load is correctly distributed, thus, determining
the actual bond strength (Figure [3.8).

‘ L L J

l

Cross-sectional view of MEAM part

“— Digital caliper of outer dimension = effective strength
Microscopic measurement of bonded area = actual bond strength

Figure 3.8: The difference between digital caliper and microscope measurements.
The former one measures the outer dimension of test specimens and the effective
strength. The latter only measures the bonded area and thus, the actual bond

strength.

At present, there is a lack of improved fundamental methods for the characteri-
sation of MEAM parts which take into account the role of voids. Thus a significant
variation in mechanical properties is evident (Table even in the case of util-
ising the same materials with the same printing parameters. Furthermore, studies
summarised in Table [3.4] considered the influence of orientation and several other

parametric modifications concurrently, and many do not differentiate between the
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influence of material and structural properties due to the intrinsic complexity of
the specimen geometries utilised.

Structural anisotropy will cause mechanical anisotropy even if the material is
entirely isotropic (i.e. if bonds behave the same as the bulk material). However,
many studies measured the properties of the MEAM parts as a combination of their
material (i.e. interlayer bonding) and structural properties (i.e. voids and bonded
area) without distinguishing between the two factors. This is a significant limi-
tation in preventing the proper characterisation and determination of mechanical
weakness as a property of structure rather than material (interlayer bond).

More importantly, many studies [6] (129, [129-142| 144H153] (Table as-
sumed that the printing parameters influence the interlayer bonding but have not
considered that these parameters indirectly affect the geometry of extruded fil-
ament. Often, studies claim that increasing the extrusion temperature provides
a higher temperature for inter-molecular diffusion without considering the impact
of this higher temperature to potentially increasing EFW and bonded areas due
to changes in extrusion rate and viscosity, thus, improving the structural strength
rather than the strength of the material bond [169].

Thus the conflicting results with a large variation in strength values could be
explained by a combination of caliper measurement of load-bearing areas and the
use of complex and non-standardised print paths designs for mechanical tests. As
a result, there are challenges in accurately measuring the contact area between

layers for bond strength calculations.

3.9 Summary

Based on earlier studies, it can be concluded that the effects of printing param-
eters (controlled or uncontrolled) on geometrical and thermal variations must be
considered carefully in the MEAM process otherwise, the strength of the part can

be miscalculated [170]. The discrepancy across literature raises concerns about
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the validity of comparisons between studies which state that thermal changes are
the true cause of the interlayer weakness, as it is not clear whether the MEAM
parts being compared have similar geometrical or thermal properties. Thus, there
is a need for an effective tensile-testing specimen to allow fundamental analysis
of MEAM part and interlayer bonds. Current ASTM and ISO standards with un-
specified toolpaths prevent proper characterisation and determination of properties
at the interlayer bond. It is necessary to introduce a simplified tensile test speci-
men with a unidirectional toolpath to allow precise geometric characterisation of
the bonded area and avoid uncontrolled and unknown inter-related influences of

multiple printing parameters.



Chapter 4. Hydrolytic degradation of MEAM PLA 53

Chapter 4

Hydrolytic degradation of MEAM
PLA

This chapter focuses on the degradation of MEAM PLA for biomedical applica-
tions. Bulk hydrolytic degradation as the main mechanism for the degradation
of PLA is explained. Following this, a critical literature-review of previous stud-
ies is conducted by analysing their testing design and characterisation methods to
understand the hydrolytic degradation of MEAM PLA and interlayer bonds.
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4.1 Degradation of PLA

In this section, the main degradation mechanism of MEAM PLA-based devices
is discussed in order to understand the interactions between the polymer and the
surrounding environment. It is important to recognise that different applications
demand certain requirements which should be identified. For example with chronic
medical implants the long-term properties should be characterised to ensure that a
polymeric component remains intact following implantation. Conversely, for some
tissue-engineering applications, the short-term properties of the polymeric implant
are more desirable (e.g. transient properties), as it degrades over time to transfer
the load to newly formed tissues [171]. Applications of MEAM biodegradable
polymers in healthcare engineering is increasing rapidly, hence an extensive analysis
should be conducted on the mechanical performance of MEAM polymers before
and during their degradation to fully understand their behaviours [171].

Typically, a PLA implant (e.g. scaffolds, pins, screws and fixation plates) is
manufactured either by AM or other manufacturing processes for biomedical ap-
plications [I7I]. Widely-used biodegradable polymers including polyesters (e.g.
PLA), polyanhydrides, and polycarbonates undergo a similar degradation mecha-
nism however their kinetics of degradation vary, which change the duration of the
degradation as indicated in Table [171, 172]. Generally, there are four major
types of degradation: (i) hydrolytic (i.e. reaction with water); (ii) enzymatic; (iii)
oxidation and (iv) physical degradation (e.g. mechanical loading and swelling)
[I71]. Several studies on PLA [17IHI74] highlighted that hydrolytic degradation
(including noncatalytic and autocatalytic) is the most common type of degradation
followed by the enzymatic degradation. Despite the susceptibility of PLA to enzy-
matic degradation, the experimental findings are inconsistent due to the variation

in the concentration of enzymes from one person to another person.
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Table 4.1: Degradation duration at 37 °C of common polymers [I71} 172]. PLLA
and PDLLA refer to polymers consisting of only the L- or D- stereoisomers of PLA,
respectively; PGA- poly (glycolic acid); PCL- polycaprolactone.

Polymers Degradation time (months)

PLA 12-16
PDLLA 6-12
PLLA >24
PGA 6-12
PCL >24

4.1.1 Hydrolytic degradation

PLA is known as a hydrophobic polymer with low level of water absorption (0.80
- 1.0 %), hindering its interaction with water and resulting in a longer half-life
of hydrolysis [4, 175]. Nevertheless, water molecules still interact with the hy-
drolysable bonds present in PLA (i.e. ester bonds) to break the long polymer
chains into smaller hydrophilic chains thus, lowering the M,, and M, of the poly-
mer [I76]. Such changes in the length of the polymer chains allow more water to
be absorbed thereby gradually increasing water absorption levels [176]. There are
different hydrolysis mechanisms reported in literature for PLA implants, including
random scission, end scission, non-catalytic and autocatalytic degradation [177].
For random chain scission, each ester bond is assumed to have an equivalent prob-
ability of chain cleavage, whereas for end scission, the assumption is based on
the reaction of ester bonds at the end of polymer chains [I77]. For non-catalytic
degradation, the ester bonds cleave when exposed to water, whereas in autocat-
alytic hydrolysis the reaction is catalysed by the carboxylic acid chain ends of the
oligomers and monomers [177]. Experimental evidence for which mechanisms are
governing the degradation is conflicting due to inconsistencies in experiments and

a large number of variables [177]. For example, Schliecker et al. [178] supported
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the non-catalytic hydrolysis, whereas others [179] [180] supported the autocatalytic
degradation, thereby it is not fully understood which mechanisms are most preva-
lent for degradation of PLA [177]. One common observation for PLA samples was
the occurrence of the faster rate of degradation at the centre of a large sample
compared to the surface, due to the diffusion of oligomers and monomers near the
surface [177]. Hence, non-catalytic and autocatalytic degradation models were
introduced to calculate the hydrolysis rate [173]. A linear relationship between
1/M,, and degradation time exists for non-catalytic model [173]:
1 1
My~ My

where M,; is M, at time ¢, M,, is M, at time zero, k£ and t are degradation

+ kt (4.1)

hydrolysis rate and time, respectively.
Furthermore, the autocatalytic model was also developed based on the car-
boxylic acid end chains:
d([f} = _d[CitOH] = —k[COOH][H,O|[E] (4.2)
where, [COOH]| is concentrations of carboxyl end chains, [H; O] is water and [E]

is esters. According to basic hydrolysis kinetic model, the rate of bond cleavage
is proportional to the time and assuming that both water and ester are constant,

the autocatalytic model is related to M,, as shown below [173]:
My = Myge ™ (4.3)
Which can be simplified using natural logarithm:
In M, = —kt + In M, (4.4)

It has been suggested that there is a delay before the reduction in M,, is visible
for autocatalytic degradation, and this model has been used widely by many studies
since it well-matched with experimental results [171], 177H179]. In this thesis, the
hydrolysis rate of MEAM PLA specimens will be calculated to determine which

model matches the experimental findings.
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4.1.2 Bulk hydrolytic degradation

There are two main principal models for hydrolytic degradation of PLA: (i) bulk
and (ii) surface erosion [176]. Surface erosion happens when there is a considerable
mass loss without any changes in the M,,, whereas for bulk degradation M,, declines
without any mass loss [176]. For polymers to undergo surface erosion, the sample's
thickness should exceed the critical thickness values to allow the degradation of the
surface, whilst the core polymer is unchanged. A study by Lyu et al. [171] indicated
that under normal conditions, it is very unlikely for PLA to undergo surface erosion
due to the large critical thickness value of 40 mm — which is larger than most of
common applications for PLA — and a very slow surface erosion velocity of 7 pm
per day (second slowest amongst the biodegradable polymers).

In addition, bulk degradation can occur heterogeneously or homogeneously
(see Figure . Homogeneous degradation happens if the rate of water diffusion,
exceeds the rate of hydrolysis, leading to uniform loss throughout the thickness
[171), [176]. In a more complex and realistic condition, a MEAM PLA is more likely
to undergo heterogeneous bulk degradation, which is associated with autocatalysis
(i.e. accumulation of acidic oligomers that catalyse the rate of degradation), with
the oligomers diffusing out of the polymer matrix slower than the water molecules.
Such interactions result in the formation of pocket/pores at various locations due
to the acidic environment [I71] [176]. Mechanical properties are lost when an
extensive degradation occurs and pores reach a critical size to undergo brittle
cracking upon the mechanical loading (e.g. stress or swelling) [171, [176].

Based on earlier studies, it is clear that hydrolytic degradation of PLA is a multi-
factorial process, involving the reactivity of chemical bonds, the rate of water diffu-
sion, the rate of diffusion of reactants and ions in the degradation media, oligomers
concentration and polymer-water thermodynamic interactions [171]. The M,, of a
polymer plays a critical role in terms of controlling the degradation rate and the
evolution of its mechanical properties. As a result, different criteria were intro-

duced to consider the failure of polymers during their degradation. For example,
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Heterogeneous bulk Homogeneous bulk
degradation degradation

Figure 4.1: Schematic diagram of heterogeneous bulk degradation (a) with au-
tocatalysis effect of retained degradation products and homogeneous degradation

(b) without any autocatalysis.

in the engineering field, when a polymer's fracture toughness drops by 50 % of its
initial value, mechanical failure is considered [176]. Alternatively, the reduction in
the strain at break by more than 5 % is commonly considered as the transition to
a brittle fracture [176].

4.2 Effect of hydrolysis on key properties of MEAM
PLA

Despite the complexity involved in understanding the degradation of PLA, some
studies [171), [176], [181] were able to identify the general stages in the bulk degrada-

tion of PLA and its effects on physical, thermal, chemical and mechanical properties
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of the material as shown in Figure [4.2] [171], 176, [181].

e Immediate water absorption of polymer which is regulated by the diffusion
coefficient of water. The polymer is expected to become saturated within a
few hours to days, depending on its thickness [171], [176] [181]. The hydrolysis
rate can be identified by a linear relationship between 1/M, and degradation
time, with no auto-acceleration due to the higher value of M,, [171},176], [181].
Ester bonds are believed to react at an equal rate (no change in polydispersity

index; PDI) hence, there is no change in the dry mass [171 176}, [181].

e Steady rate of hydrolysis as the water controls this stage and allows the
crystallisation of shorter polymer chains (increasing overall crystallinity).
[171, 176, [181].

e Auto-acceleration of hydrolysis happens when the reduction in the M,, con-
tinues until it reaches a critical value to catalyse the degradation [171], (176,
181]. The increase in concentration of carboxyl chain ends allows more
interactions between the polymer and water, which can be identified by
the increase in the water absorption and changes in mechanical properties
[171], 176, 181]. PDI also increases at this stage.

e Significant mass loss and dissolution of polymer as a result of further reduc-
tion in the M,, of the polymer [171] 176), (181]. Due to the dissolution of
polymer, the M,, of the remaining polymer reaches a plateau [171], 176, [181].

The change in the polymer’s thickness — commonly known as size effect — can
readily alter the rate of degradation [171], 176}, [181]. Earlier studies [171), 176, [181]
indicated that a non-AM PLA plate of 2 mm thick degraded considerably faster
than a plate with 0.3 mm thickness. The main reason given for a slower rate of
degradation for thinner sample was the suppression of the auto-acceleration stage
to promote heterogeneous degradation (i.e. formation of pores). This happens

when the pH inside and outside of the sample is similar due to the diffusion of water
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and degradation product. Furthermore, auto-acceleration for crystalline regions is
negligible because of the slower diffusion of the chain ends [171], [176] [181]. Hence,
the translation of experimental results from one device to another is difficult.
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Figure 4.2: Flow diagram indicating the general stages in hydrolytic bulk degra-
dation of PLA. Shaded boxes show the most frequently quantified properties in
literature. Reproduced from the publication of Laycock et al. [176] with permis-

sion via the Copyright Clearance Centre.
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The rate of degradation can be tuned by changing the degradation conditions
(i.e. changing temperature or pH) and materials properties (i.e. initial M, crys-
tallinity and manufacturing process) [2, 171} [176]. In studying previous literature,
it appears that degradation of MEAM PLA, especially the interlayer bonding, as

the most critical aspect of MEAM, is not commonly researched.

4.3 Effect of MEAM on the rate of degradation

4.3.1 Changing chemical and thermal properties before degra-

dation

Considering the degradation of interlayer bonding between layers in MEAM — which
is unavoidable during AM process — for designing new medical implants, is of
great importance. Manufacturing PLA components by MEAM at temperatures
above its T, e.g. > 200 °C, provides enough mobility for polymer chains to re-
organise themselves and to change the crystallinity of the material. There have
been studies on the effects of manufacturing processes on mechanical properties
of PLA, but limited attention has been given to their effects especially during
hydrolytic degradation.

The cyclic heating history and cooling rates during the MEAM process result
in accumulation of residual stresses along with a reduction of M,, and inherent
viscosity. For example, a recent study by Ekinci et al. [182] on MEAM PLA
samples showed that the crystallinity and M, of MEAM PLA decreased by 54.9
% and 24.3 %, respectively compared to that of the raw material. Similar trends
were observed in another study by Rodrigues et al. [183], who identified a 23 %
reduction in the M,, of MEAM PLA compared to that of the raw material. Cuiffo
et al. [184] showed that the MEAM process reduced the T, of the PLA from 57.7
°C to 53.1 °C as well as the T, by approximately 10 degrees due to the formation
of multiple crystallites during the MEAM process [184].
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4.3.2 Degradation of MEAM PLA

The changes in the microstructure of PLA during its hydrolytic degradation (i.e.
reduction in M,, and increase in crystallinity (see Figure [4.2))) have a strong im-
pact on its mechanical performance. More importantly, the manufacturing of PLA
by MEAM can significantly change its M,, and crystallinity which directly affects
the rate degradation of mechanical properties. Hence, monitoring the effects of
hydrolytic degradation on mechanical properties of MEAM PLA, especially the
interlayer bonding which is unavoidable during AM process, is important. Surpris-
ingly, there is limited research into the effects of the MEAM process on degradation
kinetics, in particular the degradation of interlayer bonding between extruded fila-
ments.

Fourteen studies [173, 183, [185-196] were reviewed (Table[4.2)) in terms of their
characterisation methods: (i) testing environment, (ii) measuring cross-sectional
area for strength calculation and (iii) types of testing (i.e. compression or tension
along (UTSxy) and normal (UTSz) to the load). As demonstrated in Table 4.2} 5
out of 14 studies used accelerated conditions (i.e. degradation at elevated temper-
atures) to monitor degradation of MEAM PLA. This approach could be beneficial
as it saves both time and cost by obtaining the results faster than degradation at
PT [176]. The extrapolations of experimental data based on the accelerated degra-
dation to PT have been studied to predict their degradation at 37 °C [197, 198].
Furthermore, based on the reviewed studies, strength, modulus and strain at break

are often measured during the hydrolytic degradation of MEAM PLA.



Table 4.2: Summary of previous studies on degradation of MEAM PLA in terms of degradation temperature,
contact area measurements and measured properties. Only two studies investigated the degradation of interlayer
bonding at elevated temperatures. However, no study considered submerged testing at PT and measurement of

cross-sectional area by microscopy.

Study Degradation Tested Measuring area Measured mechanical strength (MPa)
temperature submerged at by microscopy Compressive Tensile
(°C) PT UTSxy UTSz

[188] 50 and 70 X X X v v
[189] 50 and 70 X X X v v
[186] 37 X X v X X
[190] 37 X X X v X
[191] 37 X X v X X
[183] 37 X X v X X
[192] 37 X X v X X
[194] 50 and 70 X X X X X
[193] 70 X X X X X
[195] 37 X X v X X
[173] 37 X X X 4 X
[199] 37 X X X 4 X
[196] 50 and 70 X X X 4 X
[200] 37 X X X 4 X
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From Table[4.2] only two recent studies [188] [189] considered the effect of test-
ing direction on degradation of MEAM PLA at 50 °C and 70 °C. In these studies,
tensile-testing specimens were printed according to ISO 527 standard at two direc-
tions: (i) horizontal direction (PLA-H; i.e. printed parallel to the print platform)
and (ii) vertical direction (PLA-V; normal to the print platform to assess interlayer
bonding). Mechanical characterisation was conducted in air at RT to measure
their tensile strengths [188] [189]. The authors stated that "vertical specimens
[PLA-V] lost their mechanical properties and mass much faster than horizontal
ones [PLA-HJ, potentially due to the weak cohesion between extruded filaments”.
Furthermore, both PLA-H and PLA-V showed reduction in modulus and strain at
break during degradation due to the increase in the crystallinity as measured by
the authors. The strain at break is sensitive to macroscopic features (i.e. the
geometry and the surface defects) and the microstructural properties (i.e. crys-
tallinity and molecular weight) of polymers, thus it can be readily affected by the
hydrolytic degradation [16], [I76]. Both studies [188| [189] concluded that the weak
interface was the predominant factor for the faster degradation of PLA-V com-
pared to PLA-H (Figure , yet the extrusion temperature and printing speed,
which affect interlayer cohesion, were 3 % lower and 40 % higher, respectively, for
vertical specimens compared to horizontal ones

Yonezawa et al. [190] studied the hydrolytic degradation of MEAM PLA in
PBS at 37 °C for 90 days. In this study, PLA specimens manufactured either
with extruded filaments aligned in the direction of the load or aligned diagonally
in a cross-hatched pattern. All specimens were tested in air at RT to measure
the evolution of their mechanical properties during hydrolytic degradation. It was
found that specimens with the alignment of extruded filaments in the direction
of load showed a greater reduction in UTS than those with cross-hatched pattern
over 90 days of degradation. The authors noted that the shape of internal gaps
between extruded filaments was responsible for such a difference. Furthermore, the

elastic modulus decreased initially and then increased from 60 to 90 days, although
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PLA-H PLA-V

Day 0

Figure 4.3: Macroscopic evaluation of PLA-H and PLA-V before and after degra-
dation at 50 °C. Vertical samples (PLA-V) disintegrated quicker than horizontal
samples (PLA-H), which was believed to occur due to weaker adhesion between
printed layers [188] [189]. Reproduced with permission from Copyright Clearance

Centre.

the authors did not measure the crystallinity of specimens. In terms of toughness,
there was a 90.3 % reduction for degraded specimens compared to undegraded
PLA after 90 days of degradation.

In another recent study by Kakanuru et al [196], the degradation of MEAM
PLA specimens in water at 50 °C and 70 °C were studied. MEAM specimens only
tested along their deposition in air at RT. The fracture surfaces of PLA speci-
mens were examined using electron scanning microscopy to compare the effect of
degradation. The micrograph images (Figure showed large voids with differ-
ent geometries for degraded samples as a result of disintegration of the material
during degradation.

Andrzejewska et al. [200], compared the hydrolytic degradation of MEAM
PLA specimens printed along the print platform against the injection moulded
PLA. Each specimen type was immersed in PBS at 37 °C for 12 weeks. All speci-
mens were mechanically tested in air at RT after 12 weeks to measure their UTS.
Apparently, injection moulded PLA specimens had comparable UTS after 12 weeks,
with only 3.47 % reduction in their UTS compared to undegraded specimens. On
the contrary, MEAM PLA showed a 47.6 % reduction in their UTS after 12 weeks
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of degradation. The authors believed that the MEAM process modified the mate-
rial and influenced its mechanical behaviour during degradation. However, in this

study, the degradation of interlayer bonding was not considered.

Degraded sample Undegraded sample

1

Figure 4.4: Microstructure of degraded PLA after 140 days at 50 °C and unde-
graded specimen indicating the difference in geometry of voids due to disintegra-
tion of the material [196]. Reproduced with permission from Copyright Clearance

Centre.

4.4 Summary

From the reviewed studies, there is still a gap in the knowledge regarding the
hydrolytic degradation of the interface between extruded filaments for MEAM
parts at PT. This gap in the knowledge mainly arose from the current ASTM
standards design, which prevents the accurate measurement of the real sample’s

geometry for bond strength calculation.
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Chapter 5

New specimen for testing of
MEAM parts

A large part of this chapter is published in the Additive Manufacturing journal
[201] and the journal of the Mechanical Behavior of Biomedical Materials [202].
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Graphical abstract

CONVEX design approach (CONtinuously Varied EXtrusion)

¥

Design freedom by explicitly controlling the geometry of
each individual filament along its length by varying:

Extrusion rate
Print speed
Retraction
Acceleration

¥

Example
“Streamline slicing”

e o o o

Smooth \ ,,,,,,

transition in

width
CONVEX allows new structures to be
designed at sub-filament scales for:

Micro-tensile specimens
Graded and nonuniform lattices
Tissue engineering scaffolds
Drug delivery constructs

Filters and meshes

Process characterisation
Defect-free slicing strategies
New research opportunities

Figure 5.1: Schematic of the new design approach called CONVEX, which enables
manufacturing of complex geometries suitable for tissue engineering, microfluidic,

tensile testing and many more.
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5.1 Introduction

Most studies in the literature [0, 130] 135, [136] [146] focused on the effect of
printing parameters including, print speed, temperature and infill directions, on
the mechanical performance or surface quality of AM-manufactured parts. In con-
trast, there are limited studies investigating the effect of different parameters on
the actual geometry of single extruded filaments [203]. This is partially due to
the traditional AM workflow of using CAD to design the part and then employing
slicing software to adjust the printing parameters [108]. This approach limits the
potential to have a full control over the printing process and print toolpath. A
few studies [33], 119, [203| 204] used in-house software to directly control the AM
process by bypassing slicing software and clearly demonstrated the benefit of this
approach. For example, Geng et al. [203] found the print speed to significantly af-
fect the microstructure and dimensions of extruded polyetheretherketone (PEEK)
filaments. Barrios and Romero [205] showed that acceleration influenced the sur-
face roughness of AM parts. However, current studies investigating the geometry
of extruded filaments considered steady-state printing conditions. This chapter
investigates for the first time, transitions in microscale filament geometry in re-
sponse to a range of important control parameters (i.e. the transition between two
steady-state conditions when printing a single filament), including: print speed, ex-
trusion rate, retraction/un-retraction, acceleration and jerk. The need for this new
investigation spans a range of fields. With the current advances in AM technology,
there is a tremendous demand for, and interest in the use of MEAM for high-
performance applications or lattice-like structures, where geometry at the scale of
single-filaments, or even smaller, is important. For these applications, controlling
the material deposition at every location and fabrication of parts without defects
and voids is vital [206H209]. Furthermore, a common problem associated with
current slicing software is the formation of gaps or voids such as those found in
some ASTM D638 specimens as highlighted in Chapter 3 [6], 8] [166].

The existing toolpath strategies do not allow the full potential of AM printers
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to be used since they consider each extruded filament to have a constant width,
and the part is effectively filled by positioning filaments side by side (or accord-
ing to the chosen infill pattern). Here, the new understanding is developed for
dynamic filament geometry (first two results sections) and implemented in a new
design concept called CONtinuously Varied EXtrusion (CONVEX), in which the
widths of individual extruded filaments are designed to vary over their length (fi-
nal results section). A case study shows how CONVEX can be used as part of
the design process to develop new tensile-testing specimens which enables precise
characterisation of interlayer bonding. The versatility of the suggested concept is

demonstrated by investigating different extrusion temperatures.

5.2 Materials and Methods

5.2.1 CONVEX concept

The CONVEX design concept is based on designing at the sub-filament length scale
by varying the geometry of individual filaments along their length, as opposed to
the conventional approach, considering filaments with a constant cross section
(Figure 5.2p). By arranging extruded filaments with a constant cross section
to fill a CAD-model volume (a dogbone specimen for tensile testing is used for
demonstration purposes), the discrete change in the number of filaments limits
the design resolution and introduces defects/pores, which were shown to act as
critical stress concentrators for a range of print-path designs [8]. Adding so-called
'perimeters’ to the print path does not solve the problem; it simply shifts the
defects from the surface to internal regions. Using the CONVEX design approach,
streamlined filaments can be designed with a deliberate continuously varying width
to fit the dogbone geometry, as shown in Figure , eliminating the voids/defects.

The change in width can be achieved by controlling speed and/or extrusion
rate to allow the polymer material to spread to the desired width. The height of

the filament is kept constant because it is governed by the space between the top
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of the previous layer's filaments and the bottom of the nozzle.

The next sections describe the parametric experimental investigation of how

printing parameters were adjusted to achieve the CONVEX approach from a tech-

nical point of view.

Conventional
slicer

Tensile test specimen
made up of discrete
filaments using a
conventional slicer

CONVEX
approach

CONVEX approach with
streamline printing by
continuously varying
the extruded filament

width (EFW)

Voids/defects caused
EFW by discrete filaments EFW smoothly transitions
0.5 mm creating critical stress from 1 t0 0.5 mm
concentration

Figure 5.2: CAD models exemplifying CONVEX design approach. Designs for
tensile test specimens is shown for conventional (a) and CONVEX (b) design
approaches, with geometry of individual filaments (extrusion width) deliberately

designed to vary over each filament's length.

5.2.2 Test-specimen design

A custom design (Figure was developed to analyse the effect of parametrically

varying a single parameter. In-house software “FullControl GCode Designer” [99]
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was used to generate GCode files for printing a 10-layer stack of single filaments
(Figure5.3)). The printing toolpath is shown in Figure[5.3p (indicated by arrows),
with the nozzle depositing filaments in XY plane. To normalise the extrusion
pressure after each line of print, a stabiliser line was used; it also ensured that
the nozzle returned to the left-hand side before starting to print the next filament.
The process was repeated 10 times (offset in Y direction) to achieve a series
of specimens in the region of interest (ROl - dashed box in Figure ) Each
extruded filament was produced with three sections: sections 1 and 3 (10 mm long
at the beginning and end) and section 2 (40 mm long in the middle) as shown in
Figure . Section 2 was printed with different printing parameters (e.g. print
speed) compared to sections 1 and 3 to characterise the dynamic response of the
filament geometry (i.e. filament width) to changes in the process. Figure
exemplifies the variation of the filament width in response to printing parameters:
in that example, section 2 was printed at a faster speed than sections 1 and 3,

resulting in less time for material deposition and, therefore, a narrower EFW.
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Figure 5.3: (a) Schematic of the design showing the nozzle's print path (red
arrows) to investigate the effect of gradually changing a single printing parameter.
(b) Image of the final AM part highlighting the region of interest (ROI) used to
characterise filament geometry. (c) Optical micrograph showing the change in

extruded filament width across the three sections.

5.2.3 Materials and AM setup

The testing design defined in Section 5.2.2 was printed using a Raise3D Pro2
(Raise3D(R), USA). Polylactide was used (Rasie3D(R) Premium PLA); with the
printing parameters kept as default unless changed as shown in Table 5.2l The
nozzle deposited a single filament as defined in Section 5.2.2 using either a constant
nominal width across all three sections (target EFW = 1) or different widths
(sections 1 and 3 target EFW = 1; section 2 target EFW = 0.5). The target EFW
was physically implemented by adjusting the material’s feed rate into the nozzle in
GCode. Both design regimes were employed to characterise the effect of various
printing parameters on the extruded filament's geometry, which are described in
detail in Section 5.2.4. A 0.4 mm nozzle was used with the temperature set to
205 °C (filament manufacturer's recommendation), and the layer height was 0.2

mm.
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5.2.4 Investigation of individual printing parameters

The printing parameters investigated in this chapter are listed in Table[5.2)and are
discussed below. In each case, EFW was measured along the length of the filament
and its variations were analysed with respect to the instantaneous changes in print
parameters (e.g. print speed). A summary of parameters studied is given in Table
[5.2] The first two rows cover the response of the AM printer to changes in print
speed and retraction for constant and varied EFWs (Section 5.3.1). The next
group of rows focus on transferability of results to other accelerations (Section
5.3.1) and extrusion temperatures (Section 5.3.2). The last row indicates that

applicability of results was demonstrated in case studies (Section 5.3.3).

5.2.4.1 Print speed

To investigate the effect of the print speed (nozzle's movement in the direction
of printing) on EFW, it was set to change from low to high and back to low (in

sections 1, 2 and 3, respectively, in Figure ) The speed was always 1.0 m-min!

1in section 2 (increments

in sections 1 and 3 and ranged from 1.0 to 6.0 m-min
of 0.5 m-min’!). Acronyms were used to refer to each design in this study. The
naming method was as follows: printing parameter (e.g. speed) of section 1 -
section 2 - section 3. For instance, to refer to samples with a print speed of 1.0

1 1

m-min* in sections 1/3 and 4.0 m-min™! in section 2, the acronym 1.0-4.0-1.0 was

used.

5.2.4.2 Acceleration and jerk

Based on obtained results for the print speed, a reference speed of 3.0 m-min! for
section 2 was employed with a range of accelerations to investigate the effect on
the dynamic response of EFW. The default acceleration setting for many printers
is between 2.0 and 5.0 m-s [210]; thus a range of acceleration was selected (0.05

to 6.0 m-s) to cover a broad range.
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The effect of 'jerk', which refers to an instantaneous variation in velocity, was
also investigated. The print speed and acceleration for section 2 were set at 3.0
m-mint and 0.50 m-s2, respectively. The jerk setting for different printers is
between 0.015 and 0.200 m-s™!; therefore, a wide range from 0.008 to 0.800 m-s*

was used.

5.2.4.3 Retraction

Another variable, which can significantly influence the geometry of extruded fil-
aments, is 'retraction’ (i.e. pulling a specific amount of filament back into the
nozzle). For the concepts discussed here, retraction (and un-retraction) may be
useful to control the suddenness of changes to EFW. Retraction was applied at
the beginning of the section 2 of specimens. Each retraction was accompanied by
un-retraction at the end of section 2 to ensure that the same volume of material
was extruded overall. A broad range of retraction values were used (0.02 to 0.20
mm). This range was chosen because they were either found in preliminary tests
to be suitable for changing EFW by more than required for the purposes of this
chapter.

5.2.4.4 Extrusion temperature

To investigate the influence of extrusion temperature, the experiments for speed
and retraction (Sections 5.2.4.1 and 5.2.4.3) were repeated at lower and higher
temperatures than the reference temperature (195 °C and 215 °C versus 205 °C,
respectively). This was done to investigate the sensitivity of findings and to demon-
strate the resilience and transferability of the CONVEX concept to different printing

conditions
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5.2.5 Case study

Three case studies were used to demonstrate the CONVEX design approach versus
a traditional AM process (CAD model > slicer software > GCode > printing). For
the ‘traditional approach’ in case studies, Cura software was used to slice CAD
models and generate GCode. For the CONVEX approach, in-house software (Full-
Control GCode Designer) was used to design the print-path with explicit control
over settings such as speed, extrusion rate and acceleration. For the first two case
studies, the printing quality of both methods were compared using a Zeiss Pri-
motech optical microscope. Cura was used in this study because it is powerful and
well-respected slicer; the authors believe no alternative slicing software would be
able to achieve better results for the structures sizes considered here. In the third
case study, it was decided to demonstrate how the findings for the test specimens
can enable a new way to design specimens for tensile testing with microscale con-
trol of the extruded filament geometry (the CONVEX design approach). Natural
PLA filament (3DXTECH(®) branded NatureWorks(R) 4043D, Sigma Aldrich) with
a density of 1.25 g-cm™ was used to manufacture specimens for this case study.
A micro-tensile specimen formed of single filament was manufactured based on
the CONVEX design approach. MEAM system with a 0.4 mm nozzle was used to
deposit four single filaments in a square (45 mm (height) x 45 mm (width)) and
then repeated for 225 layers. This was done using custom GCode generated with

FullControl GCode Designer software and the given printing parameters (Table

5.1
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Table 5.1: Printing parameters used to produce specimens for the case study.

Printing parameters Value
Nozzle diameter 0.4 mm
Nozzle temperature 210 °C
Print platform temperature 60 °C
Printing speed 1 m-min!
Layer height 0.2 mm
Extruded filament width in gauge 0.5 mm

Extruded filament width in shoulders 0.75 mm

After printing, each specimen box was cut using the following two steps ex-
plained in Figure . The cutting process did not introduce any edge effect; this
was checked by comparing the mechanical properties of specimens cut at differ-
ent widths (15 mm and 5 mm) and by comparing results to injection moulded

specimens [202].

1. After inserting a razor blade inside the customised tool, corners of the spec-
imen box were cut by a gradual downward pressure by hand to yield 4x

specimen walls.

2. The walls were then cut into 5 mm-wide specimens using razor blades and
a 12-tonne hydraulic press (to ensure even and controlled pressure during
cutting). Six specimens were cut from each wall to yield 24 specimens per

box.

Mechanical properties of new micro-tensile-testing specimens were measured
using a universal mechanical testing machine (Instron 5944, USA) with 2 kN load
cell, employed at displacement rate of 0.5 mm-min! for 20 mm gauge length (strain
rate of 4 x 10* s!). The cross-sectional area of each specimen was measured

using a digital caliper and an optical microscope with a 5x magnification lens in
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Figure 5.4: Schematic of the cutting steps for the specimen box. (a) In the first
step, a razor blade inserted into the customised tool (i) to allow cutting of the
corners by the downward pressure by hand (ii) to yield 4x specimen walls (iii). (b)
In the second step, the walls were cut using razor blades (i) and downward pressure

by 12-tonne hydraulic press (ii) to produce 6 specimens per wall (jii).

conjunction with ImageJ measuring software. The fracture progression of specimen
was monitored using a Thermo-sensorik CMT 384 infrared camera with 256 X 256
pixels with F/2.0 aperture (GmbH, Germany). The camera was calibrated prior to
the test using two objects with known temperatures (one higher and one lower)
to determine the upper and lower limits respectively. The contrast and brightness
were optimised so that the fracture area would appear white (indication of higher

temperature) and the other regions as black (indication of lower temperature).



Table 5.2: List of parameters used to assess changes in geometry of single extruded filaments for the AM printer

(the bold italic font indicates the parameters that were the main focus for the respective row of the table).

Normalised target width Print speed (m-min'") Retraction for section 2 Temperature Acceleration hL a'ye;rt
Parameter elg
Section 1 Section2 Section3 Section1 Section2 Section3 (mm) (°C) (m-s?) (mm)
1 1 1 1 1-6 1
Speed 0
1 0.5 1 1 1-6 1
205
1 1 1 1 1 1
Retraction 0.02-0.2
1 0.5 1 1 1 1 0.5
1 0.5 1 1 1-6 1 0 0.2
195, 205 and
Temperature 215
1 0.5 1 1 1 1 0.02-0.2
Acceleration 1 0.5 1 1 3 1 0 205 0.05-6.0
Case study

sued NV 4o Suiisay 4oy uswidads map -G uaidey)
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5.2.6 Image processing

After printing, a SmartScope Flash 200 microscope (OGP, US) was used for di-
mensional measurements. An optical image was captured every 4.25 mm for each
testing line to yield 14 images per specimen (Figure and b). The data was
post-processed by a MATLAB script. All images were first binarised and stitched
together to create a series of black-and-white images (Figure and d). Then,
the numbers of black pixels per column were counted to output a plot of EFW
versus distance. EFW was normalised with the initial width (beginning of section

1). The distance was normalised with the nozzle diameter (0.4 mm) as shown in

Figure [5.5k.
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Figure 5.5: Schematic of workflow for measuring EFW. (a-b) Optical microscopy
images were taken every 4.25 mm to yield 14 images per specimen. (c-d) A
MATLAB script was used to binarise images and (e) the number of white pixels was

counted to determine normalised EFW and its variation with normalised distance.
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5.2.7 Quantitative analysis of dynamic change in EFW

Several different modes of transition from wide to narrow EFW (and vice versa)

between the three sections of specimen were identified:

e Transition mode |: associated with a sudden drop (or rise) in the normalised
EFW, in response to instantaneous changes in a printing parameter (e.g.
print speed). The change in width for this disruption is denoted as AW;
throughout this chapter (Figure . As an example, if print speed is dou-
bled, the material extrusion rate from the nozzle must be doubled to ensure
a constant filament width; to achieve the increased extrusion rate, pressure
in the nozzle must be increased by feeding in more material. As a result,
the lag between the changing speed and nozzle pressure results in a sudden

drop in the filament width.

e Transition mode Il: associated with natural recovery of normalised EFW
to the target EFW. The change in width for recovery is denoted as AW,
(Figure . Natural recovery occurs if the target width is changed, as the
extrusion process takes time to reach the new steady state. In addition,
the natural recovery occurs after a sudden disruption (transition mode 1),
when the extrusion process returns to the original width that was before the
disruption. The natural recovery (AW, ) is a gradual process by comparison
to the sudden drop (AWj).

The potential combinations of transition modes | and Il are shown in Figure [5.6]
When the target width is kept constant, but the steady-state nature of the printing
process is interrupted by an instantaneous change in a printing parameter, there is
a sudden change in EFW followed by a natural recovery (Figure ) When the
target width of a filament is changed, but no other printing parameters are varied,
the steady-state is interrupted and there is a gradual recovery to the new target
EFW (Figure ) When the target width of a filament is changed in combination

with another printing parameter, there is a combination of a sudden change to
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EFW and a natural recovery to the new target EFW (Figure ) The gradient

and magnitude of the sudden change and the natural recovery were calculated to

allow quantitative analysis. To minimise the effect of minor experimental errors or

fluctuations, the distance to achieve 95 % of target EFW was considered for all

quantifications.
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Figure 5.6: Schematics for quantitative characterisation of changes to EFW. (a)

For a constant target EFW an instantaneous change to a printing parameter results

in a sudden change in EFW (transition mode |) followed by a gradual recovery back

to the target EFW (transition mode Il). (b) Similar to (a) but combined with a

change to the target EFW. (c) Only changing the target EFW.
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5.3 Results and Discussion

The results and discussions are separated into three sections, as mapped out in

Table 5.2

e 5.3.1 — The dynamic response of EFW to changes in print speed, retraction

and acceleration is investigated.

e 5.3.2 — Transferability and resilience of results are investigated in relation to

extrusion temperature.

e 5.3.3 — A case study utilises the new understanding, developed in Sections
5.3.1-5.3.2, to demonstrate the applicability of the CONVEX design ap-
proach to produce parts, which are not possible with conventional AM print-

ing workflows/software.

Before investigating the role of different parameters, first the effect of changing
the target EFW only (i.e. varying extrusion rate), while keeping all other parame-
ters constant, was studied for the AM printer, as shown in Figure[5.7] By changing
the target width alone (to 50 % of the initial width), the printer achieved a grad-
ual change in normalised width over a normalised distance of approximately 40 (16
mm). The change was quite gradual because, when the target width was changed,
the amount of filament being fed into the nozzle reduced from that point onwards,
but over-extrusion occurred while residual pressure in the nozzle was gradually re-
leased. A technique called velocity painting [211] has been used to modify the
surface texture of AM parts by changing the print speed at different locations to
reduce EFW (at high print speed) or increase EFW (at low print speed). Therefore,
in the next Section (5.3.1.1), the effect of changing speed was examined. It is also
well known that retraction affects the flow of material from the nozzle, so it was
also studied (5.3.1.2).
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Figure 5.7: (a) Optical micrograph of entire specimen printed with zoomed-in
image (i) for transition from section 1 to 2. (b) Slow response of the MEAM
printer to change in target EFW from 1.0 to 0.5. (c) Schematic of transition
mode, as defined in Figure .

5.3.1 Effect of print speed and retraction

5.3.1.1 Print speed

First, this section investigates the effect of the changing print speed in section 2
of the specimen while keeping the target EFW constant across all three sections

(Figure [5.8p). The first specimen (ID = 1.0-1.0-1.0) showed no changes in the
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width, as expected, since the print speed and nominal EFW were unchanged across
all three sections. Increasing the print speed from 1.0 m-min™! to 6.0 m-min in
section 2 was associated with a sudden change (AW, transition mode 1) in EFW
visible in the optical micrographs (Figures and iii). The obtained results
contradict with findings by Geng et al. [203]. In that study, the EFW for PEEK
remained stable with increasing printing speed. This could be explained since in
that study [203], a different material was used (i.e. PEEK) which had a different
viscosity and melt pressure compared to the PLA. Furthermore, the print speed
used by Geng et al. was slow by comparison to typical speeds in other studies
— the fastest speed was still eight times slower than the reference print speed in
the current study, therefore, the printing speed was not high enough to cause an
imbalance between extrusion pressure and printhead’s acceleration. A comparison
of the results with the specimen, when only the target width was changed (Figure
, clearly demonstrates the significant effect of print speed on dynamic changes
to filament geometry. Increasing the speed to 6.0 m-min’! for section 2 of the
specimen rapidly reduced EFW by approximately 50 % over a transition distance
of 2 (0.8 mm, as opposed to 40 (16 mm) when the target EFW was changed alone
in Figure . This rapid change (transition mode I) can be explained by the fact
that the extrusion rate should increase linearly with speed to maintain a constant
EFW; a sudden six-fold increase in the speed needed respective increase in the
amount of material fed into the nozzle. Therefore, at the beginning of section
2 of specimens, there was an imbalance between pressure inside the nozzle (that
defined the extrusion rate) and the printhead's acceleration. This resulted in the
lagging of the pressure inside the nozzle, causing an under-extrusion (Figure [5.8p).
As the pressure and acceleration resynchronised, the filament gradually recovered
to the target EFW (transition mode ).

Another distinct feature observed was repetitive oscillations during the recovery,
likely caused by vibration of the printhead at higher speeds. This is often attributed

as the cause of printing defects called 'ringing’ [212]. Interestingly, oscillations of
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Figure 5.8: (a) Optical micrograph showing effect of changing print speed on

EFW. (b) Evolution of normalised EFW with normalised distance along extruded

filament length for specimens with constant target EFW (i.e. 1.0) but print speed
was varied in section 2 of specimens. (c) Similar to (b) but for target EFW =

0.5 in section 2. (d) Matching speed and target width for rapid resumption of

steady-state printing in section 2 based on results in (c).

constant target EFW. (v-viii) Micrographs for varied target EFW.

(i-iv) Micrographs for
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EFW had the greatest magnitude at mid-range speeds (2.0-4.0 m-min’!) and were
less evident at the highest speed (6.0 m-min’l), suggesting that certain speed
ranges may cause resonant vibration of the printer. After extrusion of the target
EFW in section 2, the print speed was switched back to the references value of
1.0 m-min’! at the beginning of the section 3. This was associated with a sudden
increased in EFW (over-extrusion), visible in Figure and optical micrographs
(Figures [B.8ji and iv). The over-extrusion resulted from a much higher pressure
in the nozzle required at higher speeds (to achieve the related higher extrusion
rates), which was gradually released by excessive material deposition after the
nozzle suddenly changed to a slower speed. A higher print speeds in section 2
resulted in greater over-extrusions at the beginning of section 3, as expected.
Furthermore, it appeared that in section 3, the target EFW needed more distance
to normalised back to the value of 1. This could suggest that it is more challenging
to achieve a steady and stable state after switching form fast speed to slow speed.

For the second design regime, the same print speed parameters were investi-
gated, but the target EFW in the section 2 was halved compared to sections 1 and
3, to understand how combining the target width (Figure and the print speed
(Figure ) can enable control over the microscale geometry. Apparently, the
filament’s geometry (Figure[5.8c) was completely different than those when chang-
ing the print speed only (Figure ) because the filament width approached the
new target EFW in section 2. Similar to Figure [5.8p, the transition for changing
the speed and width was separated into a sudden disruption (AW;) and recovery
(AW,) towards the target EFW. In contrast to Figure [5.8p, the recovery portion
(transition mode 1) did not display repetitive oscillation patterns, with the print
quality significantly improved as obvious from the optical micrographs (Figures
-viii). By changing the print speed in section 2, the new target EFW could
be achieved relatively rapidly. At an optimal value of speed of approximately 3.0
m-min~!, the sudden change coincided with the new target width, therefore remov-

ing the need for recovery. In effect, the increase in speed (from section 1 to 2)
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demanded a higher extrusion pressure but the reduction in target EFW needed a
lower extrusion pressure, with these two factors compensating each other. The
second transition — from section 2 to section 3 of specimen — was also different
compared to that for the constant-width design (Figure [5.8b). No over-extrusion
were observed for any specimen, while deceleration from a higher speed resulted in
a more rapid initial transition, with a slower one for speeds in excess of 3.0 m-min™!.
These observations highlight the complexity of the AM process, which involves the
interplay of the printhead motion, extrusion flowrate and the melt pressure.

By analysing the data (Figure ) the geometry of extruded filaments can
be designed to have variable EFW along their length. This is demonstrated in
Figure [5.8d, where the EFW in section 2 was set to be in the range between 35 %
and 100 % of the width in sections 1 and 3 (representing a broad possible design
window between 75 % and 250 % of nozzle diameter). To achieve this, the sudden
drop in EFW was identified in Figure [5.8c, and the target EFW of section 2 was
adjusted to eliminate the need for a recovery transition. In other words, the speeds
and the target widths were matched to allow the rapid achievement of steady-state
printing in section 2. The results presented in Figure [5.8d indicated the feasibility
of this hypothesis and potential for the CONVEX design concept to allow the
design geometries at the sub-filament scale. This information could be useful for
a range of industries, in which the microscale geometry of AM parts is important,
and for developers of printer hardware to quantitatively assess performance. It
should be noted that a print speed investigation was also conducted for narrower
target EFWs (the respective data are not shown) and exhibited similar trends,
indicating potential transferability of the obtained results for a range of EFWs.

In summary, it was shown that the print speed has an immediate and con-
trollable short-term effect on filament geometry. Combined with a change in the
target EFW (and thus a change in the continual extrusion rate), it is possible to

change the filament width with a high level of control.
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5.3.1.2 Retraction

The second variable, investigated for the direct drive printer, was retraction that is
widely used to prevent oozing of the material, which otherwise results in stringing
[213] 214]. Similar to print speed, the effect of retraction was considered for two
sets of specimen designs with different target EFWs (constant and variable). For
specimens with all three sections of the specimens had the same target EFW, the
results for retraction are shown in Figures and i-iv. As the retraction value
increased from 0 to 0.20 mm, EFW at section 2 reduced by up to 50 % for a
short period (Figuresi and iii). The results showed a similar trend to changing
the speed only (see Figure[5.8b) in terms of sudden drop (AW;) in the normalised
EFW, although the reduction gradient was steeper for retraction than for changing
speed. This could be explained by the difference in the mechanism of reducing the
filament width.

Apparently, the acceleration of the printhead to faster speeds was less sudden
than the retraction of filament, which is logical due to the high mass of the print-
head for direct drive systems (since the extruder is mounted on the printhead).
During the retraction process, as the length of retraction increased, a larger vol-
ume of material was pulled back into the nozzle and, thus, greater under-extrusion
was observed (Figure . After retraction, the material began to refill the noz-
zle/melt chamber and increase pressure, leading to a gradual recovery of EFW
(AW,) to the target width. Another difference, found between processing related
to retraction and speed was the absence of repetitive oscillation pattern during the
recovery after retraction (Figures and c). This further supports the hypothesis
that such oscillations were caused by the rapid acceleration of the printhead (for
high-speed changes in Figure ) and the associated resonance in the machine.

The second set of tests for retraction considered the effect of changing the
target EFW and retraction simultaneously (Figure ) A retraction value of
0.12-0.14 mm led to the magnitude of the sudden change in filament's width co-

inciding with its new target width and, therefore, allowed an almost instantaneous
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transition. For values of retraction below 0.12 mm, the sudden change in EFW
was of a lower magnitude than the target change (over-extrusion), and vice versa
for retraction over 0.14 mm (under-extrusion), led to a gradual recovery to the

target width after the initial sudden change in both cases.
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Figure 5.9: (a) Optical micrograph showing effect of retraction (left) and un-
retraction (right) on EFW. (b) Evolution of normalised EFW with normalised dis-
tance along extruded filament length for specimens with constant target EFW
(1.0) and retraction/un-retraction applied at start/end of section 2, respectively.
(c) Similar to (b) but target EFW = 0.5 in section 2. (R = retraction; UR =

un-retraction). (i-iv) Micrographs for constant target EFW. (v-viii) Micrographs
for varied target EFW.
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The obtained data from Figures [5.8| and were quantitatively characterised
to analyse the effect of speed and retraction on EFW in terms of the sudden drop
(AW;) and recovery (AW,) (Figure [5.10). In terms of the sudden drop, the re-
traction motion allowed EFW reductions to be completed over a shorter distance
(ranging from 25 % shorter for filament width reductions less than 0.4 normalised
width and becoming increasingly shorter for larger changes to EFW) as shown
in Figure 5.10p. So, retraction provides more consistent control over the sudden
change in EFW, although changing speed did achieve control for speeds up to 3.0
m-mint. These findings suggest that changing speed is more complex than retrac-
tion, since it involves melt pressure, extruder force and acceleration/deceleration.

The recovery data are plotted alongside the sudden-change data in Figure
[5.10b, separated for recovery after the retraction and the speed change. Recovery
was a much slower process than the sudden change, regardless of whether the
recovery was instigated by change in speed or retraction. Changing the speed
resulted in a longer recovery, possibly due to time necessary for the acceleration
and pressure inside the nozzle to synchronise. Whereas the retraction recovery
happened over a much shorter distance. This information is important from the
design point of view, as it can be used as a guidance map to support the choice

of print parameters to vary in order to achieve the desired microscale geometry.
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Figure 5.10: (a) The normalised distance required to achieve different magnitudes
of sudden changes to EFW, due to the speed change (circles) and retraction
(triangles). (b) Combined data for the normalised distance versus the magnitude
of EFW change for both sudden reductions and gradual recovery to the target
EFW. The MEAM printer was more responsive to retraction than speed changes.
The sudden initial changes to EFW were completed in approximately an order of

magnitude less distance than recovery to target EFW.

5.3.1.3 Effect of acceleration

The previous sections demonstrated the important effect that speed has on ex-
truded filament geometry. Since acceleration directly affects speed, a range of
accelerations were studied for 1.0-3.0-1.0 specimens. It was possible to achieve a
gradual reduction in EFW at lower accelerations and a sudden reduction at higher
accelerations (Figure 5.11]). The printer (Figure [5.11p) demonstrated a compli-
cated trend, potentially, a result of attempts by the system firmware to compensate
for over-extrusion. The effect of jerk was also investigated but was found to have
no significant effect on EFW profiles, so the results are not shown here. The re-
sults for acceleration confirm that it is an important parameter that can be used

to control the transition between different EFWs.
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Figure 5.11: (a) Effect of changing acceleration on normalised EFW. Inset optical
images with gradual (i; acceleration 0.05 m-s?) and sudden (ii; acceleration 4.0

m-s?). Target EFW was 1.0 in sections 1 and 3 and 0.5 in section 2.

5.3.2 Effect of nozzle temperature

To test the resilience of the above results to changes in nozzle temperature, the
test specimen (defined Section 5.2.2) with different target EFW in section 2 was
printed at 195, 205 and 215 °C. The effects of print speed changes and retrac-
tion were considered. Representative EFW profiles were selected to achieve low,
medium and high groupings for speed (Figure[5.12h) and retraction (Figure[5.12p)
(see Appendix Al for respective information). The plots for changing EFW with
retraction are smoother than those for changing speed, indicating the ringing phe-
nomenon discussed in relation to Figure that occurred for a wide range of
printing conditions. The oscillations were likely caused by vibration of the print-
head or printer frame when accelerating to higher speeds. Overall, the results
show that the trends found in this study were also observed for a range of ex-
trusion temperatures, giving confidence in the applicability and resilience of the
CONVEX design concept.
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Figure 5.12: Effect of different temperatures on filament’'s geometry. (a) Effect
of three levels of speed. (b) Effect of three levels of retraction. Similar variations
of EFW can be achieved at all three temperatures. Target EFW was 1.0 in sections
1 and 3 and 0.5 in section 2.

A full comparison of the gradient of the sudden change upon changing dif-
ferent parameters for the MEAM printer is presented in Figure [5.13] For major
parameters, including changing the speed and retraction, the AM printer (Figure
5.13p) appeared to be responsive because a wide range of magnitudes of EFW
changes were achieved in a normalised distance of approximately 1 to 3 (0.4-1.2
mm, equivalent to 1-3x nozzle diameter) for most parameters. In addition chang-
ing the acceleration clearly enabled the normalised distance for changes to EFW
to be increased by up to ten-fold.

Furthermore, for specimens set to have a 50 % reduction of EFW in section
2, the normalised distance necessary to achieve this reduction was calculated for
cases when (i) the extrusion rate was changed only, and (ii) the extrusion rate was
changed in combination with the speed change or retraction. The responsiveness
ratio, which is the ratio of normalised distance required for case (i) divided by that
for case (ii), was calculated to assess the responsiveness of the printers for different
printing parameters: a ratio of 10 indicates a ten-fold reduction in the distance

required to achieve the new target EFW. The wide range in achievable ratios (from
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1 to 17), as shown in Figure , demonstrates how broadly the geometry of the

filament can be controlled by the methods considered in this chapter.
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Figure 5.13: (a) Comparison of the sudden change in normalised EFW for differ-
ent conditions printed and (b) zoomed-in inset. (c) Range of possible responsive-
ness ratios for different printing conditions considered in this chapter. A: change
speed only; B: change speed + target EFW; C: retraction only; D: retraction +
target EFW; E/F: speed + target EFW at 195/215 °C; G/H: retraction + target
EFW at 195/215 °C; I: speed + target EFW + acceleration.
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5.3.3 Industrial applicability and case study

Immediate industrial relevance: The method developed in this chapter to char-
acterise the dynamic response of extrusion process to changes in printer parame-
ters has direct industrial relevance for hardware development and validation. By
repeating some aspects of this study with different extruder/feeder hardware, it is
possible to quantitatively compare performance in terms of responsiveness, since
many extruder/feeder mechanisms strive to optimise responsiveness for aspects
such as stopping/starting extrusion with retraction. Similarly, the CONVEX ap-
proach used in this chapter can be employed for development of the new material
formulations. The understanding can also be implemented in AM software to bet-
ter optimise the print path and print parameters based on the printer hardware
(e.g. direct drive versus Bowden).

Other manufacturing processes: Although this project considered the MEAM
process, it may be possible to translate the CONVEX design concept to other man-
ufacturing processes. For laser etching, cutting or surface treatment, the laser’s
scanning speed could be controlled, in a similar way to the nozzle's travel speed in
this chapter, to change the energy density and achieve varying surface treatment
features or kerf widths [215]. A key consideration for translation to other AM pro-
cesses is whether layer thickness unavoidably varies when width changes; MEAM
overcomes this issue because the flat bottom of the nozzle constrains the layer
thickness even when EFW changes. For laser-based processes, the penetration
depth would vary, which would affect the mechanical properties. Still, there are
research opportunities to investigate the potential to use CONVEX in other AM
processes to design geometries below the scale of nominal smallest features (e.g.
laser track width / material jetting path).

Design potential: The findings presented in this chapter also highlight the
potential to design structures for MEAM using the CONVEX design approach
to continuously and controllably vary the geometry of individual filaments along

their length, as opposed to the conventional approach that considers extruded
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filaments to have a fixed cross-sectional area along their length. In terms of
design freedom, the results in this chapter show the potential to design continuous
extrusions with varying geometries across a range at least from 75 % to 250
% of the nozzle diameter. Even the most advanced capabilities within current
'slicer’ software packages and current research studies (e.g. setting different values
for EFW) do not consider design size scales similar to that used in this study
(e.g. designed and continuous variation of EFW). The newly demonstrated ability
to control the geometry of a single extruded filament while it is being printed
(through combinations of speed, acceleration, retraction and the set extrusion
rate) opens up new possibilities for fields ranging from the next generation of slicers
to completely new structures designed with feature sizes below that of individual
extruded filaments (e.g. new tissue engineering scaffolds, drug delivery constructs,
filters, new mechanically graded infill lattices and microfluidic mixers).

Due to the complexity of the design of intricate structures, the CONVEX de-
sign approach is most applicable to research fields and high-value applications,
where MEAM is being used to develop new materials and microstructural geome-
tries or to manufacture final products/specimens. However, integration of the
new understanding into slicers may allow a more widespread use for larger-scale
manufacturing.

The first case study below demonstrates the use of the CONVEX design ap-
proach in slicing algorithms to eliminate pore defects. The second case study
demonstrates the potential for entirely new structure- material designs. The third
case study shows how CONVEX may enable the design of structures at sub-filament

size scales (i.e. with features smaller than the width of extruded filaments).

5.3.3.1 Case study 1: “Streamline Slicing” application of CONVEX

In this case study, a rectangular tab with a tapered central section (shown schemat-
ically in Figure [5.14]) was printed using two approaches: (i) conventional slicing
software; (ii) the CONVEX design approach with a streamlined print path (pro-
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duced using in-house software for GCode generation).

For the version produced by slicing software, the printing direction in the slicer
was set to be in the Y direction, (dashed arrow in Figure [5.14a), which is the
logical direction to achieve a neat manufactured part. For the CONVEX version,
the understanding developed in this study was used to continuously vary EFW
to match the overall design geometry. To achieve this gradual narrowing of the
extruded filaments, the magnitudes of speed and acceleration were deliberately
controlled (as highlighted in Figure ) based on results related to acceleration
and EFW in Figure |5.11]

For the part produced with conventional slicing software, the perimeter of the
design (i.e. solid shell) was printed first, and then the remaining internal space
was filled by an array of filaments. Since the print speed and EFW were set by
the slicing software at constant values for each extruded filament, once the nozzle
reached the transition point (i.e. reduction in width meant fewer filaments were
required to fill the space), it stopped and moved to the next line. This resulted in
multiple voids (Figure , d and f) with sizes in the range of 0.4 mm, similar
to those found in the literature which cause stress concentration and premature
failure 8l [166]. In contrast, since the CONVEX design utilised a constant number
of extruded filaments following the streamlined paths along the entire length of
the part, there were no voids or defects (Figure and e).

This case study demonstrated a specific implementation of the CONVEX design
approach, based around the idea of “Streamline Slicing”, where the understanding
developed in this study allowed EFW to be varied along a streamlined print path.
It is particularly relevant for parts with simple but non-uniform geometry that
have stringent requirements for mechanical integrity, effective sealing (no pore
defects) for fluid application or pneumatics, or aesthetics. Practically, this could
be implemented in slicing software by allowing the user to specify the streamline
orientation or by selecting two faces of the CAD model to prescribe the start and

end of streamlines.
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Figure 5.14: (a) Schematic of print-platform orientation of demonstration part.
(b) Parts manufactured with conventional slicing software and CONVEX design
approach. (d and f) Multiple pore defects in specimens printed with conventional

slicing software. (c and e) No defects for CONVEX approach.
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5.3.3.2 Case study 2: microscale geometrically graded mesh materials

This case study demonstrates MEAM mesh materials with graded pore sizes that
are inconceivable and impossible to produce without CONVEX (Figure .
Grading is normally only possible through varying the geometry and position of
an entire filament; CONVEX allows entire new spatial freedom for design of mesh
materials. In the case study, for different specimens, print speed was set con-
stant at 1 m-min! ((Figure [5.15)b) or varied from 0.5 to 2.0 m-min according
to linear and sinusoidal functions ((Figure [5.15)c-f). EFW was set to be constant
(0.5 mm) for the traditional mesh and varied up to 2-fold for the graded mesh
materials. Since the CONVEX design approach allows geometric grading with-
out changing the print path, it is possible to instantly vary grading for each layer
whilst still ensuring effective contact with filaments on lower layers. Conversely,
for constrained print paths (e.g. conforming to anatomical geometry) CONVEX
offers new opportunities to control pore geometry. Since this case study used 50
% larger nozzle than the rest of this chapter, it also highlights the potential of
CONVEX for alternative size-scales (e.g. small needles for biomedical applications

or large nozzles for construction and other large-scale MEAM).
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Figure 5.15: (a) Photo of mesh material specimen. Five designs were printed with
and without the CONVEX design approach with identical print path: (b) traditional
mesh design with constant EFW; (c) linearly graded continuous variation of EFW,
(d) sinusoidally graded EFW; (e) one-third-period sinusoidally graded EFW; (f)
similar to (e) with 67 % wider EFW. (Arrows indicate grading direction for pore-

size enlargement). The scale bar is the same for all five inset images.

5.3.3.3 Case study 3: novel microscale tensile specimen

Currently, there is no standard for MEAM structure for tensile testing, and many
research groups use ASTM standards such as D638 standard to print dogbone
specimens [8], (160, 161} [166]. However, the main issue with this design is the
presence of gaps between the extruded filaments, which cause stress concentration

and premature failure [8, [166]. In addition, due to complex and non-standardised
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print path, it is impossible to measure the actual load-bearing area for strength
calculations. To overcome these issues, and to allow microscale analysis of speci-
men's geometry, a new specimen was designed at the scale of individual extruded
filaments using the understanding from the results in Section 5.3.1-2. The newly
developed specimen allows precise characterisation of the interlayer bond by mea-
suring the cross-sectional area directly normal to the orientation of extruded fila-
ments. This design also eliminated the effect of other structural factors related to
the manufacturing process (infill pattern and volume; porosity; etc.).

A four-sided hollow box was printed, as shown in the Figure [5.16| without
distortions or warping, highlighting that the CONVEX approach does not introduce
critical residual stresses. The custom GCode provided a number of advantages

compared with the conventional AM slicer software, including precise control over:

e Print speed, which was kept constant for both Z and F specimens per layers

to ensure comparable print speed.

e Extrusion rate, by extrusion of the same volume at all regions (partially

enabled by the constant printing speed).

e Cooling time, since all the extruded filaments were directly deposited on
top of one another, the time between layer-wise deposition at every point on

every layer was constant, reducing the thermal variation.

For comparison, a CAD model of the design was used to print the same geometry
with the conventional slicing software. The part produced by conventional slicing
software ((5.16d) contained void defects between the filaments similar to those
described in the literature, whereas the part manufactured using the CONVEX

design approach demonstrated neat and continuous extrusion ((5.16c).
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Figure 5.16: (a) Schematic of microscale dogbone tensile-testing specimen on
the print platform. (b) Top-view schematic of the specimen. Micrographs of parts
produced with custom GCode based on CONVEX design approach (c) or with

slicing software (d; with pore defects shown by arrow and inter-filament seams).

Specimens were mechanically tested: (i) along (denoted as F; to assess bulk
properties); and (ii) normal to their deposition (denoted as Z; to assess interfa-
cial bond) as shown in Figures and , respectively. Designed specimens
successfully fractured within the gauge region simply by modifying the extrusion
rate along with the application of retraction/un-retraction (for F specimens), to
achieve dogbone geometry as opposed to using printing speed to avoid introduc-
tion of 'ringing’ effect (Figure ) For Z specimens, dogbone geometry was
achieved by modifying the extrusion rate along the toolpath as highlighted in Fig-
ure [5.18b. Another reason to use retraction for manufacturing F specimens was
to ensure that both Z and F specimens had a comparable layer time (i.e. cooling

time between layers). The current design and overall dimensions were adapted
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from ASTM D1708 [168].

The side-view micrographs of both F (Figure [5.17c) and Z (Figure [5.18k)
specimens are included with corresponding plots for the measured EFW and bond
width along their length. For F specimens, the overall EFW matched the designed
EFW. For Z specimens, the bond width was on average 0.131 mm narrower than
the overall EFW measured. Therefore, both specimens were analysed geometrically

and mechanically to highlight their benefits compared to existing ASTM standards.
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Figure 5.17: (a) F specimens for testing along the filament direction. (b) Cross-
section of the F specimens shows that extrusion rate modified along with ap-
plication of retraction/un-retraction to achieve dogbone geometry. (c) Sideview
micrograph of F specimens used to measure the evolution of EFW along their
length. Testing direction is indicated by arrows. Dashed rectangles on the boxes

represent the outline of cut specimens.

5.3.3.4 Measurement of cross-sectional area

One of the key limitations found in the literature was the method of measuring
the cross-sectional area for tensile-testing specimens. Here, the pre-fracture cross-

sectional areas of both F and Z specimens were assessed using two methods: (i)
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Figure 5.18: (a) Z specimens for testing normal to the filament direction. (b)
Cross-section of the Z specimens shows that extrusion rate was modified to achieve
dogbone geometry. (c) Sideview micrograph of Z specimens used to measure the
evolution of EFW and bond width along their length. Testing direction is indicated

by arrows. Dashed rectangles on the boxes represent the outline of cut specimens.

digital caliper as the most commonly used and; (ii) optical microscopy using a
Zeiss Primotech microscope at a 5x magnification. For the latter method, images
were post-processing using ImageJ software to calculate the actual area. For Z
specimens, the average bond width measured from 10 bond widths. For F spec-

imens, the mean cross-sectional area was calculated based on 10 measurements
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of individual filaments and multiplied by the number of extruded filaments in the
specimen.

Measuring the cross-sectional area using the digital caliper was found to be
misleading as it over-estimated the area. The curvature of extruded filaments
cannot be distinguished by digital caliper, whereas microscopy enables such features
to be observed thus, the actual area can be measured. Analysis of both methods
indicated a significant difference between them. For example, for F specimens,
the average surface area was calculated to be 2.77 mm? when measured by caliper
and 2.48 mm? when using microscopy, a difference of 0.29 mm? (11 %). For
Z specimens, a larger difference of 27.4 % was found. The results demonstrate
the importance of microscopic measurements for strength calculations, otherwise

misleading trends could be identified.
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Figure 5.19: Mean cross-sectional area calculated based on digital caliper (a)
and optical microscopy (b). Errors bars indicate standard deviation for the average

values.

5.3.3.5 Mechanical testing of specimens

Both F and Z specimens (n = 6 for each specimen type) developed by the CON-
VEX approach mechanically tested to compare their UTS against the bulk PLA
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reported in literature. Stress-strain curves (Figure 5.20p) demonstrated the tensile
behaviour of each specimen type (F and Z) for representative curves. Apparently,
the difference in UTS between both specimens was only 6.53 MPa (10.4 %) with
a similar tensile modulus. Furthermore, the difference between the two testing
orientations was much smaller than the experimental errors measured by other
studies [34] [216-221]. However, Z specimens failed abruptly due to presence of
filament-scale geometries (i.e. grooves between layers), which acted as stress con-
centrations. Meanwhile, F specimens exhibited post-yield plasticity, common for
bulk PLA. Such results demonstrated that interlayer bond strength to be equivalent
to that of bulk-PLA, and the microscale geometry was more likely to be the primary
cause of structural anisotropy in MEAM parts. The obtained results in this section
agreed with two recent studies on PC [222] and high-impact polystyrene [223]
published after publications associated with results chapters of this thesis. Both
studies showed that interlayer bonding had bulk-material strength for a range of
printing parameters (e.g. LHs, EFWs and extrusion temperature) and the changes
in the bonded area was the major factor affecting strength.

Monitoring the tensile testing using IR camera revealed different fracture pro-
gression. The IR image for Z specimens (A1-2) confirmed a sudden fracture with
the release of some elastic strain energy in the upper region of the gauge (appeared
as white lines) in Figure[5.20pb. On the other hand, the F specimens (B1-4) showed
a slower and more localised crack propagation across the specimen (Figure|5.20b).

In the literature, the UTS, tensile modulus and strain at break of bulk PLA
values range from 46.5 to 68.3 MPa, 1.90 to 3.21 GPa and 0.023 to 0.12 strain,
respectively [34), 216H221]. The strength and strain values of specimens developed
here and bulk PLA obtained in previous studies [34, 216-221] were plotted (Figure
5.20c). From the graph it is clear that the values obtained for both specimens
fitted well in this range. This novel specimen design allowed to measure the
cross-sectional area of load-bearing area with microscope for correct assessment

of strength. Thus, the newly devised specimens (e.g. F and Z) developed in this
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chapter were used to measure the properties of extruded filament loaded along or

normal to their deposition in the following chapters.
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Figure 5.20: (a) Stress-strain curves for F and Z specimens. (b) IR image for
Z (A1-A2) captured sudden fracture with release of elastic strain energy, whilst
the images B1-B4 indicated a localised crack propagation for F specimen. (c)
Strength and strain values obtained in the present study for novel single-filament
wide specimens compared against the bulk PLA from previous studies [34, 216-
221]). For each specimen type, one representative curve is shown within a shaded

region, which indicates the range of stress values measured for all six replicates.

This case study demonstrates how the new design scale enabled by CON-
VEX can facilitate new research into mechanical properties; it could also support
fundamental research in a range of other fields. There is a huge range of struc-
tures currently designed based on the unnecessarily assumed limitation related to

a constant cross section of filaments (e.g. tissue engineering scaffolds, filters, fluid
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mixers, drug delivery constructs, infill patterns and mechanical lattices). By recon-
sidering the geometric design of such structures based on the CONVEX concept,
a step change in MEAM capability is possible.

5.4 Conclusions

In this chapter, the effect of print speed, retraction and acceleration on the geom-
etry of single extruded PLA filaments was studied for MEAM printer. The results
demonstrated that by changing these parameters in a designed way, the geometry
of the extruded filament could be controlled and varied along its length. The ob-
tained results indicated that it was possible to achieve similar changes to extruded
filament geometry for PLA at a temperature 10 °C above and below the recom-
mended printing temperature. Acceleration was used to directly affect the rate
of transitions between wider and narrower extruded filament geometries. A case
study demonstrated the use of the newly developed understanding in the CONVEX
design approach, in which the width of extruded filaments is explicitly designed to
achieve structures that are not possible using a conventional slicer (i.e. dogbone
specimens without geometrical discontinuities). The newly developed tensile test
specimens enabled precise geometrical and mechanical characterisation of MEAM
parts. Based on the results in this chapter, it was decided to use the newly devel-
oped single-filament wide specimens to measure their mechanical properties when

loaded along or normal to their deposition in the next chapters.
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This chapter is published in the journal of the Mechanical Behavior of Biomedical

Materials [202].
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Figure 6.1: Schematic of the effect of testing environment on mechanical proper-
ties of MEAM PLA, indicating the importance of correct assessment of mechanical

properties for biomedical applications.
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6.1 Introduction

To improve the confidence in the use of MEAM parts for biomedical applications,
measuring their properties accurately is important to help designing new medical
implants. From the studies reviewed in Chapter 2 (Table [2.2)), it was clear that
many works did not consider the combined effect of water and temperature on me-
chanical properties of PLA, and it is likely that these properties are overestimated
by current methodology (i.e. measurement in air at RT). Thus, it is critical to de-
termine the effect of the mentioned environmental factors on mechanical properties
of MEAM polymers. To the best of the author’'s knowledge, no direct comparison
was implemented between dry and hydrated samples of biodegradable polymers,
tested at RT and PT in submerged and unsubmerged conditions. Thereby, this
part of the study aims to determine the influence of three different aspects of

testing conditions on mechanical properties:
1. dry vs. hydrated polymer;
2. room temperature vs. physiological temperature;

3. unsubmerged vs. submerged testing conditions.

6.2 Materials and Methods

This section defines the materials and the manufacturing process of the specimens

followed by the characterisation methods.

6.2.1 Materials

Natural PLA filament (3DXTECH(R) branded NatureWorks(R) 4043D, Sigma Aldrich)
with a density of 1.25 g-cm™3, M,, of 240 kDa, M, of 120 kDa and T,, of 151.3

°C was used to manufacture specimens.
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6.2.2 Specimen design and additive manufacturing

The specimen design and manufacturing process is the same as described in the
case study in Section 5.3.3.1 and Table[5.1] A RepRap x400 AM system with the
same feeding system as the Raise3D Pro2 was used to manufacture specimens.
Based on the previous study, published by the author [103], bulk-strength was
found for a wide range of cross-sectional areas for extruded filament geometries by
printing with five different EFWs and LHs. As a result, the reference specimen with
EFW of 0.5 mm and LH of 0.2 mm was chosen to develop a new understanding
with respect to hydrolytic degradation of MEAM PLA.

6.2.3 Characterisation
6.2.3.1 Testing environment and conditioning of specimens

AM tensile specimens (number of specimens n = 5) were used either as manufac-
tured (dry) or stored in 30 ml of deionised water for a period of 48 hours at PT
(hydrated). Tensile tests were implemented in air or with specimens submerged
in water as shown in Table [6.I] and Figure [6.2] Five different testing conditions
were used (see below) to consider the effects of hydration, PT and submerged

independently all together to replicate the conditions inside human body.

e Dry specimens were tested in air at RT (Sgef), which were considered as

control group.

e The effect of water absorption which is relevant for biomedical applications

was investigated by testing hydrated specimens in air at RT (Sy).

e Dry specimens were also tested in air at 37 °C to assess only the effect of

physiological temperature (Sp).

e For submerged tensile testing, dry (i.e. not hydrated) specimens were tested
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at RT (Ss) to consider only the effect of water-submersion during experi-

ments.

e For the final group, hydrated specimens were tested at PT submerged in
water (Spus) to investigate the combined effect of three conditions combined

effect of three conditions — hydration, submerging and higher temperature.

Since the individual effect of hydration and temperature has previously shown to
adversely affect mechanical strength of PLA, their combined effect is expected to

further decrease the mechanical properties of MEAM PLA.

Table 6.1: Different testing environments used in this chapter.

Specimen Testing Testing Specimen Condition varied

name environment temperature state vs. control
SRef RT (20 °C) Dry -
Sh Air RT (20 °C)  Hydrated Hydration
Sp PT (37 °C) Dry Body temperature
Ss RT (20 °C) Dry Submerged testing

Submerged
SpHs PT (37 °C) Hydrated All three above
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Figure 6.2: Different testing environments used in this chapter: dry specimens
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tested in air at RT (Sgef); specimens hydrated initially for 48 hours and then tested
in air at RT (Su); dry specimen tested in air at PT (Sp); dry specimens tested
submerged at RT (Ss) and hydrated specimens tested submerged at PT (Spps).

6.2.3.2 Tensile testing

A universal mechanical testing machine (Instron 5944, USA) was equipped with a
BioPlus Bath system (Figure including a temperature-controlled bath (Instron
BioPlus, Instron, USA) and a 2 kN load cell, employed at displacement rate of 0.5
mm-min! for 20 mm gauge length (strain rate of 4 x 10* s1). The tensile tests

were performed under the environmental conditions described in Table [6.1 For
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submerged tensile testing at PT, the specimens were initially left in water for 30
min prior to the start of the test to reach the uniform temperature. A tensile test
without a specimen fixed in the grips was conducted to ensure and confirm force

measurements during submerged testing due to water resistance were negligibly
low (<1.98 % UTS).

Grips

Bath filled with

PBS ﬂa.opm.s- Temperature

g controller

Figure 6.3: Image of the Bioplus Bath system highlighting the key features of

the system.

A Zeiss Primotech microscope was used to assess a pre-fracture surface area

for strength calculation since F specimens tested submerged did not fail up to
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40 % strain unlike in the previous chapter. For Z specimens, the fracture always
occurred at the narrowest section (i.e. the interface bond between filaments). As
a result, the mean value for measurements of 10 bond widths for each Z specimen
was used to calculate its cross-sectional area. To calculate the cross-sectional area

of F specimens, the following method was utilised:

e Cross-sectional areas of ten individual filaments were measured to obtain the

mean value;

e This mean value was then multiplied with the number of filaments in the

specimen (25).

The chosen method for producing the specimens provided high repeatability in
both printing directions. The variability in the width of bonds between filaments
was less than 5 % of the mean width. The bond width was on average 80 %
of the widest region of filaments. Once the mean cross-sectional area for each
specimen was determined, it was used to calculate the tensile properties for each
specimen type. For specimens that demonstrated brittle failure, it was also possible
to validate that the fracture surface area was similar to the mean cross-sectional
area (< 3.90 % difference). Mean properties for each specimen type were deter-
mined from the five replicates. The tensile modulus for each specimen was also
calculated using a linear-elastic region obtained from stress-strain curves. To dis-
tinguish between Z and F specimens tested at different conditions, the superscript
Z was added to the respective parameters for the Z specimens tested at different

conditions (e.g. S%grer, S%s etc).

6.2.3.3 Thermal analysis

To characterise thermal properties, Sger (dry) and Sy (hydrated) specimens (n =
2) were analysed using differential scanning calorimetry (DSC) with a TA Q2000
system (TA instruments, USA). Specimens with a weight of 5-10 mg were loaded

onto the aluminium pans and heated to temperatures ranging from 30 to 200
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1 in a nitrogen atmosphere (flow rate of 50

°C at a ramping rate of 10 °C-min-

ml-min't). The degree of crystallinity (X.) of the PLA specimen was calculated
using Equation [6.1]

X, = MZ;H;H“ x 100, (6.1)

where AH,, is the melting enthalpy (J-g), AH,. is the enthalpy of cold crys-

tallisation (J-g') and AH? is the enthalpy of fusion for 100% crystalline PLA,

which is 93.1 J-g! [47].

6.2.3.4 Water-absorption analysis

The initial weight () of dry specimens (n = 3) just after the cutting process
was measured using an analytical balance with precision of + 0.0001 g (Ohaus
Adventurer, Switzerland). Specimens were stored in 30 ml water at RT and PT.
At different time intervals - 0.5 h, 12 h, 24 h and 48 h - each specimen was taken
out and the excess water was removed with a paper towel. Then, the wet weight

(W1) was measured. The mean water absorption AW was then calculated using
Equation [6.2] [224] [225].
AW, — AW,

6.2.3.5 Optical microscopy

After tensile testing, the fracture surface for each group was examined using an
optical Zeiss Primotech microscope at magnification 5x.

6.2.3.6 3D surface analysis

Alicona G4 InfiniteFocus (Bruker, Germany) was employed to perform high-resolution
3D scans of the fracture surface for all groups of the specimens. In this technique,
topographical information is provided by combination of vertical scanning and fo-

cusing of the optical system at different depths (focus-variation technique). Scans
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were acquired at a magnification of 10x for the entire surface and at higher mag-
nification of 20x for left, middle and right segments of the total area to extract
more information about the surface roughness. The scans were post-processed us-
ing Mountains Premium 7.4 software (Digital surf, France) to create colour-height

mapping of the surface.

6.2.3.7 Statistical analysis

The data obtained for water absorption and mechanical properties were expressed
as means £ standard deviation (SD). The appropriate statistical analyses with
Analysis ToolPak in Excel 2016 such as one-way analysis of variance (ANOVA)
and subsequent t-test at significant levels of p < 0.05, p<0.01 and p < 0.001 were

used.
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6.3 Results and discussion

The obtained results and respective discussions are separated into three sections

as mapped out in Figure (6.4}

e 6.3.1 - The process of water absorption over 48 hours is characterised to

assess saturation.

e 6.3.2 - The mechanical properties of F specimens, which are used in this
study to represent the bulk polymer, are investigated for the five different
testing conditions given in Table and Figure 6.2

e 6.3.3 - Finally, Z specimens are tested to determine the effect of manufac-

turing conditions on the trends identified for bulk polymer.

. . Checking the saturation of PLA in water for up E
Section 6.3.1 : to 48 hours i

Effect of testing environment on mechanical
properties of F specimens (bulk polymer)

/Q\

i |

Section 6.3.2 | .57,‘\ : 3.? |
i ﬁ m Submerged Fractography i

:— ____________________________________________________________ |

. | Checking the transferability of results to Z '
Section 6.3.3 ! L specimens } |

Figure 6.4: Flowchart of results and discussion section.
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6.3.1 Water-absorption studies

The evolution of water absorption of PLA was examined first. Its magnitude as
a function of immersion time (Figure at RT and PT was plotted to compare
the effect of temperature on the process. After 30 min, water absorption reached
0.561 % and remained constant over 48 hours as there was no significant difference
(p = 0.781) between 30 min and 48 hours of hydration similar to previous studies
[224, 226]. Increasing the water temperature to 37 °C, increased its absorption
significantly (p = 0.017) to 0.741 %, indicating a strong influence of temperature
on water uptake [227]. Once again, no statistical difference was found for hydration
between 30 min and 48 hours hydration (p = 0.700).
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Figure 6.5: Evolution of water absorption with time for specimens stored at two
temperatures. The water absorption reached 0.561 % at RT, whereas storing the
polymer at PT allowed more water to be absorbed (p < 0.05). In both cases,
the levels of absorption remained constant over 48 hours. Error bars indicate the

standard deviation for the average values.
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The results of submerged tensile testing for different hydration periods in the
water at both RT and PT are shown in Figure [6.6] There is no data point for
0 hour since all specimens in this study were submerged for 30 min before the
tests to ensure the uniform temperature. The mean UTS values did not decrease
significantly (p = 0.188) for a period from 30 min to 48 hours of hydration. These
results demonstrated the immediate plasticising effect of water molecules even after
30 min (previously shown for hydrated samples tested at RT [70]), and after that
the effect of water remained relatively constant since no further water absorption
happened.

On the other hand, from Figure [6.6] the sensitivity of PLA to testing tempera-
ture is evident: increasing the temperature from RT to PT significantly weakened
the polymer by 23.4 % (p = 1.38 x 107°). This highlights the dependency of
mechanical strength of polymers on the in-service temperature [81] [83], since at
a higher temperature more water molecules could penetrate the material due to
the increase in the segmental mobility [47]. The relationship between mechanical

properties and temperature is analysed in the next section of this study.
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Figure 6.6: Evolution of mean UTS for submerged testing with hydration time.
There was no significant difference in the mean UTS values between 30 min and
48 hours. Testing at PT as opposed to RT significantly (p < 0.001) reduced the
strength at all time periods. Error bars indicate the standard deviation for the

average values.

6.3.2 Effect of testing environment on mechanical proper-
ties

The representative stress-strain curves for F specimens tested at different environ-
ments are presented in Figure[6.7] Mean values of UTS, tensile modulus, strain at
maximum force and break were extracted from the curves and presented in Figure
6.8l The stress-strain curves showed a well-defined yield stress for all the spec-
imens. The reference specimen (Sgef) had the highest levels of tensile strength
and modulus. Both of these properties reduced by testing under conditions of
(from least to most significant) hydration (Sy), increased temperature (Sp) and

submerged (Ss). The Spps specimens (tested with all three of the investigated
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conditions combined, i.e. closer to conditions in the human body) demonstrated
the lowest strength (50.1 % reduction) and modulus (20.3 % reduction). The
testing was also conducted in PBS and showed little difference compared to that
of water (3.49 % and 4.96 % in strength and modulus respectively), suggesting
that the water present in the solution plays the major role in changing the proper-
ties of the polymer. The next four subsections discuss the results of each testing

condition individually.

6.3.2.1 Effect of temperature

The results in Figure [6.7] and Figure indicated the strong influence of tem-
perature on mechanical properties of PLA. The higher temperature significantly
reduced the UTS (p = 2.1 x 10°%9) of dry specimens (Sp versus Sgef) by approxi-
mately 23 %, which was within the range observed in previous studies [38, [70, 81].
Thermal characterisation of AM PLA specimens using DSC revealed that the T, of
Sref Was 60.7 °C (Figure . Tensile testing at RT meant that the gap between
the testing temperature and T, of the printed part was approximately 35 °C, and
polymer-chain mobility was more likely to be limited than for PT [82]. Increasing
the environment’s temperature to 37 °C reduced this gap, causing higher chain
mobility by allowing more molecular segment motions [57) 1], [82]. This could
explain the increase in the strain at break and reduction in the strength.

The higher temperature also changed the mechanical performance of PLA by
preventing the failure of the polymer, possibly by re-orientation of chains under the
uniaxial load, allowing greater extension of the material before failure [8I]. This
behaviour was reported in a previous study [139], in which PLA was tested at a
temperature closer to its T,. The onset of extensive necking at 37 °C might be
explained by low crystallinity of AM specimens (X. = 3.02 % in Figure [6.9)). The
change in temperature could have adversely affected the amorphous regions and
enabled the polymer chains to move freely [81) [228]. Another distinct difference
for specimens tested at PT was the onset of necking (Figure and c), which
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Figure 6.7: (a) Stress-strain curves of specimens tested at different testing con-
ditions. A decreasing trend in the strength values in the order Sges > Sy > Sp
> Sg > Spns was observed. Specimens tested dry or submerged at PT showed
the onset of necking (b) and continued to deform (c) without failing up to 40 %
strain. Specimens tested in air at RT failed after 6.41 % strain. For each test-
ing environment, one representative curve is shown within a shaded region, which

indicates the range of stress values measured for all five replicates.

continued to final deformation up to 40 % possibly due to cold-drawing of polymer
chains into the local necking region.

There was a 10.3 % reduction in the tensile modulus under increased tem-
perature (p = 1.48 x 10°), similar to values previously reported [38] [70, [81].
The structure of PLA is composed of crystalline and entangled amorphous regions
[38, 39], and the resistance of both phases to loading determines the modulus
in the elastic region [38] [39]. At PT, movement of the amorphous phase could

be activated, although the crystallite phase was more likely to stay unchanged
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thanks to its higher thermal stability [38] [39]. Since the polymer in this study
contained mostly amorphous regions, the reduction in resistance of the amorphous

phase caused by the increasing temperature was sufficient to lower the modulus
significantly as shown in Figure [6.8p [61] 229].
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Figure 6.8: Mean UTS (a), tensile modulus (b), strain at maximum force (c) and
strain at break (d) for different testing environments. Both temperature and in-
aqua environment significantly affected mechanical properties. The smallest effect
was observed for Sy, whilst the highest one was for specimens tested submerged
at PT (e.g. Spus). The arrows for Sp and Spys indicate continued deformation
of material without failure to 40 % strain. (* p < 0.05, ** p < 0.01 and *** p
< 0.001 compared with Sger). Error bars indicate the standard deviation for the

average values.
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6.3.2.2 Effect of hydration

Hydration of specimens prior to tensile testing plasticised the polymer and reduced
UTS (p = 6.1 x 10°), strain at maximum force (p = 6.10 x 10°%) and increased
the strain at break significantly (p = 2.52 x 10°*) compared with Sger. Hydrated
specimens showed lower T, and degree of crystallinity compared to those of Sger
(Figure , further demonstrating the importance of considering the presence
of water and its plasticising effect [57, 66, [70]. The reduction in the tensile
modulus, on the other hand, was negligible (p = 2.57 x 10!). Such behaviour
was previously observed for poly (hydroxyl ester ether), where water absorption
of 0.511 % reduced the UTS by 17.1 %, while the modulus was only lowered by
5.13 % [57]. This also highlights that the modulus is more temperature-sensitive
and, therefore, for applications of polymers in humid environment at a higher
temperature, the measurement of hydrated samples at RT could be misleading.
Most studies obtained wet mechanical properties of hydrated specimen in this way
(i.e. tested in air at RT). The results of our study indicate that such conditions
have less effect than those considered in Figure [6.8]
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Figure 6.9: DSC curves obtained for Sger and Sy with the corresponding data in-
dicating the values of T, and calculated crystallinity (X.). Hydration of specimens
lowered both T, and X..

6.3.2.3 Effect of submerged testing

For the specimens tested submerged (to replicate the presence of fluid around the
polymer in physiological conditions), the adverse effect of water during the test
became more prominent even on tensile modulus (Table [6.2)). Depending on the
content and type of interactions, water molecules can exist in different states,
including free water, responsible for the plasticising effect [47, [230]. From the ob-
tained results, the free water surrounding polymer could form clusters and disrupt
the existing intermolecular interactions during the test [47, 230]. These factors
could contribute to the plasticisation of polymer and, thus, reduced its mechani-
cal properties to a greater extent compared with those of the Sy condition. The

combination of environmental factors (e.g. Spus), which is closer to physiological
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conditions, showed the largest influence by producing a synergistic effect and re-
ducing the UTS by 50.1 %, the modulus by 20.3 % and strain at maximum force
by 37.2 %. The obtained results undoubtedly indicated the importance of test-
ing environment for the mechanical properties of biodegradable polymers. Even
though PLA is hydrophobic, the submerged tests showed a considerable change in

its key mechanical properties as compared with the un-submerged environment.

Table 6.2: Summary of statistical analysis for different testing conditions and

corresponding p values to indicate significance. 'NS’ stands for no signifcance

difference.
Property Testing condition p-value against Sges
Sp p <0.001 (p = 2.14 x 10%7)
UTS Sk p < 0.001 (p = 6.06 x 10°)
Ss p <0.001 (p = 3.80 x 10°°)
Spis p <0.001 (p = 2.94 x 10°)
Sp p <0.001 (p = 3.94 x 10%)
Tensile modulus Sk NS (p = 1.23 x 10!)
Ss p < 0.05 (p=1.88x107?)
SeHs p < 0.001 (p=1.48 x107)
Strain Sp p< 0.01 (p=124x103)
at maximum SH p < 0.01 (p =6.10 x 103)
force Ss p < 0.001 (p =5.10 x 10*)
Sphs p < 0.001 (p=1.22 x 10°)
Sp p < 0.001 (p=173x107)
Strain Sh p <0.01 (p =2.52x 1073)
at break Ss p < 0.001 (p = 1.00 x 103)

SPHS p < 0001( =174 x 10 )
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6.3.2.4 Fractographic analysis

Fractographic analysis allows a better understanding of fracture mechanisms. Op-
tical micrographs for Srer, Sy and Ss showed the fracture features at the edges of
the filaments as indicated in Figure [6.10] The filament width for the Ss specimen
(indicated by a dashed arrow) was on average 44 pm shorter than that for Sge due
to the considerable plastic deformation (necking) prior to failure (Figure. The
extent of plastic deformation was evident at higher magnification (right-column im-
ages) by the apparent necking of the filaments (shown by solid arrows in Figure
. Necking of filaments was more pronounced for the submerged tests due to
the increase in the material's ductility.

The characterisation of surface roughness of these specimens using a focus-
variation scheme (Figure showed an increasing trend in the order Sges < Sy
< Ss, which further confirmed the plasticising effect of water molecules and the
growing ductility of the material. The extracted surface profile for the left-column
images in Figure exhibited the shear lips, characteristic for ductile fracture
[231]. From the surface profiles (right-column images in Figure [6.11)), it is ap-
parent that the height of shear lips increased for tests performed on submerged
specimens due to greater plasticity. The vein-like patterns for Ss were signs of
internal necking (left-column images in Figure [6.11)), which continued throughout
the whole thickness. This could also explain the reason that the material did not
fail when tested at PT.
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Figure 6.10: Optical-microscopy images of fracture surfaces of F specimens. Sger
demonstrated the presence of multiple horizontal patterns at the interface bonds,
whereas Sg showed vein-like patterns, starting mainly from the edges and moving
towards the centre. Ss filaments (dashed arrow) were on average 44 pm shorter
than Sger due to higher plastic deformation. At higher magnification (right-column
images), the necking of the filament could be observed (as shown by the solid

arrows).
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Figure 6.11: 3D colour-height mapping images of fracture surfaces of Sger, Sh
and Sg groups for F specimens. The surface roughness was increased by hydration
or submerged testing as well as the height of shear lips formed during the plastic

deformation. S, denotes the area surface roughness.

6.3.3 Applicability of results to other manufacturing setups

Applicability of obtained results to other manufacturing setups was investigated by
measuring the mechanical properties of Z specimens to represent manufacturing
induced-anisotropy by testing the failure of bonds between layers for biomedical

applications. The reference Z (SZRef) showed the mean strength value within or
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very close to the range of mechanical properties reported for bulk PLA (46.8 to
68.9 MPa) [34, 217-219, 221], 232]. As anticipated, S%ges failed abruptly (as
shown in Figure ) since the fracture occurred at interface bond normal to
the applied load [56), 130} [142]. Temperature had a greater effect on changing the
slope of stress-strain curves for the Z specimens. In addition, submerged testing at
body temperature (i.e. S%pps) illustrated some plasticity prior to failure compared
with the sudden fracture for S?ges. The zoomed-in plastic-deformation region of
the stress-strain curve for S%pus (inset in Figure shows some fluctuations in

stress, which is discussed in relation to fractography shortly.
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Figure 6.12: Representative stress-strain curves for F (a) and Z (b) specimens
tested at different conditions. For both specimen types, Spnys had the lowest
strength value and the highest strain at break compared with Sger. The zoomed-in

plastic region of stress strain curve for SZpys revealed fluctuations during the test.
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The main mechanical properties for Z specimens were calculated from the
stress-strain curves and presented in Figure [6.13] Similar to the F specimens,
the least significant effect was observed for S%, specimens. However, the change
in the properties was still statistically significant for UTS (p < 0.01), strain at
maximum force (p < 0.05) and strain at break (p < 0.01), whilst the tensile
modulus showed a negligible change (p > 0.05) compared with S%g.s. In contrast to
the F specimens, the hydrated Z specimens (S%4) showed very little plasticity. This
could be explained by the dependence of failure of the control specimens (SzRef)
on the adhesion between extruded filaments (i.e. interface bond) rather than the
individual filaments, so brittle fracture was expected. The S%» and S%s specimens
showed reduction in UTS, tensile modulus and strain at maximum force (p < 0.001
or p < 0.01), possibly due to the higher chain mobility, but these conditions did not
significantly affect strain at break (p > 0.05). Although there was no substantial
difference between the strain at break values, the stress-strain curves (Figure[6.12p)
were different. For the most plasticised specimens, yielding happened at lower
strain, but demonstrated larger plastic strain (post-yield behaviour). These two
effects cancelled out each other, resulting in a relatively similar strain at break to
S%Ref-

The most significant (p < 0.001) deterioration of properties was still observed
for S%pus. For this testing environment, even the level of strain at break was
increased by approximately 30 % compared to that of S%g.s. The synergetic effect
of high temperature and water absorption resulted in transition of brittle fracture
to intermediate brittle-ductile one, which could also explain the fluctuations in
stress recorded for the S%pys specimens. Fractography analysis was also carried

out for Z specimens.
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Figure 6.13: Mean UTS (a), tensile modulus (b), strain at maximum force (c)
and strain at break (d) for Z specimens tested at different testing conditions. Both
temperature and moisture significantly affected the mechanical properties. (* p <
0.05, ** p < 0.01 and *** p < 0.001 compared with SzR¢¥). Error bars indicate

the standard deviation for the average values.

The optical micrographs showed a flat and smooth fracture surface, character-
istic for brittle fracture [33| [142] as shown in Figure [6.14, The fracture surface
of S%pns, however, was quite different compared with the other cases. The radial
striations indicated the crack arrest, which could happen, when the stored strain
energy was not adequate to drive the crack growth; this is known as “pop in” crack
propagation [233] [234]. These striations could further explain the fluctuations in
stress recorded during tensile tests (Figure [6.12p).
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Figure 6.14: Optical microscopy images of fracture surfaces of Z specimens
tested at different conditions. Since all specimens except S%pns showed very sim-
ilar fracture characteristic, only the images for S%ger, S%s and S%pns are shown
here. S%pns demonstrated radial striations (shown by the arrow), which could
have happened due to an intermittent character of crack propagation. The surface
profiles revealed the raised edges for S%pys similar to those of the F specimens
indicating apparent shear lips as shown by the arrows. S, denotes the area surface

roughness.
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This process could be affected by plasticisation of polymer, which resulted
in a significant increase in the strain at break compared to that of S%ger. The
characterisation of surface roughness and profile for the Z specimens are illustrated
in Figure[6.14] The levels of S, were generally lower than those of the F specimens.
The surface roughness of S?ges and S?5 were comparable, whilst, the one for S%pys
was higher; indicating slight variations in the fracture. The surface profiles also
confirmed the flat and smooth fracture surfaces except for S?pys. For this testing
environment, apparent raised edges and micro-plasticity similar to those of the F
specimens were observed, although of a much smaller magnitude.

From design perspective, in order to account for any uncertainty, the part gets
higher strength than it needs theoretically to have by employing a safety factor.
This safety factor refers to the ratio of the allowed stress to the actual in-service
stress. In this study, a considerable reduction in the mechanical performance of
AM specimens in environment close to their applications was observed, which could
not be identified in the commonly used testing environment for the Sy specimens.
To account for this, an adjustment to the safety factor was calculated (Table .
It should be multiplied with the safety factor obtained based on the RT data (i.e.
dry specimens). The calculation was done for Spys printed in F and Z directions,
which were the two extreme cases in AM parts (strongest and weakest orientations,

respectively).

Table 6.3: Calculated adjustment to safety factors for both F and Z specimens.

Printing direction Dry strength Wet strenngth Safety factor
@ RT (MPa) @ PT (MPa) adjustment

F 62.6 33.1 1.89

56.7 27.5 2.06

For both extremes, the safety factor obtained under traditional testing condition

should be effectively doubled in design of polymeric parts for the physiological envi-
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ronment (i.e. hydrated at high temperature). The summary of variation in different
mechanical properties is given in Table[6.4] Apparently, hydration of specimens in
water and testing them in air at RT (Su), which was the most common method
used in many studies, had the lowest effect on mechanical properties compared with
that of other factors. Whereas, the combination of all three factors (Spns) resulted
in the biggest effect on mechanical properties, suggesting significant weakening of
the polymer structure. More importantly, Z specimens demonstrated the levels of
strength equivalent to that of bulk polymer when tested submerged at PT (which
halved the strength of both bulk PLA and interlayer bonds compared to those
attained in laboratory conditions). Therefore, the obtained results strongly sug-
gested that the interlayer bonding in MEAM PLA possess bulk-polymer strength,

supporting earlier results in Chapter 5.

Table 6.4: Variation in mechanical properties for different testing conditions with

respect to printing orientation. NF = “no failure”.

Variation for different testing conditions (%)

Properties compared PT(S,) Hydration (S,) | Submerged (S ) Allthree (s, )
to S
Ref
F 4 F Z F 2 F z
UTsS w23% | w26% |v18% |¥ 18% 26% 34% | ¥ 47% | 50%

Tensile modulus (¥ 10% | Y15% | ¥ 2% |¥ 2%
Strain @ max. force (¥ 15% | ¥ 15% |*10% |¥ 16%
Strain @ break a NF |&a3% |[a31%|¥ 16%

26% 33% | ¥ 37% |¥ 38%
37% 2% | &~ NF [ 29%

P ]| 4

v

7% |w 7% [ ¥ 20% |¥ 20%
-
b 4

6.4 Conclusions

The effect of environment on mechanical properties of MEAM PLA was investi-
gated. The obtained results indicated the importance of submerged tensile testing
to characterise the properties of polymers for biomedical application (i.e. physi-

ological environment), where the material is exposed to higher temperature and
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surrounded by fluid. Submerged tests at 37 °C approximately reduced the me-
chanical strength of polymer by 50 %, its tensile modulus by 20 % and allowed an
extensive plastic deformation of polymer up to 40 %. In contrast, measuring me-
chanical properties of the hydrated polymer in air at RT (often used to assess wet
properties in the literature) only showed 18.1 % reduction in the strength, with no
significant change in the modulus. The current methodology was also applied to
other manufacturing designs to study the manufacturing-induced anisotropy; sim-
ilar trends were found for another orientation. The findings in this chapter clearly
indicate that the methodology commonly used to measure the wet properties of
polymer does not represent appropriately conditions in the body. Therefore, in the
next chapter, to characterise mechanical properties during hydrolytic degradation
of MEAM PLA and interlayer bonds, all tensile tests were carried out submerged in

solution at 37 °C to improve the confidence in results for biomedical applications.
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Chapter 7

Analysis of degradation of MEAM
PLA

This study is published in the Additive Manufacturing journal [235].
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Figure 7.1: Schematic of the hydrolytic degradation of the interlayer bonding

at three temperatures indicating that the interlayer bond degraded in a similar

manner to the bulk material.
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7.1 Introduction

So far only two related studies [188, [189] considered the effect of testing direction
on degradation of MEAM PLA. Still, only degradation at elevated temperatures
was considered, without prediction of properties at PT. In these studies, tensile-
testing specimens were printed according to ISO 527 standard at two directions:
(i) horizontal direction (i.e. printed parallel to the print platform) and (ii) ver-
tical direction (normal to the print platform to assess interfacial bonding). The
authors found that vertical specimens lost their mechanical properties and mass
much faster than horizontal ones, potentially due to the weak cohesion between
extruded filaments. Both studies [188] [189] concluded that the weak interface was
the predominant factor for faster degradation, yet the extrusion temperature and
printing speed, which affect interlayer cohesion, were 3 % lower and 40 % higher,
respectively, for vertical specimens compared to horizontal ones. It is difficult to
draw firm conclusions about the degradation of interface strength due to the com-
plexity of current ASTM/ISO standards [168], hence, this chapter uses a specially
designed and previously validated tensile-testing specimen. Other than hydrolytic
degradation, storage of PLA in an uncontrolled environment can also trigger its
decomposition through physical ageing. This could result in a change in properties
over time and thus, affect the shelf life of polymers [43] 236, 237]. Yet few studies
[43], 236, [237] considered the ageing of PLA in the absence of water, and they all
considered specimens manufactured by other processes than AM. Thus, character-
ising separately both physical ageing and hydrolytic degradation for MEAM PLA
is necessary to understand both mechanisms and their influence on the material's
properties and performance.

No study has yet examined the hydrolytic degradation of interface for MEAM
specimens at PT. Herein, specially designed micro-tensile specimens from Chap-
ter 5 were used to assess mechanical properties of the interface between extruded
filaments to understand how the interface degrades by comparison to the bulk

material. To improve the confidence from a medical perspective, specimens were
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mechanically tested submerged at 37 °C to replicate physiological conditions. Fur-
thermore, the hydrolytic degradation was also studied at 50 °C and 65 °C to

understand the suitability of accelerated degradation.

7.2 Materials and Methods

Materials and methods are all the same as described previously in Chapter 6, unless

it is explained here.

7.2.1 Additive manufacturing process

The specimen design and manufacturing process is the same as described in the
Section 6.2.2. For degradation study, 952 specimens were produced using less than

320 g of polymer.

7.2.2 Physical ageing and hydrolytic degradation

The degradation study of both Z and F specimens was carried out under two en-
vironmental conditions: (i) ambient laboratory conditions (RT and humidity) to
represent physical ageing of the polymer during storage; (ii) aqueous environment,
PBS of pH 7.4 + 0.2 at three temperatures: 65 °C, 50 °C and 37 °C to rep-
resent hydrolytic degradation according to 1SO13781:2017 [238]. The specimens
were stored in 30 ml of PBS in separate air-circulating ovens for each degrada-
tion temperature. Accelerated degradation was carried out as a screening test
and compared with those degraded real-time at body temperature to assess the
suitability of this method to predict the lifetime of the polymer. The PBS solution
was changed regularly (e.g. every 2 days for 65 °C, every 10 days for 50 °C and
every 30 day for 37 °C) to maintain pH level within 7.4 4+ 0.2 throughout the

experiment.
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7.2.3 Characterisation
7.2.3.1 Water absorption analysis

The amount of water absorption (mass increase before drying) and mass change
(after drying) were assessed for hydrolytic degradation. Before degradation, the
initial weight (1/5) of MEAM PLA specimens was measured using an analytical
balance (Ohaus Adventurer, Switzerland) with precision of & 0.0001 g. Specimens
were then stored in 30 ml of PBS and, at each time interval, extracted from the
oven and excess water was gently removed using a paper towel. Next, the wet
weight (W) of specimens was measured to calculate the mean water absorption
as explained in Section 6.2.3.4. Wet specimens were dried in a vacuum oven (OV-
11 Lab Companion, Jeiotech, South Korea) at 30 °C for 48 h at a set vacuum of
0.60 bar. The dry mass (Mp) of specimens was measured after drying to calculate

the mean mass change from the initial mass (M) [224] 238]:

Mp — M;

I

Mass change = x 100 (7.1)

7.2.3.2 Tensile testing

To improve the confidence in using AM parts for biomedical applications, speci-
mens (n = 10 for each specimen type) were mechanically tested in an environment
close to physiological conditions, i.e. submerged at 37 °C using an Instron 5944
equipped with the BioPlus Bath system containing the temperature-controlled
bath (Instron BioPlus, Instron, USA). The importance of submerged testing for
mechanical properties of AM PLA was highlighted in Chapter 6: there is poten-
tial for two-fold overestimation of mechanical properties when testing in open-air
laboratory conditions. The machine setup and specimens’ pre-hydration together
with displacement rate are all the same as described in Section 6.2.3.2. The effect
of load-cell sensitivity on the measurements was checked by repeating tests for F

specimens with a 500 N load cell: the mean value of strength was within 3 %
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of the value obtained for the 2 kN load cell (< 1 MPa difference), i.e. within a
natural scatter band, while minimal and maximal values for five specimens were
similar for the two load cell. For strength calculation, the pre-fracture area was
measured using the Zeiss Primotech optical microscope at 5x magnification as
explained in Chapter 6. The mean mechanical properties for each time interval
were calculated from ten replicates. The linear region of each stress-strain curve
was used to measure the tensile modulus for each specimen. The mean toughness

value was also calculated using the area underneath the stress-strain curves.

7.2.3.3 Thermal analysis

The thermal analysis is the same as described in Section 6.2.3.3.

7.2.3.4 Gel permeation chromatography

The molecular weight of Z and F specimens were monitored by measuring the
M,, and M, values using a gel permeation chromatography (GPC) system (Infinity
1260, Agilent Technologies). A section of gauge region was dissolved in CHCl3 +
2 % triethylamine at a concentration of 1 mg-mlt. The GPC solutions were left
to dissolve for 48 hours. A syringe containing 0.22 pm needle filter was used to
transfer the solution into a GPC vial. The GPC was performed on two replicates
using a 100 pl injection volume at a flow rate of 1 ml-min'! with a refractive index
(RI) detector at 40 °C using two Plgel mixed C columns. The data were analysed to
calculate the mean M,, and M,, using Cirrus SEC software against the polystyrene
standards [42, [198]. Once GPC data were collected, the Arrhenius equation ([7.2))
was used to characterise the effect of degradation temperature on the reaction rate

from the molecular weight data [197, 198]:

—Ea
k = AerT (7.2)
where k is the reaction rate, A is a constant, Ea is the activation energy

(kJ-mol'), R is the universal gas constant (J-K'-mol) and T is the temperature
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in Kelvin [197], 198]. The Arrhenius equation is suitable if a linear relationship
between In k and 1/ T exists, therefore, Equation can be simplified.

Ey o 1

Ink = —(=)(7) +In A (7.3)

7.2.3.5 Fourier transform infrared spectroscopy

Infrared spectra of undegraded and degraded specimens were recorded using an
attenuated total reflectance (ATR) mode of a Fourier transform infrared spec-
troscopy (FTIR) instrument (Nicolet 6700, Thermo-Scientific, UK). The spectra
were collected in the range of 400 to 4000 cm™ at a resolution of 2 cm™ by
averaging 64 scans.

The spectra were baseline corrected and normalised to the peak at 1455 cm™
corresponding to the C-H deformation for CH, group [239, 240]. The carbonyl
absorption between 1600-1800 cm™ was subjected to curve fitting using Originlab
software employing a Gaussian function according to [239]. The peak-to-height
ratio (PHR) for various bands (Hpeaxx) Was quantified using the reference peak

at 1455 cm™® as explained in study [239] to monitor the degradation process:

H, eak x
PHR = -tk (7.4)
Hrefpeak

7.2.3.6 Optical microscopy

The microscopy analysis is the same as described in Section 6.2.3.5.

7.2.3.7 Statistical analysis

The data obtained were expressed as means =+ standard deviation (SD). The ap-
propriate statistical analyses with Analysis ToolPak in Excel 2016 such as one-way
analysis of variance (ANOVA) and subsequent t-test at significant levels of p <
0.05 was used.
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7.3 Results and discussion

This section is divided into four main sections:

e 7.3.1 - Discussing the limited effect of physical ageing on the mechanical

and thermal properties of Z and F specimens.

e 7.3.2 - Considering hydrolytic degradation of PLA by tracking the water
absorption for both Z and F specimens to check the dependency of PLA
on degradation temperature. The mechanical degradation of interface (Z
specimen) at different temperatures was compared against that of the bulk
material, accompanied by assessing the thermal properties and structural

changes to explain the trends observed for mechanical properties.

e 7.3.3 - Relating the mechanical and thermal properties to M,, data to deter-
mine threshold M, for a AM part before losing its mechanical integrity. The
suitability of accelerated tests to predict the long-term effect of degradation

on PLA properties was also assessed.

e 7.3.4 - Comparing the fracture surface of Z and F specimens to explain the

features observed during degradation.

The overall layout of this section is demonstrated in Figure [7.2] First, effects of
physical ageing in air at RT on mechanical and thermal properties were consid-
ered. Subsequently, the effect of moisture absorption on physical properties of
the polymer was examined. Then, the temporal changes in mechanical properties
during degradation at three temperatures in media were evaluated and linked with
various material /microstructural properties (i.e. crystallinity, FTIR spectra peaks
and M,,). Finally, fracture surfaces of both F and Z specimens revealed a transi-
tion from ductile to brittle fracture mechanisms during degradation, linked to the

polymer microstructure.
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Figure 7.2: Flowchart of results and discussion section.
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7.3.1 Physical ageing of polymer

PLA can undergo both physical ageing and hydrolytic degradation. It is therefore
important to study these two phenomena separately to gain a fundamental under-
standing of the degradation of MEAM parts and, more specifically, the degradation

of interface.

7.3.1.1 Mechanical properties during ageing

The obtained results demonstrated that, for undegraded Z and F specimens, the
mean UTS values for submerged testing at 37 °C (Figure[7.3p) were 27.5 MPa and
33.1 MPa, respectively, with a difference of just 5.6 MPa. After 300 days of phys-
ical ageing at RT, the mean values were not significantly different to undegraded
specimens (p > 0.05): 27.6 and 33.4 MPa for Z and F specimens, respectively.
The tensile modulus (Figure [7.3p) also showed little change (<5 %) compared
to undegraded specimens. Similar findings were observed for strain at maximum
force (Figure [7.3k), strain at break (Figure [7.3d) and toughness (Figure [7.3E).
Such results indicated that the degradation of PLA at laboratory conditions (i.e.
in air at RT) had a negligible effect on the mechanical properties of PLA (tensile
tested submerged at 37 °C). Despite having comparable strength values, the strain
at break and toughness of undegraded specimens were significantly (p = 4.99 x
10*) different for Z and F due to strain localisation in the interface bond, which
caused a sudden and brittle fracture similar to our previous studies [202], 241].
Meanwhile, F specimens represented bulk behaviour and did not failure up to 40
% strain (as shown by arrows). The prolonged plasticity compared to typical val-
ues occurred due to the synergistic effect of water and temperature surrounding
the material during tensile testing under physiological conditions as discussed in
the previous chapter. These results agreed well with study [43], which showed
no change in mechanical properties of injection-moulded PLA after 360 days of
ageing. Visual examination of the specimens (Figure [7.3f) also demonstrated no

changes in appearance of the specimens up to 300 days.
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Figure 7.3: Mean UTS (a), tensile modulus (b), strain at maximum force (c),
strain at break (d), toughness (e) and images (f) of air-degraded specimens at
different times. Both Z and F specimens showed no degradation of properties.
None of the F specimens failed up to 40 % strain (denoted by the arrows). The
images also demonstrated no visual changes in appearance in contrast to hydrolytic
degradation (see Figure . Error bars indicate standard deviation for the average

values.
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7.3.1.2 Thermal properties during ageing

The thermal properties of undegraded and aged specimens were also measured
(Figure[7.4). The values for T, (Figure[7.4p) and T,, (Figure[7.4b) were similar to
those at day 0, confirming the slow ageing of PLA and supporting the results for
mechanical properties (Figure [7.3)). The crystallinity value (3.06 %) (Figure[7.4c)
stayed unchanged after 300 days compared to day 0 (p = 0.700 for Z and p =
0.800 for F) and, therefore, there was no change in T, and T,,. Studies presented
conflicting results for the effect of physical ageing on these two temperatures.
Some studies [46, [237| 242] reported that ageing was accompanied by increased Ty,
whilst others [236] stated the opposite. The physical ageing is normally discussed in
terms of the enthalpy relaxation - i.e. an endotherm peak at T, which increases in
intensity with ageing. The obtained results (see Appendix B.1) revealed no general
trend, further confirming no re-arrangement of polymer chains and no ageing of
PLA. The results clearly indicated that physical ageing had a limited effect on
properties of PLA and, therefore, in the next section, the effect of hydrolysis on
PLA is discussed.
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specimens. Physical ageing was minimum since there was no considerable change
in thermal properties. Moreover, no significant difference (p > 0.05) between Z

and F was found. Error bars indicate standard deviation for the average values.

7.3.2 Hydrolytic degradation

This section discusses the hydrolytic degradation of Z and F specimens. The first
part covers water absorption and mass change for different degradation temper-
atures to study the viability of accelerated temperature for prediction of polymer
behaviour in terms of water uptake. After that, degradation of mechanical proper-
ties over time is analysed and linked to thermal and chemical properties of Z and

F specimens.
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7.3.2.1 Water absorption study

The results presented in Figures[7.5p and b show the extent of water absorption and
dry-mass change, respectively, for both F and Z specimens degraded at different
temperatures. To allow direct comparison of data, time was normalised by the
time to halve My, (tosmw). No significant differences were found between F and
Z specimens throughout the degradation at any temperature (p = 0.840). The
plot for water absorption can be divided into two main regions: (i) saturation, and
gradual and small increase, before (ii) the sudden increase in water absorption due
to degradation, which coincided with a decrease in dry mass. At 37 °C, polymer
saturation (0.761 % water absorption) happened within 2 hours, which then levelled
off until a normalised time of 2. Degradation at accelerated temperatures allowed
a greater amount of immediate water uptake, 1.17 % and 1.23 % for 50 °C and
65 °C, respectively, due to the increase in chain mobility at temperatures closer to
T, of PLA (around 63 °C) [243]. In the later stage of degradation, all specimens
showed a sudden increase in water absorption after a normalised time of between 3
and 4. When M,, was low enough to allow diffusion of soluble monomers out of bulk
structure, mass change dominated this process [73]. The change in dry mass was
more noticeable for 50 °C and 65 °C compared to 37 °C. Overall, results obtained
in this study were in agreement with previous works [175} (196, 197, 243, [244]
suggesting there is a time-lag before observing a significant mass change.

Visual examination of specimens at different stages of degradation (Figure[7.6)
showed that undegraded specimens were initially transparent (stage 1), but when
degradation started, specimens became brittle and also changed colour to white
(stage 2). At the final stage of degradation (stage 3), due to extensive chain
scissions, brittleness increased causing disintegration into pieces without mechan-
ical integrity. In addition to visual inspection, measurements for mean thickness
and width for both F and Z specimens degraded at 37 °C showed little differences
during degradation (< 1 % change in cross-sectional area from day 0 to 240),

suggesting bulk degradation of PLA rather than surface erosion.
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Figure 7.5: Evolution of mean water absorption (a) and mass change (b) for Z and

F specimens degraded at different temperatures showed no significant difference

(p = 0.840). Accelerated tests allowed greater amounts of water uptake until M,,

was low enough to permit diffusion of soluble monomers, which coincided with a

change in dry mass. Error bars indicate standard deviation for the average values.
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Figure 7.6: Specimens during different stages of hydrolytic degradation. As
degradation continued the transparent specimens (stage 1) turned into white (stage
2). Further degradation of specimens resulted in disintegration of polymer into

pieces (stage 3).

7.3.2.2 Degradation of mechanical properties

The mechanical properties of Z and F specimens tested submerged at 37 °C, before
and after degradation at different temperatures, are presented in Figures and
[7.8l Z and F specimens had initial tensile strength values of 27.5 + 1.7 MPa and
33.1 £ 0.9 MPa, respectively. The reduction in the strength was detected after
some delay for both specimens, suggesting similar behaviours of interface and bulk
material. The tensile strength for both testing directions at 65 °C reduced to
zero after 4 days (Figure ) Meanwhile, it took 35 and 270 days to reach
zero strength at 50 °C (Figure [7.7p) and 37 °C (Figure [7.7k), respectively. At
the end, specimens were brittle and could not be gripped, indicating the extensive
degradation of the PLA. The delay period was the shortest for the accelerated tests

suggesting the higher rate of degradation. Some improvement in strength was
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observed during early stages of degradation, which is discussed in Section 7.3.2.3
in relation to crystallinity. Strength significantly increased by 33.3 % regardless of
testing direction (p = 2.98 x 108 for Z and p = 2.86 x 108 for F) after only 1 day
of degradation at 65 °C (Figure [7.7p). At 50 °C, strength significantly improved
by 12.2 % on average (p = 7.54 x 10 for Z and p = 1.01 x 10 for F) for both
Z and F specimens after 1 day (Figure [7.7b). Specimens degraded at 37 °C had
the least improvement in strength only 5 % after 60 days (Figure )

A long induction period was found before the tensile modulus dropped to zero
for all three temperatures for both types of specimens. Regardless of degradation
temperature, the changes in tensile modulus of Z specimens were comparable (p >
0.05) to that of bulk material throughout the degradation. The data for strain at
maximum force showed that for both testing directions, the material became more
brittle during degradation. This could be a result of a combination of changes in

crystallinity and M,, which is explained in the next sections.
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Figure 7.7: Degradation of mean UTS and tensile modulus at 65 °C (a), 50 °C
(b) and 37 °C (c) indicated that the rates of decrease for both Z (dashed line) and
F (solid line) were similar. The strain at maximum force for Z and F specimens
degraded at 65 °C (d), 50 °C (e) and 37 °C (f) showed a similar trend to strength
data over the course of degradation. Grey shaded regions represent the degradation

in air data (see Figure|7.3)). Error bars indicate standard deviation for the average

values.
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Although Z and F specimens demonstrated similar strength and modulus values,
the strain at break (Figure [7.8p-c) and toughness (Figure [7.8d-f) differed by an
order of magnitude before degradation. The strain localisation at the interface for Z
specimens was responsible for brittle fracture as explained in the previous chapters.
However, these two properties were the most sensitive ones to degradation even
at the early stage. This is because both properties are drastically altered by any
changes in both macroscopic (e.g. surface defect) and materials features (e.g. M,,
and crystallinity) as the result of degradation. This was obvious for F specimens,
since the undegraded specimens did not fail up to 0.40 strain, while after only 1
day of degradation at 65 °C, the strain at break significantly reduced to only 0.052
(p = 7.40 x 10%). Although Z specimens were brittle before degradation (strain at
break of 0.034), degradation significantly lowered the value after 3 days (p = 1.64
x 10*) lowered the value but to a lesser degree than F specimens. As degradation
continued, both Z and F specimens started to behave similarly and demonstrated
a very close levels of strain at break of 0.005 at the end of degradation for all
degradation temperatures. F specimens had much higher toughness values thanks
to orientation of filaments along the testing direction by absorbing more energy
before failure. Similar to other properties, toughness of both Z and F approached a
similar value at the later stages of degradation. The gradual convergence of these
properties indicates that (degrading) mechanical properties of the bulk material
gradually became a more dominant factor than inherent anisotropy due to the

printing process and extruded filament geometry.
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Figure 7.8: The reduction in strain at break at 65 °C (a), 50 °C (b) and 37 °C

(c) indicated multiple-fold initial anisotropy between F (solid-bar column) and Z

(empty-bar columns) specimens, which converged as material degraded. A similar

trend was observed for toughness for both directions degraded at 65 °C (d), 50 °C

(e) and 37 °C (f). Grey shaded regions represent the degradation in air at RT for

both Z and F specimens which showed no noticeable changes in properties over

300 days. Arrows above bars indicate the specimens that did not fracture at 40 %

strain. Error bars indicate standard deviation for the average values.
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The suitability of using accelerated degradation tests was examined. To do
this, all data were normalised by their initial values for strength (0/c¢), strain
at maximum force (&max.force /Emax.forceo) @and modulus (E/Ey). Whereas, strain
at break (epreak) and toughness (G) were normalised against the values for the
normalised time of 0.5 since the initial values were not measurable (F specimens
did not fail). From Figure [7.9] it is clear that degradation of the interface was
similar to that of the bulk material. Furthermore, similar trends were observed at all
temperatures, indicating that accelerated tests can be used for prediction of longer-
term performance at 37 °C. The current study used a novel specimen design and
manufacturing approach to eliminate thermal variation and design complexity for
ASTM standards during the printing process. The results are valuable for designing
new medical implants when time-dependent properties of MEAM polymer during its
degradation are critical. They also give confidence in using AM parts for biomedical
applications as long as they have suitable initial mechanical properties, since the
interface between layers was found to degrade in a similar manner to the bulk

polymer.
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Figure 7.9: Evolution of normalised tensile strength (a), tensile modulus (b),
strain at maximum force (c), strain at break (d) and toughness (e) indicating
similar changes in properties for Z and F. Accelerated temperatures can be used
to predict mechanical properties of MEAM PLA. Data for strain at break and
toughness were normalised by the time 0.5 as opposed to initial properties since F

specimens did not fail at time 0. (t* is the time to lose mechanical properties).

7.3.2.3 Interplay between degradation and crystallisation

The DSC thermograms of Z specimens at three temperatures are presented in
Figure [7.10p-c (F specimens are not shown because they were almost identical
to Z, as expected). The evolution of Tg, Tm and crystallinity for both Z and F
specimens, normalised by tosmw, is also shown (Figure —f). The results can
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be discussed in terms of (i) the effect of testing direction and (ii) the degradation
temperature. No significant difference (p > 0.05) in thermal properties were found
for Z and F directions, supporting the mechanical-properties results (Figure .
The T, graph peaked around 63 °C. Cold crystallisation peak was identified around
110 °C followed by T,,; of 152 °C. Once degradation started, a second melting
peak (Tm2) around 145 °C was observed similar to previous studies [245] [246] due
to the presence of different & homocrystals. The high-temperature melting peak
corresponded to the thicker lamellae (i.e. « crystals), whereas, the lower peak
represented the imperfect a’ crystals.

Degradation temperature was an important factor. Both Z and F specimens
initially comprised mainly amorphous regions due to low crystallinity values (Figure
7.10d), and, immediately after degradation, the amorphous regions were subjected
to chain scissions and relaxation to form crystalline phases (stage A in Figure
. This can be seen by the rapid six-fold increase in the crystallinity at 65
°C (and similar for 50 °C), which increased the strength initially. However, higher
crystallinity reduced the strain at break exponentially since stiff crystals cannot
elongate in a similar manner to amorphous chains, and instead constrained the
chains. This could suggest that during the early-stage of degradation, the change
in crystallinity had a greater effect on mechanical properties than reduction of
M,,, in agreement with polymer-chemistry studies for non-additive-manufactured
specimens [175] (179, [197) 243, [247]. During this stage, there was no obvious
changes in T, (Figure[7.10k) and T, (Figure[7.10f). As degradation proceeded, the
chain scission and production of oligomers resulted in the substantial decrease in T,
and T,, due to extensive plasticisation of polymer [248] (stage B in Figure [7.11]).
This can be seen since the crystallinity continued to increase to the maximum
values of 43.5 %, 36.7 % and 17.1 % for 65 °C, 50 °C and 37 °C, respectively.
This coincided with a reduction in mechanical properties of Z and F specimens,
suggesting that a combination of crystallinity and M,, reduction were responsible for

changes in the mechanical properties of AM parts at the later-stage of degradation,
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which is discussed in Section 7.3.3.
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Figure 7.10: DSC thermograms for 65 °C (a), 50 °C (b) and 37 °C (c) showing

sensitivity of PLA to the degradation temperature and time. For thermal prop-

erties, no difference between Z and F direction was found. (d) A sharp increase

in crystallinity was observed especially at higher temperature. (e) T, for both Z

and F specimens degraded at different temperatures exhibited a decreasing trend

as degradation proceeded. (f) The degradation and plasticising effect of water

resulted in the gradual decrease in T, eventually. Error bars indicate standard

deviation for the average values.
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Hydrolytic degradation

Non-degraded PLA  Stage A

s

» o il
Water Amorphous Crystalline
molecule phase lamellae

Figure 7.11: Schematic indicating the hydrolysis of PLA. During stage A chain
scissions of amorphous chains allow the formation of crystalline lamella. The
formation of crystalline phase continues during stage B as more mobile polymer
chains re-organise into crystalline lamella. Finally, at stage C, the diminishing
amorphous phase between crystalline lamellae becomes degraded to the extent

that its mechanical properties are lost.

7.3.2.4 Structural changes of polymer chains during degradation

To support the DSC data, structural changes of Z and F specimens were moni-
tored with FTIR to provide more complementary information. FTIR spectra for
degradation of Z and F specimens at 37 °C only are shown in Figure and b,
respectively, since all temperatures showed a similar trend. Careful examination of
spectra was carried out by curve-fitting of the absorption band at 1755 cm™, which
corresponds to C=0 stretching of lactide esters [239, 240]. The results of curve
fitting (deconvolution) of C=0 peak into three absorption peaks (I-IIl) are shown
in Figure [7.12-h. The peak position and resultant area are given in the tables
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within the figures, with a special focus on peak Il as the main one for monitoring
degradation. Before degradation, the areas of peak Il for Z (Figure [7.12c) and
F (Figure ) specimens were 3.02 and 2.11, respectively. After 240 days of
degradation at 37 °C, the values increased to 3.47 (Figure[7.12g) and 3.30 (Figure
7.12h), respectively.

The comparison of the areas under the peak once again confirmed similar rates
of degradation for the interface bond and bulk material. In addition, a more in-
depth analysis of FTIR spectra was done by quantifying the PHR values for Z
and F specimens for various bands (Table . The absorption band at 920 cm™
corresponding to the « crystal phase was used to monitor crystallisation dynamics
[248]. The PHR value for this band showed a slight fluctuation similar to a previous
study [248], with no substantial difference between Z and F specimens; meanwhile,
the trend was more pronounced for accelerated tests (see Appendix B.2). This
trend correlated well with the crystallinity data (Figure )

Data for the bands at 1185 and 1755 cm™ were also used to monitor changes
in the concentration of ester groups (Table . For both bands, the PHR values
showed an increasing trend from 0 to 240 days for both testing directions. This
trend could be explained by the cleavage of long polymer chains into shorter chains
and increasing the formation of new carboxyl end chains as well as new carbonyl
compounds [240]. Once more, no significant change was evident for Z and F

specimens in terms of PHR values for 1185 and 1755 cm™.
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Figure 7.12: Normalised FTIR spectra obtained for Z (a) and F (b) specimens
degraded at 37 °C indicating that the main absorptions peaks corresponded to
lactide esters (1755 cm™), C-H deformation of CH, groups (1455 cm™) and C-O-C
ether stretching (1150-1060 cm™). The curve-fitting of the C=0 peak components
for Z- 0 day (c), F- 0 day (d), Z- 120 days (e), F- 120 days (f), Z- 240 days (g)
and F- 240 days (h) showed an increasing trend for peak II.



Chapter 7. Analysis of degradation of MEAM PLA 168

Table 7.1: Changes in PHR for bands 920 cm™ (crystallisation dynamics), 1185
cm™ and 1755 cm! for chain scission and degradation. No significant differences

were found between F and Z specimens.

PHR for 920 cm™’ PHR for 1185 cm™ PHR for 1755 cm™

Degradation time (days) APHR APHR APHR
2 A A
0 0.00 0.00 0.00 2.64 2.64 0.00 297 3.09 0.12
60 0.11 0.1 0.00 2.66 2.66 0.00 3.13 3.13 0.00
120 0.09 0.1 0.01 2.67 2.69 0.02 3.25 3.34 0.09
180 0.08 0.11 0.03 274 273 -0.01 3.26 347 0.20
240 0.09 0.07 -0.02 2.87 2.85 -0.02 3.29 3.30 0.01

7.3.3 Molecular weight degradation

In this section, degradation of M,, was considered for both Z and F specimens to un-
derstand the potential effects of evolution of microstructural changes in PLA on its
mechanical properties and degradation kinetics. Such understanding is important
to comprehend the complex evolving relationship between mechanical properties
and M,, for designing new implants.

The GPC curves obtained at different temperatures and time periods were
plotted (Figure [7.13p-c) followed by evolution of normalised M,, (Figure [7.13d)
and M, (Figure [7.13¢) for Z and F specimens with normalised time. There was
no difference between testing directions once again; therefore, for simplicity, only
the GPC curves for Z specimens are shown. The curves shifted to lower values
without the formation of any specific peak for crystalline regions. At the same
time, the GPC curves for specimens aged in air showed no sign of shifting (grey
shaded region in Figure ) supporting findings for mechanical and thermal
properties in Section 7.3.1. GPC curves also remained monomodal for all three

temperatures in agreement with previous studies [175} (179, 197, 243].
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Figure 7.13: Molecular distribution for PLA for varying time points obtained at
different temperatures: (a) 37 °C; (b) 50 °C; (c) 65 °C. Evolution of normalised
M,, (d) and M, (e) values for degradation of both Z and F specimens with nor-
malised time for different temperatures showing the similar rates of degradation.
In contrast, no general decrease was observed for specimen degraded in air (shaded

region).

The rates of decrease for M,, and M,, for both F and Z were similar, support-

ing the earlier results that degradation of the interface happened at the similar
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rate to that in the bulk material. There was no delay in the reduction of M,,; in-
stead, a large decrease was observed, implying the random scission of long polymer
chains [249] 250]. By the time M,, was halved, tensile strength (Figures and
7.9) showed no significant change in values for both Z and F specimens. Once
again, this confirmed dependency of early-stage properties on crystallinity (Figure
7.10d) rather than M,, reduction. The tensile strength only started to decrease
substantially when M,, reduced by more than 50-75 % (see Figures and .

The data were examined to determine the mechanism (un-catalysis vs. au-
tocatalysis) of degradation using well-established theories [197]. The plots of
molecular weight degradation against hydrolysis time showed a higher R? values
for the linear relationship for an autocatalysed model (R* = 0.99) [250]. Ad-
ditionally, amorphous polymers are known to undergo autocatalytic degradation
[175) 179, [197]. The slopes of M,, (Figure [7.13d) and M, (Figure [7.13E) for dif-
ferent degradation times were very similar up to normalised time 1. Beyond that
point, the data for 37 °C showed a lower rate, suggesting a higher rate of auto-
catalysis degradation at higher temperatures [177], 251]. This is reasonable since a
higher degradation rate allowed less time for catalytic short chains to diffuse out of
the polymer, which is discussed shortly in Section 7.3.4. To check this, a further
comparison of rate constants (k) for the autocatalysis model for different testing
directions and degradation temperatures was carried out as shown in Table [7.2]
The k (day ') constant values were very similar for Z and F specimens at all tem-
peratures, while, the degradation temperature greatly influenced this value. The
rate of hydrolysis increased ten-fold at 50 °C and eighty-five-fold at 65 °C com-
pared to 37 °C, confirming that the increase in the slope for 65 °C after normalised

time of 1 corresponds to a higher rate.
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Table 7.2: Calculated hydrolysis rate k (day™) at different temperatures.

k rate (day™) for catalysed model

Temperature (°C)

z
37 0.0060 0.0063
50 0.0658 0.0645
65 0.5170 0.5371

Some researchers [175], [197] raise concerns about the use of accelerated tests
to predict properties of polymer at body temperature. Above the polymer's
Tg, segmental mobility increases and Van der Waals forces holding amorphous
phases in place are reduced, facilitating the hydrolysis and higher degradation rates
[175] [197]. For this reason, the Arrhenius relationship (Equation was applied
to assess the suitability of accelerated tests. A high linear correlation (R?> = 0.99)
showed that degradation kinetics were not significantly influenced above T,, and
accelerated tests could be used to understand the degradation profile of polymers
with a shorter study duration. From the gradient of the linear relationship (Figure
7.14h), the activation energy (E,) was estimated to be 135.6 kJ-mol?, suggest-
ing slower rate of degradation. Previous studies [197) 198, 252-254] provided the
values from 74.1 to 113.4 kJ-mol™ for PLA films with lower thickness values than
used in this thesis. This is the first time that activation energy for degradation of
MEAM PLA was calculated. Once a linear relationship between the degradation
rate and temperature was obtained, it was decided to link tgsmw With the degra-
dation temperature as shown in Figure [7.14b. Fitting the tosmw to degradation
temperature resulted in a strong linear relationship (R? = 0.998), confirming once
again the applicability of accelerated tests to predict the long-term properties of
MEAM polymers.
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Figure 7.14: (a) Arrhenius relation for In k against 1/T. (b) Effect of degrada-

tion temperature on molecular weight half-life.

For biomedical applications, it is important to choose the initial M,, of PLA to
achieve the required resorption time; so, the effect of different properties on M,
for F and Z specimens were studied at all three temperatures (Figure . For
all properties except tensile modulus, similar exponential curves can be identified,
although at different magnitudes. All mechanical properties showed a considerable
change in the slope once the M, value was below 40 kDa; meanwhile, for T, this
value was around 30 kDa. This study developed a rigorous understanding about the
effect of molecular weight on mechanical properties, since almost all data points
overlapped to a considerable degree even for specimens tested in different directions
as well as different temperatures and degradation rates. In addition, these plots
can be used as design maps for a range of mechanical-property requirements if the

initial polymer molecular weight is known along with its degradation rate.
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decrease, suggesting the existence of a critical M,,.
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7.3.4 Fractography analysis

Fracture analysis is a useful tool for more insight about the effect of degradation
on the mechanical performance of the material. This study is the first to link
the degradation mechanism to the fracture surface of AM parts. Fractography
of undegraded Z specimens (Figure [7.16p) showed a series of radial striations
indicating ductile fracture as explained in the last chapter. There is no respective
image for undegraded F specimens since they did not fail at 40 % strain. After
1 day of degradation at 65 °C, the fracture surface of Z specimen (Figure [7.16k)
demonstrated a flat and smooth surface confirming the transition from ductile
to brittle fracture due to the six-fold increase in crystallinity of polymer (Figure
7.10d). Likewise, F specimens became more brittle after 1 day of degradation and
fractured, although some degree of plasticity still happened as indicated by the
extensive necking (Figure [7.16p).

After 3 days of degradation, F specimens (Figure ) exhibited more brittle
fracture, without necking features, and behaved similarly to Z specimens (Figure
[7.16k) due to a significant increase in crystallinity. The fragments after 5 days (not
mechanically tested) were also analysed. Pockets were visible on the surface (as
shown by the arrows in Figure and g). These may indicate regions of localised
accelerated degradation due to the entrapment of acidic oligomers (Figure [7.16f
and g). This could also explain the slight shoulder observed in the GPC curve for
Z specimens after 7 days (Figure mc) due to faster degradation rate in these
localised regions, affecting two degradation conditions. The acidic environments
created during degradation could result in release of degradation by-products into
the surrounding medium and lowered the pH from 7.4 to 6.1, which was noted
after 6th day of degradation at 65 °C. The fracture surfaces for the specimens
degraded at PT (Figure showed similar features to 65 °C i.e. diminished the

striations and necking as degradation continued.
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Figure 7.16: Optical images of fracture surfaces for F (left-hand columns) and Z
(right-hand columns) specimens taken at different times when degraded at 65 °C. F
specimens at day 0 did not failed up to 40 % strain so no image of fracture surface
could be taken. A transition from ductile to brittle fracture by disappearing the
necking and striation was observed as degradation continued. Due to autocatalytic
degradation and accumulation of acidic oligomers inside polymer, pockets were
formed throughout the structure for both Z and F specimens after 5 days (not

mechanically tested) as shown by arrows and inset for the image g.
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Figure 7.17: Optical images of fracture surfaces for F (left-hand column) and
Z (right-hand column) specimens showing that degradation at 37 °C changed the
mechanical behaviour of polymer by transition from ductile fracture (highlighted

by apparent necking and striations) to brittle fracture similar to Figure m

The breadth of this study was only feasible because this new specimen de-
sign based on the CONVEX design approach allowed the author to produce 952
specimens for degradation analysis, which would have been impossible with ASTM
standard designs. This number of specimens used less than 320 g polymer in total
and approximately 28 hours of printing. The new micro tensile-testing specimens
also allowed to reduce the volume of specimen by 73.2 % compared to that of the
ASTM D1780 micro tensile-testing specimen.

With the widespread concern with regards to poor bonding between MEAM

layers. This chapter aimed to address this by determining lower and upper bounds
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of properties by manufacturing the best possible (F specimens - for bulk proper-
ties) and worst (Z specimens - for interfacial bond properties) orientations. This
research enabled to measure the actual contact area for fundamental analysis of
properties during hydrolytic degradation by employing an appropriate testing design
(i.e. single-filament wide specimens) as opposed to the ASTM standard geometry
with non-standardised complex print paths. Based on the obtained results, the
interfacial bond degraded in a similar manner to that of bulk material, suggesting
that the bond was stable and equivalent to the latter. Rather than poor bond-
ing (as considered in many works e.g. [142] [189, 193]), the presence of extruded
filament-scale geometries was responsible for anisotropic properties, as identified

in previous chapters.

7.4 Conclusions

This chapter compared the degradation of the interlayer bonds and bulk polymer
for PLA specimens produced by MEAM. The sensitivity of MEAM PLA to physical
ageing at RT showed that there was no deterioration of mechanical and thermal
properties after 8 months. Hydrolytic degradation experiments demonstrated that
the interface between AM layers degraded in a similar manner to the bulk material.
Certain properties such as water absorption, crystallinity and M,, were sensitive to
the degradation temperature increasing from 37 °C to 65 °C. Mechanical proper-
ties, tested under physiological conditions (submerged at 37 °C), showed that Z
specimens behaved similarly to F specimens at all temperatures, after normalising
the degradation time based on molecular weight degradation. This was supported
by a detailed analysis of microstructural changes including chemical, thermal and
structural properties as well as fractography. Changes in crystallinity of the poly-
mer was shown to greatly influence mechanical properties during the early stage
of degradation, while, at the later stage, the properties were affected mainly by

M,, reduction. The rate of change in M,, against degradation temperature obeyed
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the Arrhenius equation with the calculated activation energy of 135.6 kJ-mol™.
Comparing properties against M,, allowed a threshold value of 40 kDa to be iden-
tified, below which mechanical properties deteriorated. The findings of this study
improve the confidence in using additive manufacturing for biomedical applications
since the parts were tested under conditions close to physiological conditions and
showed for the first time that the unavoidable interface between AM layers did not
affect the long-term performance. These findings were only achievable by utilising

a specially designed micro-tensile specimen.
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Chapter 8
Major conclusions and future work

Some content of this chapter is published in the Additive Manufacturing journal
[235]

8.1 Conclusions

The main purpose of this research was to gain a fundamental understanding about
the mechanical performance of MEAM parts (especially the interlayer bond as the
most critical aspect of the MEAM process) during their hydrolytic degradation.
This aim was achieved by first conducting a critical literature-review on charac-
terisation methods used to measure mechanical properties of MEAM parts with
extruded filaments oriented along or normal to the applied load. According to the
aim and objectives of this thesis, the following conclusions were derived based on

analyses of experimental work in this research.

1. By employing direct GCode scripting as opposed to using a slicer software,
a new understanding about the MEAM process was developed to design and
manufacture single-filament wide polymeric specimens based on the CON-
VEX design approach. The newly devised methodology reduced the com-

plexities of the interdependence between geometrical and thermal printing
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parameters, and the thermal history, typically found in specimens based on
ASTM standards. Instead, it enabled a fundamental analysis of the MEAM
parts at the scale of individual filaments for precise geometrical and me-
chanical characterisation of the interlayer bonding (Z specimens) and bulk
polymer (F specimens). The uniaxial tension tests revealed that the inter-
layer bonding had strength comparable to that of bulk polymer (only 9.89-
10.4 % (5.90-6.53 MPa) difference) when a load-bearing area was correctly
measured with microscopy. Structural anisotropy was identified to affect
strain at break and toughness due to the presence of filament-scale geomet-
rical features between layers, indicating that geometry was the true cause of

anisotropy.

2. A strong relationship between mechanical properties and testing environ-
ments was found for F and Z specimens. In particular, the uniaxial tension
tests of specimens submerged at PT (to replicate physiological conditions),
showed a drastic change in mechanical properties of PLA compared to those
tested in air at RT (typically studied in the literature). A combined plastici-
sation effect of water and higher temperature contributed significantly to the
reduction (by similar magnitudes) in the UTS and tensile modulus of F and
Z specimens. Furthermore, the plasticisation of the polymer by these factors
increased the strain at break even for the Z specimens as demonstrated by
the plastic strain after yielding. The post-fracture micrographs confirmed
this by exhibiting the formation of localised necking near the point of frac-
ture and series of striations. Such observations provided further evidence
that the interlayer bond was not weak as it sustained great-enough forces to
generate extensive plastic deformation of the bulk material (above and be-
low the interface). Therefore, it is concluded that material properties should
be appropriately measured on specimens submerged at PT for biomedical

applications to prevent their overestimation by up to two-fold.
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3. A comprehensive analysis of the hydrolytic degradation of F and Z spec-
imens at PT was only achievable by utilising the novel specimen design
and manufacturing approach that eliminated thermal variation and design
complexity typical for ASTM standard specimens. The evolution of mechan-
ical properties from the uniaxial tension test on specimens submerged at
PT revealed that the interlayer bonding degraded (in PBS at 37 °C) in a
similar manner to that of the bulk polymer. Properties of F and Z speci-
mens gradually converged after 240 days of degradation due to changes in
crystallinity and M,,. Based on the obtained results, it was concluded that
degradation of mechanical properties of the bulk material gradually became
a more dominant factor than inherent structural anisotropy. By evaluation
of mechanical, thermal and chemical properties during degradation at higher
temperatures, the possibility to predict the long-term properties of MEAM
PLA using accelerated degradation was demonstrated. The findings suggest
that MEAM parts, which unavoidably contain interlayer bonds could be used
in biomedical applications since the interlayer bond did not adversely affect

the long-term performance.

8.2 Applications of new understanding

The findings in this thesis enabled a series of relevant and important studies to
be published or submitted for publication by the author and other members of the
research group. All of the studies summarised in Figure highlight a necessity
for a shift in research focus towards microscale geometrical analysis, rather than on
factors relating to bonding or inter-molecular diffusion, to overcome the anisotropic
behaviours in terms of strength, strain at break and toughness. The main findings
of the studies are outlined in Figure [8.1]
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8.2.1 Effect of varying aspect ratio on interlayer bonding

In this study [103] 20 specimen types with a wide range of filament geometries (five
different EFWs and five different LHs) for both F and Z orientations were manu-
factured using the CONVEX design approach. The obtained results supported the
overall findings of this thesis by demonstrating that the interlayer bond in MEAM
PLA had bulk strength. However, the levels of strain at break and toughness were
considerably lower in Z specimens than F ones due to the presence of filament-scale
features between the layers. These different trends for strength compared to strain
at break were investigated with finite-element analysis, which confirmed that the
structural anisotropy was caused by localised strains and also that the interface

bond was not weak.
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Figure 8.2: The testing design developed by CONVEX allowed the systematic

analysis of the effect of varying aspect ratio on mechanical properties of MEAM
PLA [103].
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8.2.2 Effect of varying thermal parameters on interlayer bond-

ing

In this study [255] based on the CONVEX design approach and understanding
developed from [103], it was possible for the first time to investigate the indepen-
dent role of five different extrusion temperatures (a range of 60 °C), five different
print speeds (a 16-fold change) and four different layer times (an 8-fold change)
on tensile properties of Z specimens. The results once again demonstrated that Z
specimens had the bond strength equivalent to that of the bulk material and the

filament-scale groove between layers was responsible for the structural anisotropy.
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Figure 8.3: The testing design developed by the CONVEX enabled for the first
time the investigation of the independent role of extrusion temperature, print speed

and layer time on mechanical properties of Z specimens [255].
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8.2.3 Fracture mechanism of MEAM PLA during hydrolytic

degradation

In this study [256], the CONVEX design approach and understanding from Chap-
ters 6 and 7 enabled analysis of the fracture mechanism of F and Z specimens
during their hydrolytic degradation at 37 °C. Z specimens — as the most critical
aspect of the MEAM process — were tested submerged at 37 °C. The fractography
indicated a series of striations and localised ductility, which disappeared with degra-
dation time for M,, < 40 kDa and crystallinity more than 12 %. Such changes
in microstructure of PLA caused the transition in the fracture behaviour of the
specimens from ductile-brittle to brittle. The new understanding developed in this
study can be used for future development of polymeric implants by elucidating the
plastic behaviour of polymeric implants in terms of the transition from ductile to

brittle behaviour during hydrolytic degradation.
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understanding about the fracture mechanism of MEAM PLA during hydrolytic
degradation [256].
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8.2.4 Damage in MEAM PLA during cyclic loading

In this study [257], the combined effects of cyclic loading (constant and varying
amplitude) and testing environment on mechanical properties of F and Z specimens
were considered. The new testing design (by CONVEX) and the new methodol-
ogy to measure mechanical properties (i.e. submerged at 37 °C) were utilised to
measure evolution of the inelastic-strain and energy loss during cyclic loading. The
results indicated that Z and F specimens behaved similarly, and the effect of testing
environment was more important. For example, when specimens tested submerged
at 37 °C, the viscosity of the material was enhanced, resulting in the strain ac-
cumulation due to its viscous behaviour, with a small contribution of damage (in

terms of decline in elastic modulus).
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Figure 8.5: The new testing design (CONVEX) and testing submerged at 37 °C

enabled the study of the damage evolution of MEAM specimens for biomedical

applications [257].
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8.2.5 Effect of extra-wide deposition in MEAM

In this study [258], based on the understanding developed from the previous work
[103| 255] and the new testing design (CONVEX), the mechanical properties of
single-wall (1 x 1.2 mm), double-wall (2 x 0.6 mm) and triple-wall (3 x 0.4 mm)
specimens were compared. The findings of this study further indicated that ir-
respective of the number of the extruded filaments and air gaps, the interlayer
bonding still demonstrated the bulk-material strength. However, when comparing
the effective strength (including air gaps), the single-wall specimen demonstrated
better strength compared to that of specimens with multiple walls. Furthermore,

the printing time for the single-wall specimen was 67 % lower than that of the

others.
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Figure 8.6: The new testing design (CONVEX) and the understanding based on
previous studies inspired the authors to develop a new convention for MEAM parts

by manufacturing extra-wide extruded filaments [258].
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8.2.6 Effect of chemical treatment on filament-scale grooves

In this study [259], the new testing design and understanding from an earlier
study [103] enabled the author to develop a new hybrid manufacturing process
called MaTrEx AM (Material Treatment Extrusion AM) to selectively modify the
material properties of the MEAM PLA by direct application of acetone. This
approach removed the naturally-occurring grooves between layers and improved
the toughness of PLA up to 25-fold compared to the typical values reported in the
literature. The findings of this study once again highlighted the significant role of

filament-scale geometries on mechanical properties of MEAM parts.
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Figure 8.7: The new testing design and understanding based on earlier studies
enabled the author to improve the ductility of PLA by selectively removing the

filament-scale grooves between layer [259].
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8.3 Future work

The results highlighted in this thesis reflected a number of key findings. Further
studies outside of the scope of this thesis can be conducted to build on under-

standing within this field:

e The CONVEX design approach for a range of nozzle diameters could be
studied to further demonstrate its potential applicability. The diameter of
nozzle could directly influence the nozzle pressure and the extrusion rate,
thereby understanding its effect on the dynamic response of the filament

geometry could be useful for the optimisation of the MEAM process.

e The findings in this thesis showed that the presence of filament-scale geom-
etry was responsible for anisotropic properties in PLA, and, therefore, future
work can consider employing the same specimen design and methodology to

investigate the applicability of these findings to other polymers.

e Characterisation of the localised properties of the interlayer bond using nano-
indentation for the MEAM process could be useful to further develop an

understanding about the interface between extruded filaments.

e Although interlayer bonding is mainly considered as the most critical aspect
(see e.g. [40, [142]), it would also be interesting to study intralayer bonding
between extruded filaments within a single layer. However, this aspect is
not as critical as Z-direction properties since the print path (perimeters and
infill pattern) can be designed to orient extruded filaments in the direction
of maximum stress, which is not feasible in the Z direction for layer-by-layer

manufacturing.

e In this thesis, the main focus was to precisely characterise the most criti-
cal (weakest) aspect of interfacial bond properties; hence, the tensile test

was selected as the most appropriate testing mode. Nevertheless, other
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mechanical testing methods including flexural, compression, shear, cyclic or
impact could provide further understanding about a wider range of material

behaviours before and during degradation for specific applications.

e Mechanical characterisation is critical for designing new medical implants,
but it may also be of value to characterise a range of other factors. Although
not in scope of this thesis (aimed at investigating anisotropic mechanical
properties), degradation-induced changes in surface texture are interesting
from a medical point of view. The specimens here showed no mesoscale evo-
lution of surface structure or geometry, but future studies could also consider
nano- and/or micro-scale surface features. Additionally, PLA in our research
underwent bulk degradation (no surface erosion), but co-polymerisation with
other polymers or composite materials, or a change in degradation mech-
anism (e.g. enzymatic degradation), could promote surface erosion. Such
a change in degradation kinetics could potentially result in variation of sur-
face texture and geometry over time, consequently affecting the physical and

biological properties such as wettability and cell-adhesion.
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A.1 Print setting

221

For plots that included low, middle and high groupings (Figure 5.11), the values of

speed or retraction /un-retraction for section 2 of the specimen are listed in Tables

Al

Table A.1: Table of printing setting used for Figure 5.11 in Chapter 5.

Printing settings Unit Groupings Value
Low 1.0
Width + speed m.min-1 Middle 20
High 4.5
Low 0.02
Width + retraction mm Middle 0.08
High 0.18
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B.1 Enthalpy relaxation of specimens

Thermal analysis showed that the intensity of enthalpy relaxation for both F and
Z stayed unchanged over 300 days of physical ageing (See Figure B.1).
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Figure B.1: The physical ageing had limited effect on the intensity of enthalpy
relaxation for Z and F specimens. There was no difference between Z and F

specimens.
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B.2 Peak-to-height ratio (PHR) for 50 °C and 65

°C

PHR values for Z and F specimens for band 920 cm™ which corresponded to

crystallisation dynamics showed an increasing trend with degradation times for
both 50 °C (Figure B.2a) and 65 °C (Figure B.2b).
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Figure B.2: Evolution of PHR values for band 920 cm™ for both Z and F degraded
at: (a) 50 °C and (b) 65 °C. No significant difference were found between testing

directions.



