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Abstract

Biodegradable polymer composites fabricated by 3D printing may overcome many of the challenges
associated with permanent non-degradable metals (Ti, stainless steel, Co-Cr) or with biodegradable
polymers (PLA, PLGA, and PCL) and biodegradable metals (Mg, Zn, Fe) by achieving a final

material with synergistic properties for orthopaedic implant applications.

This thesis deals with the development of a filament production process for combining biodegrad-
able polymers and metals through a two-step extrusion process. PLA was combined with Mg or
Zn particles and extruded into filaments with constant diameter and a homogeneous dispersion of
particles, suitable for 3D printing. This strategy was then used to 3D print biocompatible compos-
ites comprised of medical grade PLDL with a 4% volume fraction of Mg or Zn metallic particles.
The addition of Mg and Zn to the PLDL material was able to increase the degradation rate of
PLDL, and reduce the acidity of the PBS environment at 37°C over a 1-year period. The addition
of the particles slightly increased the stiffness, but reduced the strength of the PLDL due to the
stress concentrations around the metallic particles. The composite materials exhibited excellent
biocompatibility properties in terms of the material-cell interactions and cell proliferation. This
study demonstrates that the addition of metallic particles to the polymer matrix can tailor the

degradation properties but does not improve the mechanical properties.

To overcome this latter limitation, a customised FFF 3D printer was developed to incorpo-
rate continuous metallic wires into a polymer matrix. The 3D printer comprised of 4 individual
print heads capable of printing with 4 different materials, one of which was a continuous metallic
wire, while the others could print thermoplastic polymers/composites. Unidirectionally reinforced
PLA/Al wire composites were manufactured with 15% and 25% volume fractions of Al wire. The
composite reinforced with 25% volume fraction of Al wires showed a six-fold increase in elastic
modulus while the strength improved by 63% with respect to the polymeric matrix. Furthermore,
medical grade PLDL composite coupons unidirectionally reinforced with a 15% volume fraction of
Mg wires were manufactured by 3D printing. Mg wires with and without a surface treatment by
plasma electrolytic oxidation were used. The mechanical properties showed a three-fold increase in
the elastic modulus and up to a 80% increase in tensile strength compared to the matrix in air and
at ambient temperature. Excellent interface strength was observed in the composites containing
the Mg wire modified by plasma electrolytic oxidation. The oxide layer on the Mg wires reduced
the degradation rate of the Mg wires and suppressed pitting corrosion. The mechanical proper-
ties of the PLDL matrix in the composite decreased dramatically when tested in water at 37°C
very likely because of the increased chain mobility induced by the disruption of the intermolecular

interactions due to the synergistic contribution of water and temperature.



Finally, a multi-material composite material was fabricated using three print heads on the
customised printer. The coupon consisted of various layers of PLA, PLA reinforced with Mg
particles, and PLA reinforced with Mg wires. This proof-of-concept demonstrates the possibility
to create 3D printed multilayer scaffolds in which the properties of each layer can be tailored to meet
specific requirements in terms of mechanical properties, degradation rate, and cytocompatibility,

opening the path to manufacturing 3D printed multimaterial biomedical devices.



”A mind stretched by a new experience can never go back to its old dimensions.”

Ancient Proverb



Contents

List of Figures

List of Tables

1 Introduction

2

1.1

1.2

1.3
14

Bone . . . .. e
1.1.1 Bome composition . . . . . . ...
1.1.2 Bone types and structure . . . . . . . . ... Lo
1.1.3 Mechanical properties of bone . . . . . . ... .o oL
1.1.4 Bone fractures and healing process . . . . . . . . .. . .. ... ... .. ..
1.1.5 Orthopaedic fixation devices . . . . . . . .. ... ... ... ... ...,
Biodegradable Materials for Orthopaedic Applications . . . . . . . ... ... ...
1.2.1 Biodegradable polymers . . . . . . . ... Lo
1.2.2 Biodegradable metals . . . . . . .. ... .o oo Lo
1.2.3 Bioresorbable bioceramics . . . . . . . ... Lo Lo
1.24 Composites . . . . . . ..
Objectives . . . . . . .
Outline of Thesis . . . . . . . . . o o e

Experimental Techniques

2.1
2.2

2.3

24
2.5
2.6

Filament manufacturing . . . . . . . ... L oL
Mechanical characterisation . . . . . . . ... ... L L Lo
2.2.1 Tensiletests . . . . . . . . L
2.2.2 Compression tests . . . . . . ...
2.2.3 Wire push-out tests . . . . . . ... L o
Thermal properties . . . . . . . . . . e
2.3.1 Differential Scanning Calorimetry . . . . . . . . ... ... ... ... ...,
2.3.2 Thermogravimetric Analysis. . . . . . . .. .. ... L.
2.3.3 Melt-Flow Index . . . . . . .. ..
Degradation tests . . . . . . ...
Molecular weight distribution . . . . . . . .. ... o0 oo
Microstructural characterisation . . . . . . . . . . . . ...
2.6.1 Scanning Electron Microscopy . . . . . . . . . . o e
2.6.2 Energy-Dispersive X-ray Spectroscopy . . . . . . . . . . . ...

xxiii

xXxXii

0O N O B NN ==

O I S SO
= 1 0 ~ N



2.6.3 X-ray computed microtomography . . . .. ... ... . oo 38

2.7 Biological tests . . . . ... L 38
2.7.1 Indirect tests . . . . . . . . 38
2.7.2 Direct tests . . . . . . L 39

Processing of PLA /Mg and PLA /Zn filaments for 3D Printing 41

3.1 Motivation . . . . ... L 41

3.2 Materials . . . . .. 41

3.3 Methods . . . . . . . 43
3.3.1 Filament production . . . . . . . .. ... 43
3.3.2 Filament characterisation . . . . . . . . .. .. ... L. 44
3.3.3 Specimen fabrication and mechanical characterisation . . . ... .. .. .. 45

3.4 Results and Discussion . . . . . . . . . .. L 46
3.4.1 Filament Characterisation . . . . . . . . . . . . .. .. ... .. ....... 46
3.4.2  Physicochemical properties of PLA/Mg and PLA/Zn filaments . . . . . . . 50
3.4.3 Tensile properties of PLA/Mg composites . . . . . .. ... ... .. .... 58
3.4.4 Compressive properties of scaffolds . . . . . . .. ... ... ... ...... 59

3.5 Conclusions . . . . . . . . . e e e e e 67

3D Printing of Medical Grade PLDL/Mg and PLDL/Zn Composites for Or-

thopaedic Applications 69
4.1 Motivation . . . . . . e 69
4.2 Polymer Selection . . . . . . . . .. 69
4.3 Materials . . . . ... 72
4.4 Methods . . . . . . . e 73
4.4.1 Degradation tests . . . . . . . ... Lo 73
4.4.2 Mechanical properties . . . . . . . ... 74
4.4.3 Biological characterisation . . . . . . . .. ... Lo Lo 75
4.44 X-ray computed micro-tomography . . . . .. . ... 77
4.4.5 Statistical Analysis . . . . . . ... L 7
4.5 Results. . . . . o e 7
4.5.1 Degradation rate and degradation mechanisms . . . . .. ... .. ... .. 77
4.5.2 Mechanical behavior . . . . . .. ... L o 81
4.5.3 Cytocompatibility . . . .. . . ... 84
4.5.4 3D printing of scaffolds . . . . .. ... L oo 86
4.6 Discussion . . . . . ... 90
4.7 Conclusions . . . . . . ... 91

3D printing of continuous metal Al wire-reinforced polymer matrix composites 93

5.1
5.2
5.3
5.4

Motivation . . . . . . . . e e 93
Development of Wire Reinforced Filaments . . . . ... ... ... .. ....... 95
Development of a Customised 3D Printer . . . . . ... .. ... ... ... .... 98
Materials and Methods . . . . . . . . . . . ... 101

5.4.1 Materials . . . . . . e 101



5.4.2 3D printing of continuous wire-reinforced composites . . . . . . ... .. .. 101

5.4.3 Mechanical Tests . . . . . . . . . . . ... 104
5.4.4 Scanning Electron Microscopy and X-ray computed micro-tomography . . . 105
5.5 Results and Discussion . . . . . . . . .. L Lo 106
5.5.1  Microstructure . . . . . .. Lo 106
5.5.2 Mechanical properties . . . . . . . ... 109
5.6 Conclusions . . . . . . . . . .. e 114

6 Additively Manufactured Continuous Wire-Reinforced PLDL/Mg Composites 115

6.1 Motivation . . . . . . . . L 115
6.2 Materials . . . . ... e 116
6.3 Methods . . . . . . . . 117
6.3.1 3D printing of medical grade Mg wire-reinforced PLDL composites . . . . . 117
6.3.2 In wvitro degradation tests . . . . . .. .. ... L L 121
6.3.3 Mechanical tests . . . . . . .. L Lo 122
6.3.4 Microstructural Characterisation . . . . . . . .. . ... ... ... ..... 124

6.4 Results and Discussion . . . . . . . . . L L e 125
6.4.1 Microstructure of PLDL+Mg and PLDL+Mg-PEO composites . . . . . . . 125
6.4.2 In vitro degradation of PLDL+Mg and PLDL+Mg-PEO composites . . . 126
6.4.3 Interface strength of PLDL+Mg and PLDL+Mg-PEO composites . . . . . 134
6.4.4 Tensile properties of PLDL, Mg and Mg-PEO wires . . ... ... ... .. 136
6.4.5 Tensile properties of PLDL+Mg and PLDL+Mg-PEO composites . . . . . 137

6.5 3D printing of a multi-material coupon . . . . . . . ... 145
6.6 Conclusions . . . . . . . . . . e 150
7 Conclusions and Future Work 153
7.1 Conclusions . . . . . . . . . e e e 153
7.2 Future Work . . . . . oL 155

References 157



List of Figures

1.1

1.2

1.3

14

1.5

1.6

1.7

1.8

1.9

1.10

1.11

1.12

1.13

Macro-to-micro representation of the structure of bone from left to right. Cortical and
trabecular bone form the internal macroscopic structure. Cortical bone is comprised of
tightly packed osteons with a periosteum membrane. Haversian canals, which supply
the bone with blood and nerve vessels, are surrounded by organised concentric lamellae
structures. The osteocytes reside in very small spaces called lacuna between the lamellae
[10]. .« o 3
(a) Typical tensile stress-strain curves of cortical and trabecular bone. (b) Effect of
porosity on the tensile strength of different types of bone [6]. (c) Stress-strain curves
ob bone in both tension and compression in the longitudinal and transversal directions
[22]. . . 4
Schematic diagram of the bone healing process after fracture. The corresponding bone

healing timelines are also indicated [28]. The bone healing phases are numbered from

(a) Example of a fractured arm where both the radius and ulna have fractured. Plates
and screws internal fixation devices were delivered to stabilise and treat the fracture.
(b) External fixation devices in the case of complex tibial fracture or extensive soft
tissue damage [37, 38]. . . . . ... 6
Internal fixation devices (plates and screws) offered by Stryker. (a) Hand and wrist.
(b) Tibia and femur. (c¢) Foot and ankle. (d) Shoulder, elbow and humeral. (e) Pelvis
and hip (Images obtained from Stryker website) . . . . . . .. .. ... ... . ... 7
Requirements for a bioabsorbable medical devices in terms of its mechanical integrity
over time for orthopaedic applications. . . . . . . .. ... ... oL 8
Schematic of degradation of polymers by surface erosion (hydrophobic polymers) and
bulk erosion (hydrophilic polymers). . . . . . ... ... 9
Chemical synthesis of polyesters (a) PLA, (b) PGA and (c) PLGA. The diagram shows
the monomers followed by the process involving a catalyst and heat in order to turn
them into polymers. . . . . . . . . L 10
Schematic degradation of PLA in contact with water through the breaking of ester bonds. 11
Schematic of the corrosion processes of Mg-based alloys in biological media/tissue [81]. 15
Schematic diagram of the various composite reinforcement types that can be created
[L07]. .« o o 18
Synergistic advantages of combining biodegradable polymers and metals to form a
biodegradable composite. . . . . . ... Lo 19
Schematic diagram of the 3D printing process known as FFF [120]. . . . . . . ... .. 22



1.14

2.1

2.2

2.3

2.4

2.5
2.6

2.7
2.8
2.9
2.10

2.11
2.12

3.1

3.2

3.3
34

3.5

Schematic diagram of the modified print head for manufacturing continuous wire rein-
forced composites by FFF [123]. . . . . . ... ... ... .

Roadmap for the fabrication of 3D printed components from polymer/metal composites.
(1) Microextrusion of the polymer and metallic powder to create an inhomogeneous
filament. (2) Pelletising the inhomogeneous filament. (3) Second extrusion in a precision
filament maker desktop extruder. (4) Design of the component geometry. (5) 3D
printing of the composite part. . . . . . . . ... o
Laser-pulley system part of the 3devo, vital in achieving and maintaining the desired
diameter of the filament. . . . . . . . .. .. L
(a) Schematic diagram of the tensile test machine during a test [141]. (b) Determination
of the strain at the gauge section of a dogbone specimen by digital image correlation
software (DIC). . . . . . . . L
Schematic of the experimental set-up for the tensile tests in water at 37°C An external
water bath and a pump controlled the temperature and the filling/draining of the water
chamber. . . . .. e e e
Schematic diagram of the uniaxial compression tests. . . . . . . . . .. ... ... ...
(a) Schematic diagram of the wire push-out experimental set up. The sample should
have a thickness ¢, twice the diameter of the wire, and a force P is applied perpendicular
to the wire until a push-out is achieved. (b) Experimental setup (¢) Close-up image
of the indenter being positioned above a wire prior to push-out. (d) Typical force wvs.
displacement curve from a fibre push out experiment with indications of the various
stages of the test. . . . . . . . .. L
Typical DSC curves for both semicrystalline and amorphous materials [145]. . . . . . .
Typical TGA curve for polymeric-based materials [146]. . . . . . . ... ... ... ..
Schematic cross-section diagram of a typical MFT test [150]. . . . . . .. .. ... ...

Schematic diagram of the experimental setup used to quantify the volume of hydrogen

gas released by composites containing Mg [89, 152].. . . . . . . . ... ... L.
Indirect tests procedure [157]. . . . . . . . . ..

Direct tests procedure to study the cell-material interaction [157]. . . . ... ... ..

(a) and (b) Secondary electrons SEM images of the Zn-1Mg particles. (c) and (d) EDS
analysis showing the distribution of Zn and Mg in the particles. . . . . . . . . . .. ..
Schematic of the screw inside the barrel in the 3Devo Precision 450 filament maker.
Heaters are shown in their relative positions labelled in HX format where H is heater
and X corresponds to the relative number. . . . . . . .. ...

Model of the FCC scaffold. . . . . . .. .. ... ...
Representative cross sections obtained by X-uCT of PLA /Mg filaments after (a) stan-
dard extrusion and (b) precision extrusion. z stands for the weight fraction of Mg.
Filament diameter was 2.85 mm in allcases. . . . . . . . . .. ... ... ...

Oscillations of the filament diameter along the filament during precision extrusion of a
PLA/5% Mg composite. . . . . . . ... e

25

29

30

31

32
32

33
34
35
36

37
39
40

42

43
46

47



3.6

3.7

3.8

3.9

3.10

3.11

3.12
3.13

3.14

3.15

3.16

3.17

3.18

3.19

Representative cross sections obtained by X-uCT of PLA-x Zn (x in wt.%) filaments
after (a) standard extrusion and (b) precision extrusion. x stands for the wt.% of Zn.
The filament diameter was 2.85 mm in all cases. White regions stand for the Zn particle

while black regions are pores. . . . . . ...

Heat flow curves of PLA/Mg filaments during DSC at a heating rate of 10°C/min.
(a) After standard extrusion. (b) After precision extrusion. (c) Effect of PEG on the
heat flow of PLA /Mg filaments. Glass transition temperature (Ty), cold crystallization

temperature (T¢.), and melting point (7},,) are indicated with dashed lines. . . . . ..

Weight loss as a function of temperature obtained from TGA for the precision extruded

composite containing different weight fractions of Mg particles. . . . . . . . ... ...

Molecular weight distributions of PLA/Mg composites. (a) After standard extrusion.
(b) After precision extrusion. (c) Effect of PEG on the molecular weight distribution
after precision extrusion. (d) Evolution of the average molecular weight with Mg content
after standard and precision extrusion. . . . . . . . . .. ..o
(a) MFT at 190°C of standard extruded and precision extruded PLA /Mg filaments as
a function of the Mg content. (b) MFI at 170°C of precision extruded filaments of
PLA/Mg and PLA/Mg/5%PEG as a function of the Mg content. The MFI range for
printability is marked by the horizontal dashed lines. . . . . . . .. ... ... ... ..

DSC curves during the heating cycle of PLA /Zn filaments at a scanning rate of 10°C/min.

Glass transition (T), cold crystallization (7,.) and melting temperature (7,,,) of pure
PLA are marked with black dashed lines for reference. New emerging peaks in the

PLA/Zn composites are indicated with short red dashed lines. . . ... ... ... ..
Weight loss as a function of temperature during the TGA test in air. . . . . . .. . ..

MW distributions of PLA/Zn composites. (a) After standard extrusion. (b) After
precision extrusion. (¢) Evolution of the number average molecular weight (Mn) with

Zn content after standard and precision extrusion. . . . . ... .. .. ... ... ...

(a) MFT at 190°C of standard extruded and precision extruded PLA/Zn filaments as
a function of the Zn content. (b) MFI at 170°C of precision extruded filaments of
PLA/10.5 wt. % Zn, PLA /14 wt. % Zn and PLA/17.5 wt. % Zn. The MFI printability

range is marked by the horizontal dashed lines. . . . . . . . . ... ... ... .....

(a) Tensile stress-strain curves of dog-bone specimens of pure PLA, PLA-4% Mg and
PLA-4% Mg with 5% PEG deformed parallel to the printing direction. (b) Images of
the specimens after fracture. . . . . . . . . . .. ... ...

Cross-sections fcc scaffolds extracted from the tomograms obtained by X-uCT. (a) PLA.
(b) PLA/4% Mg. (c) PLA/4% Mg/5% PEG. . . . . . . . ... . .. ... ...

Experimental engineering stress-strain curves in compression of PLA, PLA/Mg and
PLA/Mg/PEG FCC scaffolds. . . . . .. ... ... .

(a)-(d) Cross-sections of FCC scaffolds extracted from XCT tomograms. Internal pores

are marked with white arrows. . . . . . . . .. ...

Engineering stress-strain curves in compression of 3D printed scaffolds of PLA and PLA
with 3.5, 7.0 and 10.5 wt. % of Zn. . . . . . . . . . ...

49

52

53

o4

55

o7
58

99

60

61

62

63

64



3.20 Lateral view of the scaffolds. (a) PLA, before testing. (b) PLA, after 10% compressive
strain. (¢) PLA + 7 wt. % Zn, before testing. (d) PLA + 7 wt. % Zn, after 10%

compressive strain. . . . ... Lo Lo

4.1 Indirect cytocompatibility tests to determine the mitochondrial activity after 24 hours.

The horizontal dashed line 70% establishes the cytocompatibility limit. . . . . .. ..

4.2 Cell-material interaction after cell-seeding on the various medical grade polymers and
two control samples (Ti and a control in which the samples were not exposed to any
material) after 24 hours. The green regions indicate the cytoskeleton of the cell, while

the blue regions are the nucleus. . . . . . . . . ... ... L.

4.3 (a) Evolution of the wet mass as a function of the degradation time in DPBS at 37°C.
(b) Evolution of the pH as a function of the degradation time in DPBS at 37°C.

4.4 (a) Evolution of the number average molecular weight (Mn) of PLDL as a function of
the degradation time in DPBS at 37°C. (b) Hydrogen evolution in PLDL+Mg+PEG
as a function of the degradation time in DPBS at 37°C. (¢) PLDL+Mg+PEG coins in
the as-printed (AP) condition and after 14 weeks of degradation (Deg.) . .. ... ..

4.5 (a) Schematic representation of the 3D printing process for a layer of a simple square.
The perimeter is printed first, followed by the infill area. The porosity at the interface
between the perimeters and infill has been exaggerated for demonstration purposes.
(b) Secondary electron image of PLDL+PEG after 16 weeks of immersion in DPBS at
37°C. White arrows indicate regions in which degradation occurred faster, leading to

large porosity. . . . . . . L L

4.6 Detail of a Mg particle in PLDL+Mg+PEG composite. (a) As printed. (b) After 12
weeks in DPBS at 37°C. Mg and O distributions obtained by energy-dispersive X-ray

spectroscopy are plotted along the secondary electron images in each case. . . . . . . .

4.7 Detail of a Zn particle in PLDL+Zn composite. (a) As printed. (b) After 21 weeks
in DPBS at 37°C. Zn and O distributions obtained by energy-dispersive X-ray spec-

troscopy are plotted along the secondary electron images in each case. . . . . . .. ..

4.8 Heat flow during DSC after immersion in DPBS at 37°C during different times. (a)
PLDL+PEG. (b) PLDL4+Mg+PEG. (¢) PLDL+Zn. The black dashed line in each

figure indicates the evolution of Ty with immersion time. . . . . . ... ... ... ...

4.9 Tensile stress-strain curves of PLDL+PEG, PLDL+Mg+PEG and PLDL+Zn in the

as-printed condition. . . . . . .. L L

4.10 Effect of immersion in DPBS at 37°C on the mechanical properties of PLDL+PEG,
PLDL+Mg+PEG and PLDL+Zn. (a) Elastic modulus, E. (b) Tensile strength, o.

4.11 MTT assay results for all 3 materials across all dilutions. The scatter bars represent

66

71

72

78

79

80

81

82

83

84

84

the standard deviation for the three times the experiment was repeated for each material. 85

4.12 Live/Dead images after 6 days of cell cultures under physiological conditions of (a)
PLDL+PEG, (b) PLDL+Mg+PEG, and (¢) PLDL+Zn. Cells that are alive are stained

in green while cells that have died are stained inred. . . . . . . . ... ... ... ...



4.13

4.14

4.15

5.1

5.2

5.3

5.4

5.5

Confocal microscopy images of the direct tests showing cells on the surface of the
samples. (a) Ti control sample after 1 h. (b) PLDL+PEG after 1 h. (c¢) PLDL +
Mg + PEG after 1 h. (d) PLDL + Zn after 1 h. (e) Ti control sample after 24 h. (f)

PLDL + PEG after 24 h. (g) PLDL + Mg + PEG after 24 h. (h) PLDL + Zn after 24 h. 87

Scanning electron microscopy images showing cell attachment after 24 h to the surface
of (a) PLDL+PEG, (b) PLDL+Mg+PEG and (c) PLDL+Zn. Black arrows within the
images indicate the printing lines while white arrows indicate areas where the cell is
spreading. . . . . ...
(a-c) Optical images of the cubic scaffolds with FCC lattice structure of PLDL+PEG,
PLDL+Mg+PEG, and PLDL+Zn, respectively. (d-f) X-ray tomograms showing the
cross-section of the PLDL+PEG, PLDL+Mg+PEG, and PLDL+Zn scaffolds, respec-
tively. Red circles on images (b), (¢) and (e) represent regions where stringing took

place. . . L e e e

1st design iteration of the modified 3devo extruder showing (a) where the panel was
cut to expose the point of exit of the nozzle and make space for a continuous wire to be
introduced to the nozzle via a needle. (b) View of the changes to the standard 3devo
layout. The customised nozzle can be seen with a heating coil attached which was
connected to an external temperature controller. Due to the length of the customised
nozzle, the fans were moved down to cool the filament upon exit as opposed to the
nozzle. The laser/pulley system is also indicated. . . . . . ... .. ... ... ... ..
Due to restrictions with the processing of the 1st iteration, it was decided to make a
permanent change to the internal structure of the 3devo by drilling a hole of 1 mm
through the top of the knee. As seen in the cut section of the knee, the idea was to
introduce the wire through the top of the knee. The polymer flow from the barrel in
combination with the laser/pulley system would pull both the polymer and wire through
the new nozzle that was drilled to create the wire reinforced filament. . . . . . . . ..
(a) Experimental setup showing the wire spool being held directly above the knee to
introduce the wire into the molten polymer before exiting the nozzle. A close-up image
of the knee is also seen where the wire entering the 1 mm hole is shown. (b) The 3devo
setup was returned to its normal layout, the nozzle length was returned to its standard
value and therefore changes in fan height were not necessary. (c) Example of a spool
of filament with an average diameter of 0.5 mm, and containing a continuous metallic
wire of 0.3 mm inside. . . . . . . . ..
(a) Printer in the homed’ condition, all print heads and the tool selector are docked in
position. (b) Tool selector has engaged 'T0’, the polymer print head. (¢) Tool selector
has disengaged the polymer print head and engaged the wire print head 'T2. . . . . .
(a) Front view of the wire print head. It is mainly comprised of an aluminium piece
shaped to allow for the blade to cut the wire. Clamps are used to hold the tubes in
place as the wire passes through them. (b) Side view of the wire print head with the
nozzle and the motor for controlling the blade being shown. (c¢) Detailed view of the
cutting mechanism, can see the clip attached to the blade and the motor. (d) 3D model

of the main housing of the wire print head. . . . . . . .. ... ... ... .......

88

89

96

96

97

98



5.6

5.7

5.8

5.9

5.10

5.11

5.12

5.13

5.14

5.15

5.16
5.17

6.1

Technical drawing of the main housing (Figure 5.5 (d)) of the wire print head with all
of the dimensions for (a) the front view and (b) the side view. It should be noted that

all dimensions are In MM. . . . . . . . . ... e e e e e e e e 100

Simplified schematic diagram of the 3D printer and process for wire reinforced compos-
ites. The simplified version of the printer is comprised of two print heads, one capable
of depositing thermoplastics, and the other one capable of printing continuous metallic
wires. The printing and XY movement of the individual print heads was controlled

through the use of a tool selector. . . . . . . . .. .. .. .. L Lo 101
(a) Schematic of printing strategy for the polymer layers. (b) Schematic of the path

followed by the wire print head during printing of the wire layer. The meandering

pattern is known as the rectilinear infill pattern. Images are not to scale. . . . . . .. 102

Schematic of the breakdown of the layer printing sequence of each coupon of wire-
reinforced polymer. The coupon included five sequences of four polymer layers and one

wire layer. A final layer of polymer was deposited on top. . . . . . .. . ... ... .. 103

Schematic of one of the wire printing sequence in Figure 5.9, showing the path followed
by the wire print head. The wire was embedded into the polymer matrix with the cut
point of the wire indicated with an ’X’, 43 mm from the end of the path. . . ... .. 103

Diagram of the wire push-out experimental set up. First, the sample is cut from the
coupon and then ground down to a thickness ¢, twice the diameter of the wire, and a

force P is applied perpendicular to the wire until a push-out is achieved. . . . . . . . . 106

3D reconstruction by X-ray tomography of the composite containing 15 vol. % of Al
wires. A longitudinal section from the side of the coupon and the top have been cut
to show the alignment of the wires throughout the volume, and the porosity in the
z-direction. The wires (light grey) are very well-aligned while the PLA matrix is shown
in a darker grey and some of the porosity within the polymer matrix is marked with

red arrOWs. . . . . . . e e 107

(a) X-ray tomography cross-section of the composites with 15 vol. % of Al wires . (b)
X-ray tomography cross-section of the composites with 25 vol. % of Al wires . Red

arrows in (a) and (b) indicate porosity within the polymer matrix. . . . ... ... .. 108

Tensile stress-strain curves of PLA, Al wires and PLA reinforced with 15% and 25
vol. % Al wires. The strain in the wires was calculated from the displacement of the

cross-head of the machine and the ductility of the wires was approximately 25%. . . . 110

(a-c) SEM images of the fracture surfaces of the composites tested in tension. (a-c)
PLA + 15% volume fraction of Al wires. (d-f) PLA + 25% volume fraction of Al wires. 111

Load wvs. displacement plots of the wire push-out tests. . . . . . . .. ... ... .... 112

SEM images bottom surface of the thin slices of the composites after the push-out test.
(a-b) PLA + 15% volume fraction of Al wires. (¢c-d) PLA + 25% volume fraction of Al

WITES. .« o v e e e e e e e e s 113

SEM images of the WE43-MEO Mg wires. (a) as-printed Mg wire. (b) Mg wire surface-
modified by PEO. . . . . . . .. 117



6.2

6.3

6.4

6.5
6.6

6.7

6.8

6.9

6.10

6.11

6.12

(a) Rectilinear deposition path used to deposit Al wires in Chapter 5 (b) Concentric
infill geometry provided by the slicing software (¢) New deposition path following a
continuous concentric pattern suitable to deposit Mg wires with a minimum bending

radius of 2 mm. Notice that these images are not toscale. . . . . . .. ... ... ...

(a) Schematic diagram of the point at which the Mg-PEO wire broke during deposition
using the concentric path. (b) The groove created into the brass nozzle by Mg-PEO

wire is indicated by the red arrows. . . . . . . . . ...

Decohesion of the ends of the printer coupon made up of Mg-PEO wire and PLDL from
the build plate as a result of the residual stresses in the wire and of the high adhesion

between the wire and polymer. . . . . . . . . . .. Lo
(a) 3D printed PLDL+Mg coupon. (b) 3D printed PLDL+Mg-PEO coupon. . . . . .

(a) Schematic of the Mg wire-reinforced coupons prepared for tensile testing. (b)
PLDL+Mg coupons with tabs fixed at the ends and the black/white paint applied.
Note the numbers on the tabs correspond to the coupon number and ’t’ means top
while b’ means bottom. The letters were placed to keep track of the geometry of the

coupon after the fracture took place. . . . . . . . ... ... ... ... .. .. ...

Diagram of the wire push-out experimental set up. First, the sample is cut from the
coupon and then ground down to a thickness ¢, twice the diameter of the wire, and a

force P is applied perpendicular to the wire until a push-out is achieved. . . . . . . . .

(a) X-ray tomography section of the PLDL+Mg composite perpendicular to the wires.
(b) X-ray tomography section of the PLDL+Mg-PEO composite perpendicular to the
wires. The Mg wires appear as white circles in both samples, while the PLDL is grey.
The dark grey/black regions correspond to the porosity within the samples. They are
indicated by red arrows in both (a) and (b). The oxide coating on the Mg wires is too

thin to appear in the tomograms of (b). . . . . . ... . ... ... . . ...

(a) Mass change in the composites as a function of immersion time in PBS at 37°C. (b)

Idem for pH in the solution. . . . . . . . . . . . . . ...

(a) Volume of hydrogen released (normalised with respect to the nominal surface area
of the Mg wires) as a function of immersion time in PBS at 37°C for both composite
materials. The results from Ali et al. [86] are also plotted for comparision. (b) Optical
micrographs of the cross-section of the Mg wires in PLDL+Mg and PLDL+Mg-PEO
composites after 3 weeks of immersion. The dashed-circles in blue and green show the

original cross-section of the wire before degradation. . . . . ... ... ... ... ...

(a) Low magnification and (b) high magnification SEM images of the wire/matrix in-
terface in as-printed PLDL+Mg composite. The small gap at the interface between the
matrix and wire is indicated with a red arrow. The images at the bottom show the
distribution of Mg (in the wire) and of O (in the PLDL) in (b) obtained by energy
dispersive X-ray SPeCtrOSCOPY. « « « v v v v v v e e e e e e e e e e e e e e
(a) Low magnification and (b) high magnification SEM images of the wire/matrix inter-
face in PLDL+Mg composite after 3 weeks of immersion in PBS at 37°C. The images at
the bottom show the distribution of Mg, O and C in (b) obtained by energy dispersive
X-Tay SPECETOSCOPY. « « v v v v v v e e e e e e e e e e e e e e e

120

120

121
121

123

124

126

127

128

130



6.13

6.14

6.15

6.16

6.17

6.18

6.19

6.20

6.21

6.22

6.23

6.24

6.25

6.26
6.27

SEM image of the oxide layer around the Mg wire after 3 weeks of immersion in PBS
at 37°C. The corresponding Mg and O distribution maps obtained by energy dispersive

X-ray spectroscopy are also included. . . . . . . ... oo L Lo 131

(a) Low magnification and (b) high magnification SEM images of the wire/matrix in-
terface in the as-printed PLDL+Mg-PEO composite. The images at the bottom show
the distribution of P, Mg, O and C in (b) obtained by energy dispersive X-ray spec-
troscopy. The PEO coating has been highlighted with green arrows in (b) and its

presence is confirmed by the elemental mapping showing the presence of P and O. . . 132

(a) Low magnification and (b) high magnification SEM images of the PLDL+Mg-PEO
interface after degradation for a period of 3 weeks in PBS at 37°C. The images at the
bottom show the distribution of P, Mg, O and C in (b) obtained by energy dispersive
X-ray spectroscopy. The presence of Mg identifies the wire, while the combination of
O and C stands for the PLDL matrix. P can be found in the oxide layer. . . . .. .. 133

Load wvs. displacement curves of the wire push-out tests. (a) PLDL+Mg composites
in the as-printed and degraded condition. (b) PLDL+Mg-PEO composites in the as-
printed and degraded condition. . . . . .. ... L L oL 134

SEM images of the wire push-out test of both composite materials in the as-printed
condition. (a-b) PLDL+Mg and (c-d) PLDL+Mg-PEO. . . . . ... ... ... .... 136

SEM images of the wire push-out test of both composite materials in the degraded
condition. (a-b) PLDL+Mg, and (c-d) PLDL4+Mg-PEO. . . . . . . ... ... ... .. 137

Tensile stress-strain curves of the PLDL+Mg composite tested in ”dry”, "immersed”
and "degraded” conditions. (AP means As Printed, while Deg means Degraded) . . . 138

Optical images of the broken tensile specimens PLDL+Mg in the (a) ’dry’ condition

(b)” immersed’ condition and (c¢) ’degraded’ condition. . . . . .. ... ... ... 140

Colour coded SEM images of the fracture surfaces of the PLDL+Mg coupons under var-
ious loading conditions. (a-c) 'Dry’ condition highlighted in light blue. (d-f) 'ITmmersed’
condition highlighted in red. (g-i) 'Degraded’ condition highlighted in black. . . . . . . 141

Tensile stress-strain curves of the PLDL+Mg composite tested in ”dry”, "immersed”
and "degraded” conditions. . . . . . .. ... Lo 142
Optical images of the post-tensile test specimens for the PLDL+Mg-PEO material in
the (a) 'dry’ condition (b) ’immersed’ condition and (c) 'degraded’ condition. . . . . . 143
Colour coded SEM images of the fracture surfaces of the PLDL+Mg-PEO coupons
under various loading conditions. (a-c) 'Dry’ condition highlighted in light blue. (d-f)
'ITmmersed’ condition highlighted in red. (g-i) 'Degraded’ condition highlighted in black. 145

Schematic of the multi-material coupon designed to be printed with layers consisting of

standard PLA, powder reinforcement, and continuous wire reinforcement. . . . . . . . 146
Top and bottom surfaces of the multi-material coupon manufactured by FFF. . . . . . 147
(a-c) Optical microscope images of a cross-section of the multi-material composite,
showing the different material layers. The scale bar in (a) was the same that in (b) and
(¢). (d) High-contrast optical microscope image showing the various layers of materials

in the cross-section of the multi-material composite. . . . . . . . . .. ... ... ... 148



6.28 SEM and EDS images of the cross-section of the multi-material composite. The SEM
image has been labelled to identify the different layers. EDS images confirm the location
of the Mg wires as well as of the Mg particles, while the O and C indicated the location
of the PLA matrix. . . . . . . . . . . 149

7.1 Multi-material implant comprised of wire-reinforced layers in the area of the cortical

bone and a powder reinforced scaffold to aid in the regeneration of the trabecular bone. 156



List of Tables

1.1 Commercially available biodegradable orthopaedic devices. . . . . .. ... ... ...
1.2 Mechanical properties and degradation time of bioabsorbable polymers. . . . . . . ..
1.3 Summary of various biodegradable metals. . . . . . . .. ... oo
1.4 Biodegradable devices from composite materials currently on the market . . . . . . . .

1.5 Literature review of relevant composite materials, their manufacturing processes and

their effect on mechanical properties of the matrix material. . . . . . . ... ... ...

3.1 Individual heater temperatures in the 3devo for PLA /Mg filaments. . . .. ... ...
3.2 Individual heater temperatures in the 3devo for PLA/Zn filaments. . . . . . . . . . ..

3.3 Pore volume fraction (in %) in PLA /Mg filaments processed by standard and precision

extIUuSION. . . . . . . . e e e

3.4 Pore volume fraction (in %) in PLA/Zn filaments processed by standard and precision

extrusion. . . . . . .. e
3.5 Tensile properties of the PLA/Mg 3D printed dogbone specimens . . . . . . ... ...
3.6 Compression properties of the PLA /Mg 3D printed scaffolds . . . ... .. ... ...
3.7 Compression properties of the PLA/Zn 3D printed scaffolds . . . . .. ... ... ...

4.1 Physical properties associated with various polymer families from Corbion. Data pro-
vided by Corbion B.V., The Netherlands. . . . . .. .. .. ... ... ... ....

4.2 List of the five materials that were provided to undergo further testing before deciding

which of the polymers would be used to continue work in the thesis studies. . . . . . .
4.3 Temperature distribution across the individual heaters in the 3devo precision extruder

4.4 FElastic modulus (E) and tensile strength (o,) in the as-printed condition . . . .. ..

5.1 Printing parameters for manufacturing continuous Al wire-reinforced PLA-matrix com-

posites. The explanation of the parameters is indicated in Figures 5.9(a) and 5.8. . . .

5.2  Printing parameters for manufacturing continuous Al wire-reinforced PLA-matrix com-

POSItes. . . e

5.3 Elastic modulus (E), the tensile strength (o), and the theoretical values for the mod-
ulus are represented by FE;. Additionally the shear strength obtained from the wire
push-out tests, is represented by 7. . . . . . . ..o o

6.1 Temperature distribution across the individual heaters in the 3devo precision extruder

xxxii

24

44
44

48

50
o8
61
63

70

71
73
82

104

104

109

117



6.2

6.3

6.4

6.5

6.6

6.7

Printing parameters for manufacturing PLDL+Mg and PLDL+Mg+PEO wire-reinforced
composites. The explanation of the parameters is indicated in Chapter 5 in Figures 5.9
and 5.8. . . L L e e e
Printing parameters for manufacturing PLDL+Mg and PLDL+Mg+PEO wire-reinforced
composites. PEG was included in all materials to aid in processability. . . . . . . . ..
Interface strength shear of the PLDL+Mg and PLDL+Mg-PEO composites in the as-
printed (AsP) and degraded conditions. . . . . . ... ... L L.
Elastic modulus, E, tensile strength, o, and train-to-failure, €5 of PLDL and of the Mg
wires with and without PEO surface modification. . . . . . ... ... ... ... ...
Mechanical properties for the PLDL+Mg material. Elastic modulus and theoretical
modulus values are represented by (E), and Ey, respectively. The tensile strength is
represented by (o), while the strain to failure is represented by e;.. . . . . .. .. ..
Mechanical properties for the PLDL+Mg-PEO material. Elastic modulus and theoret-
ical modulus values are represented by (F), and Ei, respectively. The tensile strength

is represented by (o), while the strain to failure is represented by e;. . . . . . . . ..

119

135

137

138






Introduction

1.1 Bone

Bones serve multifaceted roles within the human body, encompassing critical functions that col-
lectively contribute to the organism’s overall health and functionality. Primarily, bones offer vital
support by serving as the foundational framework that preserves the body’s structural integrity and
bears the substantial loads exerted by muscles and organs. Additionally, they act as a protective
barrier, shielding crucial organs like the brain, heart, lungs, and spinal cord, thereby safeguarding
these essential components from external harm. Moreover, bones play an indispensable role in
facilitating movement, as they provide attachment sites for muscles via tendons. When muscles
contract, they exert force on these attachments, resulting in coordinated bodily motion. Beyond
structural and mechanical functions, bones house red bone marrow, which serves as a prolific site
for hematopoiesis, the process of generating red blood cells, white blood cells, and platelets. Fur-
thermore, bones serve as reservoirs for essential minerals, particularly calcium and phosphorus,
which can be mobilised into the bloodstream as needed to support a diverse array of physiological
functions. Lastly, bones actively contribute to metabolic regulation, modulating calcium levels in
the bloodstream to maintain the delicate balance of calcium homeostasis, which is vital for numer-
ous cellular processes and overall bodily health. Collectively, these roles underscore the profound
significance of bones in sustaining human health and well-being. A breakdown of bone in terms of
its composition, structure, mechanical properties, and fracture/healing mechanisms is provided to

understand the scope and objectives of this thesis.

1.1.1 Bone composition

Bones are made up of a number of components such as minerals, organic matrix, and bone
cells. Bone is comprised of the mineral phase, primarily made up of 60-70% of hydroxyapatite
(Ca19(PO4)6(0OH)2), a type of calcium phosphate; 20-30% of organic matrix in the form of pro-
teins (primarily collagen type I), and up to 10% of water. The actual proportions depend on the
bone type and region [1, 2, 3]. The mineral phase is responsible for the stiffness of the tissue
[4, 5], and it is arranged in the form of plate- or rod-like nano-crystals [6, 7, 8, 9]. Collagen type
I represents the major structural component of bone and provides the strength and toughness
[1, 6, 7]. It is made by the agglomeration of collagen fibrils that are constituted by triple helical

arrangement of amino acid chains and serves as a framework for the nucleation of hydroxyapatite
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mineral crystals to form the bone [2, 10]. Collagen is not only present in bones but also in tendons

and ligaments [6].

A number of bone cells are found in the bone composition, which are responsible for bone
homeostasis [11]. There are three cell types which are responsible for the modeling and remodeling
of bone. (i) Osteoblasts, a bone forming cell, which convert into (ii) osteocytes when enriched in
minerals and mature. They reside in the lamellae and sense when the bone is damaged (Figure
1.1). Finally, bone-destroying (iii) osteoclasts which cleave away at old bone cells to allow for new
bone formation [7, 12, 13].

1.1.2 Bone types and structure

Bones can be classified into five types; long bones, short bones, flat bones, irregular bones and
sesamoid bones [14]. From the viewpoint of the bone structure, there are two types of bone,
namely cortical (compact) bone and trabecular bone, also referred to as cancellous or spongy bone
[3, 7, 12, 13, 14].

Cortical bone is the dense, calcified bone that forms the outermost layer, a shell-like structure
that surrounds the marrow cavity and comprises 80% of the skeleton [3, 14]. In terms of bone
remodelling, cortical bone has a slow turnover rate, in the form of cleavage of old bone and
deposition of new bone [3]. It is made up of concentric ring structures at a micro-level, called
lamellae. Haversian canals are found within these lamellae and supply the bone with blood vessels
and nerves [14] (Figure 1.1) [3, 12, 14].

Trabecular bone fills the interior of long bones, the metaphyseal region of long bones, and the
epiphyseal ends of bones. It stands for 20% of skeletal mass, but accounts for 80% of the bone
surface area due to its interconnected porous architecture (trabeculae) separated by marrow spaces
[3, 14]. The bone marrow is found in the unoccupied cavities of the trabecular bone, and these
cavities are lined with the endosteum at the interface between the marrow and the bone (Figure
1.1) [10]. It is less dense and has a much higher remodeling rate (26% volume per year) than cortical
bone (3% volume per year), thereby demonstrating a major metabolic function. Trabecular bone
contributes to mechanical support in bones such as the vertebrae and provides initial mineral

supplies in states of acute deficiency [3, 14].

1.1.3 Mechanical properties of bone

The mechanical properties of bone depend on a number of factors such as anatomical location,
structure, gender, age, and race [5, 15, 16]. In general, the mechanical properties encompass
remarkable strength, stiffness, and hardness, rendering bones capable of withstanding compressive,
tensile, and shear forces while safeguarding the body’s structural integrity [17]. Cortical bone is
known to be much stiffer and stronger than trabecular bone (Figure 1.2 (a)) and one study reported
that trabecular bone contributed <10% to the tensile strength of the femoral neck [18]. The higher
strength associated with cortical bone can be attributed to the lower turnover rate and therefore

greater mineralisation compared to trabecular bone [19].

In relation to the affect of age and sex on the mechanical properties of bone, Mosekilde et

al.[20] were able to show an age-related decrease in bone density within the vertebrae of up to 50%
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Figure 1.1: Macro-to-micro representation of the structure of bone from left to right. Cortical and
trabecular bone form the internal macroscopic structure. Cortical bone is comprised of tightly
packed osteons with a periosteum membrane. Haversian canals, which supply the bone with blood
and nerve vessels, are surrounded by organised concentric lamellae structures. The osteocytes
reside in very small spaces called lacuna between the lamellae [10].

from the age of 20 to 80. This reduction in density also led to a dramatic reduction in strength
(Figure 1.2 (b)). Women undergo higher levels (up to 50%) of bone mass loss and strength over
their lifespan in comparison to men. These loss in bone mass and strength are driven by a loss
of mechanosensitivity correlated with a loss of oestrogen, especially in the postmenopause stage,

leading to osteoporosis [21].

At a microscopic level, the mechanical properties of bone depend on the density, mineralisation,
osteon orientation, and the composition of the bone with respect to the ratio of collagen to hydrox-
yapatite. Bones are anisotropic materials and their mechanical properties depend on the loading
direction: they are stronger in the longitudinal direction compared to the transverse direction, as
shown in Figure 1.2 (c) [6, 20, 22].

The elastic modulus for human cortical bone in the femur is reported as 17 + 3 GPa, while
the tensile strength is the 160+12 MPa [23]. However, different experimental reports have shown
a large variability (elastic modulus of cortical bone as high as 27 GPa and as low as 10 GPa were
measured [24]). In general, cortical bone is stiffer and stronger than trabecular bone but more
brittle, and fails at approximately 3% tensile strain, while trabecular bone can reach 25% strain.
The elastic modulus of trabecular bone is around 8 GPa for the human vertebra and up to 12 GPa
in the femoral neck according to nanoindentation tests in the wet condition of the bone (fresh)
[16, 19]. It should be noted that nanoindentation tends to overestimate the elastic modulus. The
tensile strength of trabecular bone is in the range from 2 MPa in the vertebrae up to 7 MPa in the

femoral bone, while other reports indicate values of up to 50 MPa [19, 24].
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Figure 1.2: (a) Typical tensile stress-strain curves of cortical and trabecular bone. (b) Effect of
porosity on the tensile strength of different types of bone [6]. (c) Stress-strain curves ob bone in
both tension and compression in the longitudinal and transversal directions [22].

1.1.4 Bone fractures and healing process

Bone fractures were often life-threatening injuries until the beginning of the 20th century. There
was a high prevalence of amputations carried out and, even in the event of a fracture healing, the
incidence of deformity and loss of function was high [25]. More than 28 million orthopaedic surgeries
were carried out annually according to a 2019 report, and this number expected to increase because
of the aging of the population [26]. It has been shown that there is a significant correlation between
the elderly age of the population and the number of orthopaedic injuries such as fractures. More
recently the Centre for Disease Control and Prevention in the U.S. indicated that approximately
half of the patients that suffered orthopaedic fractures were over the age of 65. It is also estimated
that the elderly population of the world will increase by 2 billion in 2050 hence the market for

orthopaedics is expected to grow accordingly [25].

There are two main mechanisms of bone fracture. The first one is driven by accidental loads

that lead to mechanical stresses higher than the bone strength resulting in a traumatic fracture
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[27]. The second mechanism is creep or fatigue which can result in what are referred to as stress
fractures. Stress fractures are caused when the bone is subjected to constant and/or cyclic loads
for long periods of time which cause microdamage in the form of microcracks. If the accumulation
of microdamage is faster than the rate at which the bone can heal through remodelling, it results

in a macrocrack or fracture.
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Figure 1.3: Schematic diagram of the bone healing process after fracture. The corresponding bone
healing timelines are also indicated [28]. The bone healing phases are numbered from 1 to 4.

Stress fractures are termed highly stable compressed fractures that heal by direct remodelling
across the fracture line with minimal callus formation. They are common injuries in athletes, affect-
ing children, adolescents, and adults at all levels of training [29]. In general, fractures heal through
a combination of intramembranous and endochondral ossification. Intramembranous ossification
occurs internally to the periosteum through the formation of a hard callus, while endochondral
bone formation starts external to the periosteum, adjacent to the fracture site, in the regions
with lower mechanical stability. The repair process consists of four phases that overlap (Figure
1.3) [30]: (1) there is an immediate inflammatory response after the fracture, which leads to the
recruitment of mesenchymal stem cells (MSCs) which differentiate (2) into chondrocytes and os-
teoblasts capable of creating cartilage and bone, respectively [29]. (3) Once the cartilage matrix is
produced, it transitions from mineralised cartilage to bone and this primary bone formation is fol-
lowed by remodelling. During this phase, the original bony callus is reshaped through resorption,
followed by secondary bone formation (4), which is composed of continuous remodelling coupled
with osteoblast activity and the establishment of the bone marrow. This sequence of events aims
to reestablish the functional load-bearing anatomical structure [30, 31]. It is also worth noting
the timeline for this sequence of events. The inflammatory response is immediate and lasts up to
7 days, the formation of the haematoma, the differentiation into cartilage and subsequent bone
(phases 2 and 3), can take from 3-6 months, while the final phase of remodelling is in the order of

magnitude of years [32].
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1.1.5 Orthopaedic fixation devices

There are a number of clinical indications for the use of orthopaedic fixation devices: fractures
(small/long bone, open or closed, transverse or longitudinal), soft tissue fixations (cruciate/medial
ligament repairs, rotator cuff repairs, meniscal repairs, biceps and shoulder repairs), osteotomies
(surgical removal of part of the bone to correct an abnormality caused by variable growth of paired
bones, limb length discrepancies, torsional deformities), and arthrodesis (fusion of bone forming
joints in the ankle, wrist, and spine) [33, 34, 35]. The goal of fixation devices is to treat and
stabilise the fracture with techniques that result in complete healing and recovery of the bone(s)

with little to no morbidity after surgery.

Open Reduction Internal Fixation (ORIF) surgeries are carried out when the simple cast/splint
method (closed reduction) will not work, or the critical defect size has been reached (=~ 2 cm),
hence further intervention is required. ORIF surgeries use a series/combination of plates, screws,
or rods/wires to induce fracture healing in bones (Figure 1.4(a)). The primary function of the
devices is to stabilise fractured bone fragments by immobilisation, or torn soft tissue by holding
replaced soft tissue over the bone to allow for fast healing. Bone screws are the most commonly

used orthopaedic fixation device [25, 33].

External fixation devices are used to hold individual bone fragments in place using wires or
pins attached to an external frame. They are used in patients that are suffering from multiple
injuries which require rapid application and in patients which experience severe soft-tissue injury
or contamination associated with the fracture. Therefore, surgical trauma is minimised, while also
providing the surgeon with control over the flexibility of the fixation [25, 36]. External fixators are
made of pins or wires that are placed percutaneously in the bone above and below the fracture

site and are connected via clamps to external fixation rods [36] (Figure 1.4(b)).

(a) (b)

Fractured Fra;tured
Arm (Radius — Tibia
and Ulna)

Internal - TR
Fixation -
(Plates and External

Screws) Fixator e

Figure 1.4: (a) Example of a fractured arm where both the radius and ulna have fractured. Plates
and screws internal fixation devices were delivered to stabilise and treat the fracture. (b) External
fixation devices in the case of complex tibial fracture or extensive soft tissue damage [37, 38].

The current materials most commonly used in internal fixation devices are metals, either Ti,
stainless steel, or Co-Cr alloys, and several commercially available devices can be seen in Figure
1.5. These materials are very strong and durable but there are a number of problems associated

with their use, namely stress shielding, toxic/carcinogenic corrosion products, and the need for a
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second surgery to remove the device after it has served its purpose. For instance, in Germany in
2010, there were 180,000 surgeries to remove the fixation devices used to heal the bone, either due
to complications or due to the device reaching the end of its life [39]. Implant removal is subject to
the risks associated with any surgery such as infection, in addition to injury to soft tissues and the
risk of re-fracturing the bone on removal. Morbidity from the second surgery, time, and financial
costs also add to the disadvantages of a second surgery to remove the implant [25, 40]. Fixed
metallic implants removal is one of the most common elective orthopaedic surgeries in industrial
countries and accounts for approximately 5% of all orthopaedic surgeries. Additionally, the cost
of these surgeries is estimated to be €1.6 Bn annually [41]. Therefore, these problems led to the

exploration of biodegradable materials for these devices.

(c)

:«". 23 $A
/. v

A f

Figure 1.5: Internal fixation devices (plates and screws) offered by Stryker. (a) Hand and wrist.
(b) Tibia and femur. (c) Foot and ankle. (d) Shoulder, elbow and humeral. (e) Pelvis and hip
(Images obtained from Stryker website)

1.2 Biodegradable Materials for Orthopaedic Applications

In orthopaedic fixation, non-degradable materials like metals (stainless steel, titanium, cobalt-
chromium alloys), ceramics, polymers, and composites are common. Metals, although popular in
biomedical applications, have drawbacks like potential release of toxic ions and mismatched elastic
moduli, causing stress shielding. Ceramics offer biocompatibility and strength, but they are brittle
and amenable of catastrophic failures. Polymers are biocompatible, customisable, and easy to work
with but have limited mechanical properties, particularly for orthopaedic applications. Composites
may provide balanced properties, but manufacturing of biomedical implants and scaffolds in more
challenging [40, 42, 43, 44, 45, 46] and, in addition, the composition and microstructure has to
be tailored to meet the mechanical requirements and to avoid any unfavourable response from the
host tissue [46].

It is more desirable that orthopaedic fixation implants used to repair serious bone fractures (such
as screws, plates, and bone scaffolds) are made up of materials that degrade over time while allowing
the bone to heal, especially considering that hard tissue repair takes approximately 12 weeks [47].

The use of biodegradable materials will eliminate the need for a second surgery to remove temporary

7
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implants after the bone has healed, thereby reducing patient financial costs in addition to patient
morbidity [47, 48]. However, biodegradable materials possess additional criteria that must be met
as outlined by Nair et al. [49]; The degradation time should be parallel to the regeneration time of
the tissue (see Figure 1.6), and the degradation products should be nontoxic and have the ability to
be metabolised and excreted from the body. The concept of employing biodegradable materials for
temporary applications, where they fulfil their intended function and are subsequently naturally
degraded, metabolised, and excreted from the body, is indeed a promising one. This approach has
significant potential, particularly in the context of paediatric fractures, where permanent metal
implants could potentially inhibit bone growth [40, 47, 49, 50, 51, 52].

Implant
Mechanical

Integrity 4 Natural Bone

Implant: Maintain
Mechanical
Integrity for 8-12

weeks /

Time

Figure 1.6: Requirements for a bioabsorbable medical devices in terms of its mechanical integrity
over time for orthopaedic applications.

It is very common to use terms such as "biodegradable”, "bioabsorbable”, and "bioresorbable”
interchangeably but they should be defined to avoid confusion. Biodegradable refers to the gradual
breakdown of materials, either by biological processes in the body or by corrosion in the case of
biodegradable metals, with no remaining implant residues. Bioabsorbable describes the material’s
ability to degrade in the body and then be metabolised or assimilated by cells or tissues in the body.
Bioresorbable refers to a material or device that is completely eliminated or bioassimilated through
natural pathways. It effectively means that the implant material, and the degradation of the by-
products takes place with no residual side effects [53, 54, 55]. In summary, all bioabsorbable and
bioresorbable materials are biodegradable, but not all biodegradable materials are bioabsorbable

or bioresorbable.

1.2.1 Biodegradable polymers

In recent years, there has been a growing demand for biodegradable polymers in medical applica-
tions, including temporary prostheses, implants, tissue scaffolds, and drug-eluting devices. These
polymers fall into two main categories: natural and synthetic. Natural polymers, such as collagen,

fibrin, and elastin, originate from living organisms, whereas synthetic polymers, such as polyesters
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(polylactide, polyglycolide), polycaprolactone, and polyanhydrides, are man-made. Synthetic poly-
mers are generally bioinert, do not cause adverse reactions in biological tissue, and offer more con-
sistent properties and batch-to-batch similarity compared with natural polymers. They also allow
for adjustable strength and degradation rates through the synthesis process. Polyglycolic Acid
(PGA) was among the earliest synthetic biodegradable polymers used for biodegradable sutures
in the late 1960s. However, PGA was found to degrade too quickly for orthopaedic applications,

resulting in acid accumulation near the implant and leading to local inflammation [49, 56, 57].

The degradation of biodegradable polymers falls into two primary modes based on the type
of polymer: hydrophilic or hydrophobic. Hydrophilic polymers are permeable to water, whereas
hydrophobic polymers are impermeable. Degradation within these categories can be classed as bulk
erosion (involving inhomogeneous cleavage of ester bonds) or surface erosion (gradual and uniform
breakdown from the outer surface) for hydrophilic and hydrophobic polymers, respectively (see
Figure 1.7) [58, 59].

Surface
Erosion N §f 1 =
Degradation Time
Bulk
Erosion '

Figure 1.7: Schematic of degradation of polymers by surface erosion (hydrophobic polymers) and
bulk erosion (hydrophilic polymers).

Polyesters

Poly(a-esters) are very popular for biodegradable orthopaedic devices, such as screws and plates,
and are primarily used in orthopaedic maxillofacial surgeries [60]. PLA, PGA, and their co-polymer
Polylactic-co-glycolic acid (PLGA) are aliphatic polyesters, which are hydrolytically degradable.
The synthesis of these polymers is achieved through ring opening polymerisation, a chemical re-

action that involves the polymerisation of cyclic glycolide or lactide diester, and catalysts such as
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antimony, zinc, or lead [49, 51, 52, 56]. This process is depicted in Figure 1.8.
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Figure 1.8: Chemical synthesis of polyesters (a) PLA, (b) PGA and (c) PLGA. The diagram shows
the monomers followed by the process involving a catalyst and heat in order to turn them into
polymers.

PLA is an aliphatic polyester that occurs naturally in various sources like wheat, rice bran,
potato starch, and corn [51]. It finds extensive use in biomedical applications due to its exceptional
biocompatibility, biodegradability, and renewability [51]. Upon exposure to biological media or
water, PLA initiates a rapid degradation process through the hydrolysis of its ester backbone.
This degradation is frequently heterogeneous and can result in bulk erosion [49]. The hydrolysis
of PLA leads to the production of lactic acid, oligomers, and other water-soluble products, which

are subsequently broken down into water and COy (Figure 1.9) [51].

The mechanical properties and degradation rate of PLA and other polymers are influenced by
several factors such as molecular weight, crystallinity, hydrophilicity or hydrophobicity, polydisper-
sity, chemical stability, additives, implant geometry, implant condition, and processing route [51].
Generally, PLA experiences mass loss after approximately 2 years in physiological environments,
though this can vary depending on factors such as the chirality. PLA can exist in two forms,
L-lactide and D-lactide, representing variations in the chiral molecule or optical isomer [49, 56].
L-lactide is the naturally occurring isomer, while DL-lactide is a synthetic blend of D-lactide
and L-lactide. The semi-crystalline L-lactide homopolymer (PLLA) is a common form of PLA
that presents relatively high mechanical properties and long degradation time. Poly(LD-lactide)

(PLDL) also features a semicrystalline structure, the extent of which depends on the L-isomer to
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D-isomer ratio. This polymer demonstrates slightly lower mechanical properties and faster degra-
dation rate in comparison with PLLA [61]. Notably, the mechanical properties and degradation
time correlate with the L-isomer ratio, with higher ratios resulting in increased mechanical prop-
erties and longer degradation times. Poly(DL-lactide) (PDLLA) is an amorphous polymer with a
random distribution of both isomeric forms of lactic acid that hinders crystallization. PDLLA is
associated with lower mechanical properties, higher elongation, and rapid degradation, making it
advantageous for drug delivery applications. The degradation time associated with PLLA is much
slower than that of PDLLA, and it has been reported that PLLA can take more than 2 years in
vivo to completely absorb [56, 61].

H,0

CH,; /' CH; CH, CH,
| v H,O | [

Il Il
H O H O H O H O

Figure 1.9: Schematic degradation of PLA in contact with water through the breaking of ester
bonds.

PGA is a highly crystalline polymer (45-55%), resulting in high tensile strength and low solu-
bility in organic solvents. Despite its low solubility, PGA has been shaped into various forms and
structures through extrusion, injection moulding, solvent casting, and particle leaching [49, 62].
Extensive research has been conducted on PGA over the years, revealing its excellent mechanical
properties for particular applications. In particular, PGA has been explored for bone fixation
devices due to its initial high mechanical properties in vivo [49]. Regarding degradation, PGA
undergoes a very similar process to PLA, characterised by bulk erosion. PGA is known to lose its
strength in 1-2 months and its mass in 12 months [49]. Polyglycolides in the body break down into
glycine, which can be excreted in the urine or converted into carbon dioxide and water through
the citric acid cycle. The advantages associated with PGA are also linked to its disadvantages.
PGA degrades rapidly, which has been associated with unwanted inflammatory responses due to
an influx of acid by-products from its degradation [49, 56].

The copolymer of PLA and PGA is referred to as Poly(lactic-co-glycolic) acid (PLGA). Exten-
sive research efforts have been dedicated to Poly(lactic-co-glycolic acid) (PLGA) over the years.
The specific ratio of PLA to PGA can be customised to achieve particular material properties
and degradation rates. In practice, a higher proportion of PLA is often incorporated to enhance

degradation rate.

Polycaprolactone

Polycaprolactone (PCL) is a semicrystalline polyester synthesised by ring opening polymerisation
of a monomeric unit ‘e-caprolactone’. PCL is easily processable because it can be dissolved in a
large number of organic solvents, has a relatively low melting temperature (55-60°C) and a glass
transition temperature of -60°C [49]. PCL undergoes hydrolytic degradation similar to PLA, PGA,
and PLGA. However, the degradation in physiological fluids is rather slow (2-3 years). The long
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degradation time and high permeability initially led researchers to investigate PCL for long-term
drug delivery applications such as the contraceptive device Capronor®, which has been developed
for long-term release of the drug Levonorgestrel [49]. PCL has low strength but the elongation to
fracture is extremely high (up to 700%) [62].

Biodegradable polymer devices for orthopaedic applications

There are a number of companies which have started to offer orthopaedic fixation devices made
up of bioabsorbable materials. These devices are intended for paediatric or adult patients in non-
load bearing tissues mainly for craniomaxillofacial applications. DePuy Synthes use PLGA (85:15)
in their entire Rapidsorb® line and are confident that their products are fully resorbed in 12 months

(Johnson and Johnson medical devices).

In recent years, caution has been taken in the area of biodegradable devices since the urgent
recall of the Abbott ABSORB® coronary stent in 2017 due to significant adverse reactions such as
myocardial infarction [69]. This major event led to many questions being asked surrounding the
efficacy and suitability of bioabsorbable devices. Lopez et al. [70] reported after a systematic and
comprehensive review into the use of bioabsorbable plating systems in paediatric craniomaxillofacial
surgeries, that these plates were relatively safe and presented low-risk to adverse events. A list of

biodegradable polymer orthopaedic devices can be seen in Table 1.1.

Biodegradable polymers summary
The properties of the most common bioabsorbable polymers are depicted in Table 1.2. It is
important to note that degradation time within this table indicates the time for complete mass

loss and refers to the raw material before processing, which may affect the degradation times.

1.2.2 Biodegradable metals

Metals have always played and will continue to play a central role in biomedical engineering,
particularly in cardiovascular and orthopaedic applications for tissue repair or replacement. Their
excellent mechanical properties, including strength and fracture toughness, make metals highly

suitable for load-bearing applications when compared to polymeric and ceramic materials [74].

Biodegradable metals are materials that gradually corrode in the body, leading to a suitable
host response through released corrosion products and eventually complete dissolution, leaving
no implant residues. These metals should made up of essential metallic elements that can be

metabolised by the human body and exhibit appropriate degradation rates and modes [32].

The historical use of biodegradable metals dates back to around 200 AD when iron (Fe) was
used clinically in a dental implant [75]. Other early applications included sutures, fracture fixation
plates, and screws, although research on these applications has been limited. Mg, Zn and Fe
are among the most widely used biodegradable metals, while Mn and Ca also investigated for
orthopaedic use. These metals are essential nutrients for the body, but excessive amounts can have

adverse health effects.

The enhanced strength of biodegradable metals makes them ideal for load-bearing medical
applications, particularly since many medical devices experience complex loading modes. It should

be noted that mechanical loading can accelerate the degradation rate of these materials Fluid shear
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Table 1.1: Commercially available biodegradable orthopaedic devices.

Company DePuy Syn- | Zimmer/ Stryker [66] | Bioretec [67] | Medical
thes/Johnson | Biomet Magnesium
and [64, 65] [68]
Johnson[63]
Product Line Rapidsorb® | LactoSorb® | Delta® Activa™ mm.X®
Composition 85:15 (Poly- | 82:18 Poly- | 85% Poly 1- | PLGA Mg al-
L-Lactide- L-lactic acid: | lactide, 10% | 80L:20G loy (rare
co-glycolide) | Polyglycolic | polyglycol- and PLGA | earths), and
PLGA acid ide, 5% poly | 85L:15G Mg-Ca-Zn
d-lactide alloy
Degradation 85% strength | 70% strength | 78% strength | Almost Data not
and  Strength | in 8 weeks | in 8 weeks | in 8 weeks | 100% of its | available
Retention and fully re- | and fully re- | and 50% | strength in | online
sorbed in 12 | sorbed in 12 | strength in | 12 weeks,
months months 6  months. | after 26
Fully re- | weeks the
sorbed in | mechanical
8-13 months. | properties
are about
10% and
complete
mass loss
and resorp-
tion in 2
years
Application Strictly non- | Strictly non- | Strictly non- | Upper and | Sports
load bearing | load bearing | load Bearing | lower ex- | medicine,
Craniofacial | craniofacial craniofacial tremities. small  bone
surgeries surgeries surgeries Foot and | fixation,
only only only ankle, knee athrodesis
implants for
hammer toe
corrections
Products Plate  and | Plate and | Plate and | Screws, Interference
screw system | screw system | screw system | nails, and | screw, Su-
pins for | ture anchors,
traumatol- compres-
ogy and | sion screw,
interference arthrodesis
screws  for | implant,
ACL repair fracture foot
surgery
Plate Profile | 0.8 mm and | 1 mm and | 0.5 mm, 0.75 | N/A N/A
(Thickness) 1.2 mm 1.4 mm mm and 1
mm
Screw  Profile | 1.5 mm, 2 | 1.5 mm and | 1.7 mm and | 2 mm, 2.7 | 1.7, 2.1, 2.8,
(Diameter) mm and 2.5 | 2 mm, also | 2.2 mm mm, 3.5 mm | 3.5, 5-11 mm
mm 2.5/2.8 mm and 4.5 mm
available
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Table 1.2: Mechanical properties and degradation time of bioabsorbable polymers.

Material Elastic Modu- Strength Elongation Degradation
lus (GPa) (MPa) (%) (Complete)
Bone (Trabecular)  0.05-9 5-10 0.5-3 -
Bone (Cortical) 12-27 130-220 0.5-3 -
PLA [71] 36 40-65 15 >2 years
PGA [72] 5-7 60-80 15-20 2 months
PLGA [73] 2-4 55-80 3-10 3-18 months
PLLA [72] 34 45-70 5-10 >2 years
D,L(PLA) [61] 3-4 45-55 2-6 12-16 months
PCL [72] 0.4-0.6 10-35 300-700 >2 years
Polyanhydrides [49] 0.001-0.003 50-60 - Months  (Surface
Erosion)

stress also affects the corrosion of biodegradable metals by influencing the deposition of corrosion
products and locally generated ions [32, 76].

Magnesium and its alloys

Magnesium (Mg) is one potential candidate for biodegradable implants and has been used for
both cardiovascular and orthopaedic applications. Several Mg-based devices have recently become
commercial [40, 77, 78, 68, 79]. Mg ions are the 4th most abundant cation in the body, and
are primarily stored in bone tissue. Thus, Mg can be completely resorbed in the body without
any harmful effects. Mg is vital in metabolism processes, a co-factor in many enzymes, and a
key component of ribosomes in translating genetic information encoded in mRNA to polypeptide
structures [40]. Mg alloys have excellent biocompatibility and are capable of inducing the devel-
opment of hard callous at bone fracture sites. In terms of mechanical properties, Mg has a density
very similar to that of natural bone, and exhibits much higher stiffness and strength than any
biodegradable polymer [40, 47]. In terms of the degradation, Mg and its alloys degrade rapidly in

aqueous solutions to form hydrogen gas (see Equations 1.1-1.3).

Mg — Mg*" +2e (Anodic Reaction) (1.1)
2H50 +2e¢~ — 20H™ + Hy (Cathodic Reaction) (1.2)
Mg+ 2H,0 2% Mg+ + 20H + H,y (1.3)

The degradation of Mg differs between in vitro and in vivo environments. In vitro degradation
is carried out in solutions like Phosphate Buffer Solution (PBS), Hanks Balanced Salts Solution
(HBSS), Simulated Body Fluid (SBF), and biological media where water molecules interact with
the Mg surface, forming a Mg(OH), layer and releasing Hy gas. The stability of the Mg(OH)s
layer can be compromised by the presence of Cl™ ions, leading to the formation of soluble MgCly
and OH™ ions. The breakdown of the Mg(OH)s layer exposes the uncorroded Mg surface, and
pitting corrosion continues with the formation and dissolution of Mg(OH),. Ca and P ions in the

solution deposit within the corrosion layer, resulting in the formation of phosphates and carbonates
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[80, 81]. A diagram describing the corrosion of Mg at the interface between biological media and

the material can be seen in Figure 1.10.

Numerous publications delve into the mechanical properties, degradation behavior, character-
isation, and biocompatibility of Mg and its alloys. Mg degradation leads to hydrogen release and
tissue alkalisation, which can impede the healing response and potentially cause tissue necrosis.
This issue has been effectively addressed through the use of a subcutaneous needle to remove the
gas. The hydrogen evolution method is a more precise approach for quantifying Mg degradation,

providing a direct correlation between gas evolution and corrosion [32, 82, 83, 84, 85, 86, 87, 88, 89].
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Figure 1.10: Schematic of the corrosion processes of Mg-based alloys in biological media/tissue
[81].

Pure magnesium (Mg) exhibits suboptimal corrosion and mechanical properties, with a yield
tensile strength ranging from 21 MPa for as-cast Mg to 115-140 MPa for as-rolled Mg [90]. Mg alloys
have been developed to improve these properties, including Ca and Sr as alloying elements. While
these additions improve creep resistance and strength, they also increase brittleness and corrosion
rates. The optimal Ca content is around 0.6-1%, leading to enhanced compressive and bending
strength. In wvitro studies on Mg-Ca alloys show increased cell viability and bone growth in the in
vivo animal models [91]. Binary Mg-Sr alloys also exhibit improved strength but reduced ductility,
with corrosion resistance decreasing as Sr content increases. However, a Mg-2% Sr alloy displayed
the highest ultimate tensile strength and slower degradation. To maintain good mechanical and
degradation properties, Sr content should remain below 3% [92]. Mg-Zn alloys exhibit increased
strength and elongation up to 4% Zn content, beyond which properties decline. Mg-1% Zn has
the lowest degradation rate among several magnesium alloys [32].Mg-Zr alloys, typically combined

with Zn and rare earth elements (Y) enhance the mechanical properties. Additionally, magnesium-
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aluminium (Mg-Al) alloys enhance strength and elongation up to 6% Al content, with higher
percentages decreasing strength. Al also improves corrosion resistance by forming an Alo03 film
on the alloy’s surface. However, the neurotoxicity associated with Al products in the body limits

the use of Mg-Al alloys in humans [93].

Mg-Y alloys aim to improve high-temperature strength and creep resistance. Y has high sol-
ubility in Mg and WE43, an Mg-Y-Nd alloy, offers excellent mechanical properties and cytocom-
patibility [40, 85, 80, 86].

Zn and its alloys

Zn is also a trace element found in the body and therefore in appropriate amounts it is non-
toxic and biocompatible. Zn plays a vital role in the human body, serving as an essential element
required for various physiological functions. It acts as a co-factor for six classes of enzymes,
participates in nucleic acid metabolism, gene expression, wound healing, protein regulation, and
signal transduction [32, 94]. Despite its biological advantages as a biomaterial, the mechanical

properties of pure Zn are very low for orthopaedic applications [95].

The corrosion rate of Zn is in between that of relatively fast-corroding Mg and very slow-
corroding Fe, and does not generate any hydrogen gas upon degradation, unlike Mg. Zn degrades
via an oxygen reduction reaction [73], and therefore has a major advantage over Mg because gas
pockets are not formed around the implant [96, 95]. The corrosion of Zn in an aqueous environment
such as that of PBS with a neutral pH is based on the reactions given by equations 1.4 - 1.7. These

equations show the formation of Zn(OH)s and ZnO but no gas is released during the process.

27n — 2Zn*T +de” (Anodic Reaction) (1.4)
Os +2H50 +4e~ — 40H™ (Cathodic Reaction) (1.5)
27n*t +40H~ — 2Zn(OH), (Zn(OH)2 Formation) (1.6)
Zn(OH)y — ZnO + Hy0 (ZnO Formation) (1.7)

Alloying with Mg, Sr, Ca, and Cu has been extensively use to address the challenges associated
with the low mechanical properties of Zn [95, 94]. To date, Mg appears to be the most efficient
element to improve the mechanical properties for biomedical applications [95]. Binary Zn-Mg
alloys with 1 wt. % of Mg led to excellent improvements in strength and and elongation [97]. The
strength of pure Zn (=~ 30 MPa) was increased ~ 110 MPa with the addition of 1 wt. % Mg.
Moreover, the corrosion rates of Zn and Zn-Mg were relatively close (= 0.018-0.145 mm/yr) and
much lower than that of Mg-based alloys [97].

Summary of biodegradable metals

Biodegradable metals offer significant advantages in terms of mechanical properties but are
limited by their degradation rates. Mg alloys degrade too quickly, Fe-based alloys degrade too
slowly, and Zn alloys fall in between. Balancing mechanical properties and degradation time
is crucial for biomedical applications, particularly in orthopaedics, where the implant’s elastic
modulus should match that of natural bone, maintain mechanical strength for 3 months and be

able to be assimilated by the body in less than 2 years.
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Mg-based alloys are the most commonly used biodegradable metals for bone applications due
to their high strength. Zn-based alloys are also under investigation for orthopaedic use, with
ongoing research to establish conclusive results. A list of biodegradable metals and their respective

properties can be seen in Table 1.3.

Biodegradable metals can be used in additive manufacturing, including selective laser melting
(SLM) and selective laser sintering (SLS), allowing for the creation of detailed scaffolds. Com-
binations of biodegradable metals with polymers are also explored, especially in fused filament

fabrication (FFF). However, there is limited research on these composites.

Table 1.3: Summary of various biodegradable metals.

Material Elastic Modu- Strength Elongation Degradation

lus (GPa) (MPa) (%) (Complete)
Bone (Trabecular)  0.05-9 5-10 0.5-3 -
Bone (Cortical) 12-27 130-220 0.5-3 -
Mg Alloys [40] ~40 65-100 <37 Weeks-Months
AZ91 [98, 99] 30-40 288-305 15 1.23 mm/year
WEA43 [100, 101, 84] 41-44 183-260 2-10 3-6 months
Mg-Ca [102, 103] 46-58 170-274 10 1.5 mm/year
Zn-1Mg [95, 94] 38-45 170-190 1.5-12 0.07-0.2 mm/year
Iron-Alloys [71] 150-210 300-1550 0.5-45 0.001-0.1 mm/year

1.2.3 Bioresorbable bioceramics

Bioresorbable bioceramics primarily consist of calcium phosphates which have been reported in
medical applications such as orthopaedics, maxillofacial repair, and dental implants as early as the
1970s [104, 105].

Calcium Phosphates

Synthetic calcium phosphates have been used in dentistry and orthopaedics since the 1970s and
1980s, respectively. The most commonly used calcium phosphates are Hydroxyapatite (HA) and
B-TriCalcium Phosphate (8-TCP). HA has the chemical formula Ca;o(POy4)s(OH)2 with a Ca to P
ratio of 1.67. It is similar to the mineralised phase of natural bone, making it highly biocompatible
and osteoconductive. HA is stable in body fluids and in dry or moist air up to 1200°C, and is
bioactive due to its resorbable behaviour. It can be produced via a high-temperature reaction, wet

methods, or solid-state reactions.

B-TCP is represented by the chemical formula Cas(PO4)2 and the Ca/P ratio is 1.5. It is
highly soluble in body fluids and turns into a-TCP at approximately 1200°C. HA and g-TCP
are often combined to achieve optimal resorbability. HA and B-TCP are commonly used due to
their excellent osteoconduction and integration with host tissue. HA has been used for coatings in
dental and orthopaedic implants, but its use is relatively limited due to its low solubility rate. In
addition, the mechanical properties that are much higher than that of natural bone. HA has been

combined with Mn and Zn to increase the resorption rate. HA has an elastic modulus in the range
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of 70-110 GPa and a compressive strength of approximately 600 MPa, whereas S-TCP generally

has a lower compressive strength than HA, and degrades much quicker than HA in vivo.

1.2.4 Composites

Composite materials can be defined as materials that consist of two or more different components
that are able to act synergistically to give properties superior to those provided by either component
alone [106]. Examples of composite materials with various reinforcement types are shown in Figure
1.11. Within this chapter, composites will be defined as any reinforcement material dispersed

through a continuous phase (matrix).

Particles/Powder Short Fibres Continuous Fibres Sheet Laminates

Figure 1.11: Schematic diagram of the various composite reinforcement types that can be created
[107].

Biodegradable Composites

Biodegradable materials, such as those discussed in the biodegradable polymers and biodegrad-
able metals sections above, have gained popularity in orthopaedic fixation devices and temporary
applications, such as cardiovascular stents. Resorbable bone plates and screws are particularly
valuable as they allow for a gradual increase in stress on healing bones, reducing issues such as
stress shielding and osteopenia (loss of bone mass and density). Their appeal lies in their ability
to eliminate the need for a second surgery, thereby saving time, money, and significantly reducing
patient morbidity [40, 47].

There are instances in orthopaedic fixation where the use of a standalone biodegradable poly-
mer or metal may be limiting due to mechanical properties or the degradation rate. For instance,
biodegradable polymers, such as PLLA, PGA, and PLGA, have been approved for clinical use in
humans [108] but they release acids during degradation, potentially causing inflammation in the
surrounding tissues and compromising mechanical integrity. In contrast, biodegradable metals re-
lease alkaline by-products upon degradation, and their combination with polymers could result in
the release of relatively neutral by-products. The combination of PLLA and PLGA with Mg have
found that the pH remains relatively neutral during degradation when these materials are used
together [83, 109, 110, 111]. This combination of polymers and metals could address their individ-
ual disadvantages, significantly improving the mechanical properties of polymers while slowing the
rapid degradation associated with metals such as Mg (Figure 1.12) [40, 47, 49, 106, 109]. In fact,
bone itself is a natural composite material comprising collagen fibres with dispersed hydroxyap-

atite. A well-tailored polymer matrix composite can mimic bone properties, making it a suitable
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replacement or healing material. However, considerations such as biocompatibility, practicality,

and cost are also vital in material development [108].
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Figure 1.12: Synergistic advantages of combining biodegradable polymers and metals to form a
biodegradable composite.

Composites use two main types of reinforcement: fibres (continuous or short) and particles.
Continuous fibre reinforcement typically leads to the greatest improvement in mechanical proper-

ties, followed by short fibres and particle reinforcement, respectively [112, 113].

It is important to be aware of the current biodegradable composite devices that are on the
market. Ossio has received approval from the Federal Drug Administration in the USA for a new
bioabsorbable composite screw which uses a novel fibre technology. The screw apparently takes
18-24 months for complete resorption, and their primary area of focus is foot and ankle surgeries to
eliminate the need for a second surgery. Interference screws, and suture anchors used in Anterior
Cruciate Ligament (ACL) repair and reconstruction appear to be the most common application
for biodegradable composites. The current biodegradable composite devices on the market can be
found in Table 1.4. It is important to note that the degradation time is not available for some

devices.

Research into biodegradable composites continues to seek the ideal material for various biomed-
ical applications, each with its specific requirements. Initial research has explored self-neutralizing
PLGA /Mg composites for orthopaedics. Xu et al. [110] combined PLGA with both pure Mg and
an Mg-Zn alloy in powder form using the solvent-casting method, creating square and rectangular
samples for mechanical and degradation testing. The results demonstrated a significant increase
in tensile modulus and strength in the samples containing Mg. In vitro experiments indicated

enhanced biocompatibility, with increased ALP expression and cellular mineralisation in MC3T3
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Table 1.4: Biodegradable devices from composite materials currently on the market

Company Biocomposites® | Teknimed [115] | BIOMET (Zim- | Ossio [117]
name (Stryker) [114] mer) [116]
Product line Biosteon® EUROSCREW® | ComposiTCP™ | Ossiofibre™
Composition Hydroxyapatite | 70% PLA and | 70%  PLDLA | 50% Mg, Ca,
in PLLA matrix | 30% B-TCP and 30% B-TCP | Silica fibres
or 40% PLDLA | and 50% Poly
and 60% SB-TCP | (L-Lactide-co-
DL-lactide)
matrix
Degradation Not Available Mechanically Not Available 77.8% strength
and strength stable for 6 in 2 weeks, 62%
retention months, re- strength in 6
sorbed in 2 months,  fully
years resorbed in 1
year
Application Interference Interference Interference Foot and an-
screws for | screws for | screws for | kle surgeries
ACL/PCL ACL/PCL ACL/PCL possible. Ham-
reconstruction reconstruction reconstruction mertoe fixation
surgeries
Products Screws only Screws only Screws only Screws only
available
Screw sizes | 7-11 mm 7-11 mm 6 mm 2.5 mm, 29
available mm, and 3.2
mm

pre-osteoblast cells. The 5 wt.% Mg composite exhibited nearly neutral pH degradation profile

and a 35-40% increase in the elastic modulus, showing its potential for biomedical applications.

Another study by Wu et al. [83] investigated AZ31 Mg alloy short fibres (= 2.5 + 0.5 mm)
embedded in a PLGA matrix through compression moulding. They found that a higher weight
percentage of AZ31 fibres led to increased tensile strength, elongation, and increased pH levels,
making the environment more alkaline. However, the environment reached a neutral pH with the
right fibre content. Additionally, the fibres promoted adhesion and proliferation of MC3T3 cells.

Brown et al. [111] developed a porous Mg/PLGA composite scaffold to enhance bone regener-
ation following tooth extraction. They used the solvent-casting method to fabricate the scaffolds,
incorporating high-purity Mg particles with diameters less < 300 ym. Their research revealed that
the higher Mg content in PLGA resulted in a higher compressive strength and a higher compres-
sive modulus. Over a 10-week degradation period, extracts from degrading Mg/PLGA scaffolds
increased bone marrow stromal cell proliferation in wvitro. Furthermore, a canine model study
demonstrated that Mg/PLGA scaffolds were safer and more effective in preserving bone height

compared to empty controls.

Although several biodegradable polymers such as PLLA and PGA are available, PLGA is

often preferred due to its customisable properties. However, it is worth noting that the effects of
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processing on the materials can reduce both mechanical properties and degradation times further
due to breaking of the chains with every processing step where the polymer reaches its melting
point [52].

A valuable study by Ali et al. [86] evaluated PLA-based composites reinforced with Mg wires in
terms of their mechanical, degradation, and cytocompatibility properties. The surface of the WE43
wires was modified by plasma electrolytic oxidation to increase the interface strength between the
wires and the PLA from 11 MPa to 27 MPa. The surface modification also greatly reduced the
corrosion of the Mg wires, exhibiting only a 3% mass loss after 180 days compared to the bare Mg
wires. In terms of cytocompatibility, the cells tended to migrate away from the surface of the Mg
wires toward the PLA. The findings of this study have offered valuable insights into the creation
of wire-reinforced composites for biomedical applications. However, the possibility of 3D printing
the wires themselves could introduce an additional level of flexibility to the manufacturing process,

enabling a higher degree of customisation.

Ma et al. [111] investigated the antibacterial and cytocompatibility in vitro of PLGA/Mg
scaffolds. Although they mentioned using a low temperature rapid prototyping technique, specific
manufacturing details were not provided. Their findings indicated that scaffolds with 20 wt.% Mg
exhibited higher antibacterial activity than those with 10 wt.% Mg content. However, higher Mg
content also led to decreased cell attachment and proliferation compared to scaffolds with lower Mg
content, presenting interesting results considering that increased Mg content typically correlates

with higher osteogenesis rates in other studies.

3D Printing of Composites

The most prevalent processing methods for composite manufacturing typically involve techniques
such as compression moulding, resin transfer moulding, and solvent casting. However, these con-
ventional manufacturing methods, while widely used, have certain limitations. They often lack the

capacity for intricate and personalised part production [118].

These limitations may be overcome through the use of 3D printing or fused filament fabrication
(FFF). The FFF process entails the use of a continuous fused filament composed of a thermoplastic
polymer [119]. This filament is fed through a tube into the hot end of the 3D printer’s nozzle,
where it is heated into a semi-liquid state. The semi-liquid polymer is then extruded through the
nozzle onto a heated bed for adhesion, and a 3D object is fabricated layer by layer,. This process
leverages the thermoplastic property of the polymers, which allows them to be fused in filament
form before printing, transitioning to a semi-liquid state, and then cooling to form a solid 3D object
(Figure 1.13) [119].

Standard filament diameters in commercial printers are 1.75 mm and 2.85 mm (e.g., Prusa,
Makerbot, Ultimaker, Stratasys). The FFF process offers several advantages, including the abil-
ity to produce geometrically complex parts at a low cost and high speed, with minimal process
complexity. However, there are also disadvantages associated with FFF, such as relatively poor
mechanical properties, a layered appearance, surface roughness, and limitations in terms of compat-
ible materials [119]. The mechanical properties of the printed parts depend on various parameters,
including material, layer thickness, orientation, printing temperature, and bed temperature. It has

been observed that inter-layer distortion is a primary factor contributing to the lack of mechanical
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Figure 1.13: Schematic diagram of the 3D printing process known as FFF [120].

properties in FFF-printed objects [121, 122]. However, one of the major causes of the limited
mechanical properties is the material selection. Most commercially available filaments compris-
ing of polymers whose strength is not suitable for functional part use, especially in the realm of

orthopaedic applications that require any form of load-bearing capacity.

Recent developments in FFF have led to the production of continuous fiber-reinforced composite
parts, such as Carbon Fiber (CF)-reinforced Nylon, which has successfully addressed some of the
mechanical property limitations and it has been commercialised by companies like Markforged.
However, these materials are not biodegradable nor biocompatible. Additionally, achieving strong
bonding between the polymer matrix and fiber material can still be challenging. Moreover, the
selection of suitable fiber materials for reinforcement remains limited, although ongoing research
aims to expand these options to enable diverse applications in various industries [119, 123, 124,
125, 126].

Currently, the most popular materials used in FFF are synthetic polymers, including PLA and
Acrylonitrile Butadiene Styrene (ABS) [127]. Particle, short fibre, and continuous fibre reinforce-
ments are used to enhance the mechanical properties [128]. Despite the availability of commercial
printers capable of producing continuous fibre-reinforced polymers, ongoing research has primarily
focused on short fibre and particle reinforcements because commercially available continuous fibre
reinforced printers are not able to produce medical grade parts/materials [128]. FFF has played a

pivotal role in the study of various composites. For example, the addition of vapor-grown carbon
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fibres (VGCFs) to an ABS matrix via FFF led to a significant increase in tensile strength and
modulus of approximately 40% and 60%, respectively albeit with a decrease in strain to failure
[129]. In another study, the addition of 5% and 7.5% carbon fibre content in an ABS matrix
through FFF substantially improved the elastic modulus and tensile strength [130]. Additionally,
Tian et al. [131] demonstrated the feasibility of 3D printing continuous fibre-reinforced polymer
composites with FFF | achieving a modulus of 30 GPa and a flexural strength of 335 MPa with 27
wt% carbon fibre.

Other studies have aimed to enhance the mechanical properties of bone scaffolds by incorpo-
rating ceramic particles into polymeric matrices through FFF. For instance, 8-TCP particles were
added to PCL scaffolds to improve their strength, resulting in a 107% increase in compressive mod-
ulus with 20 wt. % S-TCP content [132]. Senatov et al. [133] dispersed HA particles throughout a
PLA matrix, leading to increased compressive strength and crack resistance during cyclic loading.
These scaffolds had 30% of porosity with pore sizes of 700 um but were capable of withstanding
cyclic loads of 21 MPa for an extended period.

A notable breakthrough was achieved by Antoniac et al. [134], who successfully employed the
FFF technique to 3D print interference screws designed for ACLs. In this innovative approach,
Mg powder was incorporated into a PLA matrix. Vitamin E was added to improve the interface
between the Mg particles and the polymer matrix. The mechanical properties and degradation
rate were not measured but it is worth noting that achieving a homogeneous dispersion of the

particles throughout the polymer matrix remained a challenge in this work [134].

Additionally, Ibrahim et al. [123] conducted a study capable of 3D printing unidirectional com-
posites with a continuous Ni-Cu wire embedded in a polymer matrix. They modified a commercial
3D printer’s print head to incorporate a metal wire into a molten polymer matrix (Figure 1.14). As
the polymer’s viscosity increased, it would pull the wire out of the needle and through the nozzle
of the print head. While this study provided valuable insights into 3D printing methods, a major
limitation was the inability to cut the metallic wire after depositing each layer, severely limiting
the wire volume content (just 0.7 vol.%) in addition to the printer’s potential to fabricate more

complex shapes.

Hamidi et al. [135] used a different strategy to incorporate Cu wires (127 pm in diameter)
or stainless steel wires (178 pm in diameter) into a 0.8 mm diameter nozzle to print coupons
for tensile tests with the wires orientated parallel to the loading direction. Nevertheless, the
wire volume fraction only reached 1.5 % vol. and there was no significant increase in mechanical
properties because the porosity of the printed samples was around 20%. Finally, Kim et al. [136]
were able to develop a process for embedding Cu wires into a 3D printed part after FFF. However,
this investigation focused on the design of the tool to embed the wires and no information was

provided about the final composite and its mechanical properties.

In conclusion, the realm of 3D printing composite materials is highly intriguing, although it
does come with certain limitations using current technologies. A summary of the current findings
in literature with respect to composites that are relevant to this thesis in terms of their materi-
als, processing methods, and mechanical properties can be seen in Table 1.5. Particle-reinforced

composites in 3D printing have shown improvements in mechanical properties, though not to a sig-
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Table 1.5: Literature review of relevant composite materials, their manufacturing processes and
their effect on mechanical properties of the matrix material.

Ref Reinforcement Matrix Manufacturing Mechanical
Material Material Type Properties
[110] 5 wt.% Mg and Mg- PLGA Solvent Casting 35-40% increase in modulus
Zn powder
[83] AZ31 Mg alloy PLGA Compression 150% increase in tensile strength
short fibres Moulding
[111] Pure Mg powder PLGA Solvent Casting Up to 300% increase
(<300pm)  25-100 in compressive modulus
wt.%
[86] WE43 wires 20% PLDL Compression 250% increase in shear strength
vol. with and with- Moulding
out surface modifi-
cation
40% and 60% increase in tensile
[129]  VGCFs ABS FFF strength and elastic modulus,
respectively
[130] 5and 7.5 wt.% CFs  ABS FFF Up to 31% increase in
elastic modulus
[131] 27 wt.% CF PLA FFF 1000% increase in tensile
- /0
strength and modulus
132] 20 wt.% % B-TCP PCL  FFF 107% increase in
powder compressive modulus
[133] 15 wt.% HA pow- PLGA FFF 50% increase in compressive
der strength and modulus
[134] 4 wt.% Mg powder PLA FFF No testing
(100 pm)
Up to 12% and 38% increase
[123] 0.7% vol. of Cuand PLA FFF  customised ip strength and modulus,
Ni-Cr with 75 pm print head )
diameter respectively
20% and 40% increase in
[135] 1.5 % vol. Cu or PLA FFF tensile strength for Cu and

Stainless steel wires

Stainless steel

composites, respectively
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Needle

Heater

Figure 1.14: Schematic diagram of the modified print head for manufacturing continuous wire
reinforced composites by FFF [123].

nificant extent. However, these particles have been instrumental in tailoring degradation rates and
enhancing cytocompatibility. Thus, the potential of these parts as functional components is still
limited. Therefore, the prospect of producing continuous wire-reinforced composites with enhanced
mechanical properties is attractive, as it could provide FFF-produced parts with the mechanical

strength required for functional use, rather than being restricted to prototyping purposes.

1.3 Objectives

In cases of paediatric care where a child or young person has experienced a bone fracture larger
than the critical size defect (=2 cm), further intervention in the form of internal bone fixation is
required. Currently, the standard of care for this internal fixation involves the use of permanent
metallic plates, screws, nails, or rods made from Ti, stainless steel or Co-Cr alloy. However, they
must be removed after approximately 6 months to 1 year to prevent interference with ongoing bone

growth, which could potentially result in asymmetrical features.

Bioresorbable materials are gaining popularity in orthopaedics as they can serve a temporary
function and then gradually integrate into the bone before being naturally assimilated by the body.
One of the primary advantages of these materials is the avoidance of a second surgery, which is

especially critical in paediatric cases where additional surgeries are often needed.

Personalised medicine is also becoming a standard of care, particularly in cases involving com-
plex injuries that require careful planning and customised treatment options. In this context, 3D
printing offers significant advantages. Unlike subtractive manufacturing processes, such as machin-
ing, additive manufacturing can create complex, net-shaped parts with relatively high resolution.
When combined with patient computer tomography scans, it allows for the creation of personalised

models and devices. Limitations of parts produced through FFF are typically related to techno-
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logical constraints and the selection of available commercial materials, and therefore mechanical
properties. However, the development of new material combinations and customised FFF print-
ing systems can expand the material portfolio and address many of the disadvantages currently
associated with FFF.

Globally, more than 28 million orthopaedic surgeries are performed each year, with a steady
increase expected in the future. The market for orthopaedic devices is currently valued at approx-
imately €37 billion and is projected to reach €43 billion by 2030. Among the various segments
within the orthopaedic devices market, trauma fixation devices are anticipated to experience the
highest compound annual growth rate of 7%, with their market value expected to increase from
€7 billion to €15 billion by 2030. The primary indications for fracture fixation devices are traffic
accidents and sports injuries. Furthermore, the market for 3D printed medical devices is on the
rise, with an estimated growth of €3.1 billion to €11.6 billion by 2028, reflecting a remarkable
growth of over 30%. This presents significant opportunities for entering the 3D printed medical
devices market [137, 138, 139].

Biodegradable polymers like PLA, PLLA, PLGA, and PGA have long been used in the biomed-
ical industry. However, they have limitations, such as their mechanical properties and the release
of acidic by-products during degradation. On the positive side, these materials offer the advantage
of being able to tailor their degradation times. Biodegradable metals, on the other hand, exhibit
excellent strength relative to their polymeric counterparts and have a stiffness of the same order of
magnitude as natural bone. However, they often degrade relatively quickly compared to polymers
and produce alkaline by-products upon degradation. The development of a composite material
that combines these two material categories can yield significant benefits, such as enhancing the
mechanical properties of polymers, extending the degradation times of metals, and neutralising

the by-products generated during degradation.

The primary aim of this thesis is to produce a new generation of composite materials with the
required mechanical properties, tailorable degradation times, and excellent biocompatibility for
use in orthopaedic applications. These materials are also required to be suitable for 3D printing
and be adaptable to customised 3D printing systems. The hypothesis is that powder reinforcement
will be able to change the degradation behaviour of the polymers, and will provide some degree
of change in mechanical properties however it will be minimal. A continuous wire reinforcement
will be capable of substantially improving the mechanical properties and also providing a degree

of tailorability regarding the degradation behaviour.

Therefore, the individual objectives of this thesis with respect to the primary aim can be

summarised by the following:

1. Develop a process for producing particle reinforced composite materials for fused filament

fabrication, compatible with commercial 3D printers.

2. Characterise 3D printed particle reinforced materials containing Mg or Zn particles in terms

of their mechanical, degradation, and cytocompatibility properties.

3. Develop a process for producing filaments with a continuous wire reinforcement suitable for

3D printing.

26



1. Introduction

4. Develop a 3D printer that is capable of producing both continuous wire-reinforced, and

particle-reinforced composite parts.

5. Characterise the continuous wire reinforced parts in terms of their mechanical, microstruc-

tural, and degradation properties.

1.4 Outline of Thesis

This doctoral thesis is organised into various chapters. Chapter 2 deals with the experimental
techniques and processes developed in order to manufacture the composite materials in addition to
the various characterisation methods used to understand the behaviour of the materials. Chap-
ter 3 is dedicated to the early work involved in producing and characterising 3D printed particle
reinforced composites of PLA /Mg, PLA /Zn filaments in terms of their microstructural and physic-
ochemical behaviour in addition to some 3D printing and mechanical testing of scaffolds. Chapter
4 focuses on the 3D printing of medical grade PLDL/Mg, and PLDL/Zn materials using the meth-
ods developed in Chapter 3, and then characterising the materials in terms of their mechanical,
degradation, and biocompatibility properties. Chapter 5 gives an overview of the design of a cus-
tomised 3D printer and the processes involved in creating continuous Al wire reinforced composites,
followed by a full mechanical and microstructural characterisation of the materials. Chapter 6
provides an extensive characterisation of medical grade Mg wire-reinforced composites produced
by 3D printing. The composite materials were analysed in terms of their mechanical, degradation,
and microstructural properties. Finally, Chapter 7 presents the conclusions and future work

regarding this thesis.
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Experimental Techniques

2.1 Filament manufacturing

As discussed in Chapter 1, FFF uses a thermoplastic fused filament to fabricate 3D printed parts.
However, a limited number of filaments of different materials are available, and thus customised
filaments are necessary for creating parts with tailorable properties. In particular, composite
filaments made up of thermoplastic polymers reinforced with metallic powders for FFF have to be

manufactured following a double extrusion process (Figure 2.1).
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Figure 2.1: Roadmap for the fabrication of 3D printed components from polymer/metal composites.
(1) Microextrusion of the polymer and metallic powder to create an inhomogeneous filament. (2)
Pelletising the inhomogeneous filament. (3) Second extrusion in a precision filament maker desktop
extruder. (4) Design of the component geometry. (5) 3D printing of the composite part.

To this end, polymer and metallic powders are mixed manually in the appropriate proportions
to achieve the desired volume fraction. The thermoplastic polymer has to be dried in an oven

for a specified period of time prior to mixing to eliminate the water absorbed due to their hygro-
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scopic nature. The mixed powders were extruded in an MC 15 microcompounder (Xplore, Sittard,
The Netherlands) with two conical mixing screws to obtain a filament. The residence time was
approximately 2-3 minutes for all material combinations used in this thesis, while the extrusion

temperature depended on the composition.

The filaments obtained from extrusion in the microcompounder were not suitable for FFF
because they did not have a constant diameter and were not fully dense. They were pelletised
(Brabender GmbH, Duisburg, Germany) and new filaments were extruded in a precision extruder
(3devo B.V., Utrecht, The Netherlands). This precision extruder has 1 screw and 4 heaters placed
along the screw to modify the extrusion temperature along the screw. Once the material exits
the nozzle, a laser/pulley system measures the diameter every second and adjusts the speed at
which the filament is drawn out to achieve the desired diameter (Figure 2.2). The average screw
speed was 5 revolutions per minute (RPM) and the temperatures along the screw varied with the
composition of the material. Fully dense filaments with a constant diameter and a homogeneous
distribution of the metallic particles were obtained through this second extrusion and were suitable
for FFF.

—Filament sensor @

s
Puller wheel @ﬂ@
< - ; .

Figure 2.2: Laser-pulley system part of the 3devo, vital in achieving and maintaining the desired
diameter of the filament.

2.2 Mechanical characterisation

2.2.1 Tensile tests

Tensile tests were performed following the recommendations of the ISO 527-A standard [140]. The
mechanical properties of the materials in tension were measured in an Instron 5966 mechanical
testing machine. The applied load was measured with a suitable load cell (from 500N to 10kN)
depending on maximum applied load. The tests were carried out under displacement control and
the approximate strain rate also depended on the materials and environment. A schematic of the

experimental setup can be seen in Figure 2.3 (a).

The dogbone specimens were designed and manufactured by FFF according to ISO 527-A in the
case of particle-reinforced materials. Coupons with dimensions 120 x 10 x 2.1 mm? were designed

and fabricated using 3D printing in the case of unidirectional continuous wire-reinforced materials.
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Figure 2.3: (a) Schematic diagram of the tensile test machine during a test [141]. (b) Determination
of the strain at the gauge section of a dogbone specimen by digital image correlation software (DIC).

The strain in the central gauge section of the samples was measured by means of digital image
correlation during the tensile tests. To this end, the gauge section was painted in white and then
sputtered by black paint to create a random pattern of black dots on the surface. The position
of the black dots on the surface was recorded every 0.3-0.7 s, depending on the material, with
a high resolution camera and the displacement of each point during deformation was correlated
through the Vic 2D-2009 DIC software (Correlated Solutions Inc., SC, USA) (Figure 2.3 (b)). The
strain field in the gauge length was extracted from the displacement field on the surface and this

information was used to plot the stress-strain curves during the tensile test.

In addition to the standard tensile tests in air at room temperature, tensile tests were also
carried out in samples immersed in water at 37°C to assess the behavior of the materials in phys-
iological conditions. The experimental setup to carry out the immersion tensile tests is depicted
in Figure 2.4. The dimensions of the samples for the immersion tests were the same as those used

for the tests in air.

2.2.2 Compression tests

The mechanical properties of the scaffolds in compression were measured using an Instron 3384
mechanical testing machine on cubic scaffolds of 20 x 20 x 20 mm® manufactured by FFF. The
scaffolds were placed between two compression plates and a controlled displacement rate at cross-
head speed of 0.5mm/min was applied (Figure 2.5). Teflon paste was inserted between the scaffold
and the compression plates to minimise friction. The applied load was measured with a load cell,
while the reduction in length was determined by means of a linear variable differential transducer

(LVDT) in contact with the compression plates.
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Figure 2.4: Schematic of the experimental set-up for the tensile tests in water at 37°C An external
water bath and a pump controlled the temperature and the filling/draining of the water chamber.

Figure 2.5: Schematic diagram of the uniaxial compression tests.
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2.2.3 Wire push-out tests

Wire push-out tests were carried out to evaluate the interfacial shear strength between the wires
deposited during 3D printing and the polymeric matrix, following the strategies developed in
previous investigations [86, 142, 143].

3 were cut from the wire-reinforced coupons perpen-

To this end, samples of 10 x 10 x 2.1 mm
dicular to the wires using a high precision punch and subsequently embedded in an epoxy resin
(SpeciFix resin system, Struers, Denmark). The samples were then ground using a manual grind-
ing machine (Vector-Metaserv 250, Buehler, IL, USA) with SiC paper ranging from P320 to P2500
up to a thickness of 0.6 £+ 0.03 mm, because the thickness of the sample should be approximately

twice the diameter of the wires [85, 144].
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Figure 2.6: (a) Schematic diagram of the wire push-out experimental set up. The sample should
have a thickness ¢, twice the diameter of the wire, and a force P is applied perpendicular to the
wire until a push-out is achieved. (b) Experimental setup (c) Close-up image of the indenter being
positioned above a wire prior to push-out. (d) Typical force vs. displacement curve from a fibre
push out experiment with indications of the various stages of the test.

The thin slices of the composite were mounted on a stainless steel support with a groove of
500 pm in width to perform the wire push-out test (Figure 2.6 (a)). The wire to be tested was
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positioned manually at the center of groove with the help of an optical microscope and the slice
was fixed with tape. The support was attached to a stage capable of moving in X and Y directions
to position the indenter punch over the desired wire. An indenter with a flat stainless steel tip of ~
250 pm diameter was mounted on an Instron 5966 mechanical test machine with a 100 N load cell.
The compressive load was applied on the wire under displacement control at 20 gm/min until the

wires were pushed-out from the matrix, which was indicated by a significant drop in load (Figure
2.6 (b)).

2.3 Thermal properties

2.3.1 Differential Scanning Calorimetry

Differential Scanning Calorimetry (DSC) was carried out in a Q200 Differential Scanning Calorime-
ter from TA Instruments. A sample of 5-10 mg is placed inside a small sample holder, also referred
to as an Al pan and an empty reference pan is also used as a control. The sample is heated
and cooled at a controlled rate while the changes in heat flow with temperature are recorded.
They provide information about the thermal properties of the material such as the glass transition

temperature (T,), melting temperature (T,,), and crystallisation temperature (T.) (Figure 2.7).
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Figure 2.7: Typical DSC curves for both semicrystalline and amorphous materials [145].

2.3.2 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) was carried out in Q50 Thermogravimetric Analyser (TA In-
struments, DE, USA). During the test, a small amount of material (5-10 mg) is placed inside a
crucible and heated at a constant rate while the weight of the sample is being continuously mea-
sured. With increasing temperature the polymeric material undergoes various thermal degradation

processes such as evaporation, oxidation, and pyrolysis, which cause a variation in mass (Figure
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2.8). TGA provides information about the thermal stability which is important to determine the

processing window of polymeric materials.
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Figure 2.8: Typical TGA curve for polymeric-based materials [146].

2.3.3 Melt-Flow Index

Melt Flow Index (MFI) is a measure of the ease of flow of a molten polymer-based material.
Essentially, it measures the flow rate of a polymer when melted, through a standard orifice or
nozzle under set conditions of temperature and pressure. It is widely used to characterise the
viscosity and processing parameters of polymer-based materials [147]. The MFI of polymers and
polymer composites was measured in a KINSGEO MFT tester. To this end, between 2 and 10
grams of polymeric material is placed in a heated column, where it is melted and subsequently
extruded through an orifice due to pressure exerted by a load of 2.6 kg to the molten polymer
(Figure 2.9). The extrusion rate is measured, and the MFI value is calculated based on the mass
of the plastic that has been extruded in a certain period of time and the MFI is expressed in units
of grams per 10 minutes (g/10min). The MFI is an indicator of the melt flow rate and hence
viscosity of the material, and it allows for the prediction of processing conditions. It provides
valuable information in terms of rheological properties and determines if additives may be needed

to aid in the processing of certain polymeric materials [147, 148, 149].
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Figure 2.9: Schematic cross-section diagram of a typical MFI test [150].

2.4 Degradation tests

Degradation tests were carried out to assess the evolution of the properties of the biodegradable
materials with immersion time in physiological environments. All degradation tests were con-
ducted following the guidelines specified in ISO 13781 standard [151]. The degradation tests were
performed by immersion at 37°C in Gibco Dulbecco’s Phosphate Buffer Saline (PBS) from Merck
Millipore Life Technologies Europe B.V., Bleiswijk (Product Number: 524650). The PBS solution
had a composition of 140 mM NaCl, 10 mM phosphate buffer, and 3 mM KCI per litre.

The temperature of the PBS was controlled in a thermostatic water bath. Samples were peri-
odically extracted in triplicate and the pH of the PBS was measured using a pH metre (Sension
+ PH3, Hach, Ames, Iowa, United States). Subsequently, the 'wet’ mass was measured in an
ES125SM balance (Precisa Gravimetrics, Dietikon, Switzerland) after drying the samples with

tissue paper.

The production of hydrogen gas is an indicator of the corrosion of Mg. Thus, hydrogen gas was
measured during immersion in PBS of both Mg powder-reinforced and continuous wire-reinforced
composites using the experimental setup depicted in Figure 2.10. The samples were suspended
using paper clips in a beaker filled with PBS to avoid inhomogeneous degradation in the contact
points with the beaker. An inverted funnel was placed on top of the samples and a burette on
top of the funnel. This set-up was sealed with paraffin wax (Parafilm M, Amcor, Switzerland) to
minimise leakages. The burette was filled with a known volume of PBS and the displacement of

the liquid due to the release of hydrogen was recorded on a daily basis.
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Figure 2.10: Schematic diagram of the experimental setup used to quantify the volume of hydrogen
gas released by composites containing Mg [89, 152].

2.5 Molecular weight distribution

Gel Permeation Chromatography (GPC) was used to determine the molecular weight and the
molecular weight distribution of the polymers using a Waters 2414 Refractive Index Indicator.
The polymer is dissolved in a solvent and injected into the GPC column which is filled with porous
polystyrene-based beads with a defined pore size distribution. As the solution moves through the
column, larger molecules are excluded from the pores and elute first, while the smaller molecules
that penetrate the pores elute later [153]. The molecular weight distribution is given by the elution
volume or retention time of the sample, which is compared with a calibration curve obtained from

a similar polymer of known molecular weight.

2.6 Microstructural characterisation

2.6.1 Scanning Electron Microscopy

In the case of samples where the cross section was desired to be analysed, the samples were embed-
ded in an epoxy resin (SpeciFix resin system, Struers, Denmark) and polished before observation in
the scanning electron microscope (SEM). Once polished, they were washed with water and ethanol
before being dried and then sputtered with Au using a Quorum Q150T ES gold sputtering ma-
chine (Quorum Technologies Ltd., East Sussex, England) to improve conductivity and reduce the
charging effects of the samples in the SEM. [154]. In the case of fractography studies, the fracture
surfaces were cleaned using pressurised air and then sputtered with gold before being placed in the
SEM.
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SEM imaging was performed using both an Apreo-FIB 2S LoVac (Thermo Scientific, Waltham,
MA, USA) and a Helios Nanolab 600i (FEI, Hillsboro, Oregon, USA) SEM. The accelerating
voltage rarely exceeded 5kV, and the beam current was generally maintained between 50 pA and
0.8 nA. The exact parameters for the SEM images will be mentioned throughout the thesis. ETD

was the primary detector used the analysis of the samples.

2.6.2 Energy-Dispersive X-ray Spectroscopy

Energy-Dispersive X-ray Spectroscopy (EDS) (Oxford Instruments, United Kingdom) was used
within the SEM to analyse the elemental composition of the samples, especially during degradation
studies to assess the degradation of the Mg and Zn particles and of the Mg wires. Elemental maps of
the area of interest were taken and the predefined elements were always a selection of the following
elements: carbon, oxygen, magnesium, zinc, phosphorous, and calcium. The accelerating voltage
from the EDS was the same as the SEM, and the only reason that the 5kV would be increased was

to obtain a better signal in the elemental analysis.

2.6.3 X-ray computed microtomography

Finally, X-ray computed microtomography (X-uCT) was used to determine the dispersion of rein-
forcement materials throughout the bulk of the matrix material and also to measure the porosity
within the filaments and the samples manufactured by FFF. The tomography of the various samples
throughout this thesis was carried out using a Phoenix Nanotom (Waygate Technologies, Huerth,
Germany) using a W target, with a Cu filter and 0-mode nanofocus. Depending on the material
being imaged, the voltage of the X-ray tube varied between 50 and 120 kV, the current varied
between 80 and 300 pA, and the voxel size varied between 2 and 5.4 ym. The exact parameters

used for each material will be specified throughout the thesis.

2.7 Biological tests

The cytocompatibility of the materials was assessed by means of indirect and direct tests, which
were carried out following the guidelines of the ISO standard 10993 part 5 and part 12 [155, 156].

2.7.1 Indirect tests

Material extracts were obtained by immersing each individual sample in complete culture medium
with an area/volume ratio of 3 cm? /ml. The samples were incubated under physiological conditions
for 72 hours. Independently, cells are seeded for 24 hours. The culture medium was subsequently
removed and replaced with diluted material extracts. Pure extracts should be evaluated followed by
a 2-fold dilution of extracts (50%, 25%, 12.5%, 6.256% and 3.125%). Cells with their diluted medium
extracts are then incubated for 24 hours. Next, 5 mg/ml of MTT (3-(4,5- dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide) (Sigma-Aldrich, MO, USA) is diluted in PBS and added in each well.
Cells along with the MTT assay are incubated at 37°C in the dark which react together to form
formazan crystals. Dimethyl sulfoxide (DMSO) (Sigma-Aldrich, MO, USA) is subsequently added
to dilute the formazan crystals. Finally, the absorbance is read on a spectrophotometer (BioTek
EL800, Agilent, CA, USA) with a wavelength of 570 nm. Mitochondrial activity is calculated by

38



2. Experimental Techniques

normalisation with respect to control wells, in which cells were seeded in the complete medium
without extracts. Each experiment should be repeated three times, and the experimental procedure

is depicted in Figure 2.11.

@ Cell seeding in well plate @ MTT reagent addition @ Incubation for 3-4 hours
@ Colorimetric reaction to determine cell viability @ Absorbance reading
H-
/ 4+
8 N " = E:I _—
— H ‘ - —~__
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" e
Formazan

Figure 2.11: Indirect tests procedure [157].

2.7.2 Direct tests

Material-Cell Interaction

Material-cell interaction is studied by immunofluorescence staining of dapi-phalloidin to observe
the morphology of cells under confocal microscopy, and by scanning electron microcopy to analyse
the interaction between cells and materials. For both experiments, cells are seeded directly on
top of samples at a specified concentration and incubated under physiological conditions. A set of
samples is generally cultured for 1 hour to evaluate the early attachment of cells to the surface,
while another set of samples is cultured for 24 hours to assess late attachment, cell morphology, and
monolayer formation. At the end of each incubation time, cells are fixed with paraformaldehyde
(PFA)(Sigma-Aldrich, MO, USA).

For the immunofluorescence staining technique, cells are permeabilised with Triton X-100
(Sigma-Aldrich, MO, USA) for 15 min. Next, cells are washed with PBS and then exposed to
Alexa Fluor 488 phalloidin (Thermo Fisher, MA, USA) and to DAPI (Sigma-Aldrich, MO, USA)
with various concentrations which will be provided in later chapters. Cells are then incubated at
room temperature for 1 hour. Subsequently, they are observed in the confocal microscope (Confocal

Olympus Fluoview FV-3000, Olympus, Tokyo, Japan).

Another set of samples was used to study the cell-material interaction. They were dehydrated
in ethanol at different concentrations. A second dehydration process was carried out using hexam-
ethyldisiloxane (HMDS) (Thermo Scientific, MA, USA) diluted in ethanol with various concentra-
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2.7. Biological tests

tions, which will also be provided later. These dehydration steps are carried out after fixing the
cells with PFA. After the final dilution, samples are left to dry at room temperature overnight.
The cell-material interaction is subsequently observed in a scanning electron microscope (Apreo
2S LoVac, Thermo Scientific, MA, USA). The summary of the experimental procedure is depicted
in Figure 2.12.
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Figure 2.12: Direct tests procedure to study the cell-material interaction [157].

Live/Dead Assay

For live/dead assays, samples are placed in a well plate and cleaned with ethanol, followed by
washing with PBS. Subsequently, cells are seeded on top of the samples with a concentration of
cells depending on the standard, and immersed in complete culture medium before being placed
in an incubator under physiological conditions. The medium should be changed every 2 days to
allow the cells to continue to grow. The live/dead solution for the assay is prepared by diluting
ethidium homodimer-1 (635 nm), and calcein AM (515 nm) in PBS, followed by thorough mixing.
The exact concentrations will be provided later in the thesis. The live/dead solution is then added
to the cells, ensuring that they are covered by the solution. The plate should be covered in order
to protect the solution from light and incubated under physiological conditions. The live/dead
solution is then removed in darkness, and the samples are washed with PBS. The sample should
be left in PBS and immediately viewed under confocal microscopy. The experimental procedure is
very similar to the cell staining technique indicated in Figure 2.12, with the only differences being

the staining used and the number of days the samples are incubated.
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Processing of PLA/Mg and PLA/Zn
filaments for 3D Printing

3.1 Motivation

PLA is a widely used thermoplastic polymer for 3D printing through fused filament fabrication
(FFF) [158]. This technique enables the production of patient-specific implants and scaffolds from
medical images in orthopaedics and traumatology [159]. PLA filaments reinforced with metallic
particles for 3D printing are usually created by extrusion of PLA/Mg pellets obtained by con-
ventional extrusion [134] or through colloidal routes [160, 161]. However, these filaments are not
suitable for 3D printing due to the inhomogeneous distribution of metallic particles, porosity,
and variations in filament diameter [162]. It is also important to control the rheological proper-
ties of the filaments to ensure that they are within the appropriate range for 3D printing at a
given temperature [163] because MgO catalyses the thermal degradation of PLA at high temper-
ature, reducing the molecular weight, viscosity and mechanical properties of PLA /Mg composites
[164, 165, 166, 167]. An alternative to Mg is Zn, which is an essential element for the body and
has anti-inflammatory and anti-proliferative properties [168, 169, 170, 171, 172]. However, the
development of PLA /Zn filaments for FFF has not been reported in the literature.

Thus, the first objective of this thesis was to develop a suitable strategy to manufacture
PLA/Mg and PLA/Zn filaments with constant diameter, no porosity, homogeneous particle dis-
tribution, and controlled viscosity. Furthermore, the influence of Mg and Zn particles on the
depolymerisation of PLA during filament fabrication was examined. Finally, porous PLA /Mg and
PLA/Zn scaffolds were manufactured by FFF and their microstructure and mechanical proper-
ties were analysed. These results demonstrate the feasibility of fabricating PLA /Mg and PLA/Zn

composite scaffolds for regenerative tissue engineering.

3.2 Materials

Ingeo Biopolymer 2003D from NatureWorks (NatureWorks BV, Netherlands) was selected as the
PLA polymer matrix because it was used previously for 3D printing using the FFF technique
[160, 173, 174, 175]. Furthermore, low molecular weight polyethylene glycol (PEG) (MW = 1000

g/mol) was selected as a plasticiser as it is one of the most common and effective agents [176].
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3.2. Materials

The spherical particles of the WE43 Mg alloy were supplied by Meotec GmbH with a nominal
composition of 1.4 - 4.2% Y, 2.5 - 3.5 % Nd, <1% (Al, Fe, Cu, Ni, Mn, Zn, Zr) and balance Mg
(in wt%). They were manufactured for selective laser melting applications and the powder particle
distribution was D1g = 29.1 pm, Dso = 45.8 pum and Dgy = 64.4 pm [177]. The particles were
covered with a thin passivation layer of YoOgs which also limited the flammability of the powder
during handling. Alloys with similar composition have been successfully applied in orthopaedic ap-
plications [178] and are well established as biodegradable and biocompatible alloys [179]. Spherical
particles of Zn-1 wt.% Mg (Zn-1Mg) alloy were also produced by gas atomisation and provided by
Meotec GmbH (Aachen, Germany). The nominal particle diameter distribution was 20<D<63 pm.
In the case of Zn-1Mg particles, the size, morphology, and element distribution were examined by
scanning electron microscopy (SEM) (Helios NanoLab 600i, FEI) using secondary electrons, and
energy dispersive spectrometry (EDS) and the results are shown in Figure 3.1(a). They show a

large content of small Zn particles (<5 pum).

The PLA /Mg filaments contained 1, 2, 3, 4, and 5 wt.% Mg and 5 wt.% of PEG was added in
the filaments with 4 and 5 wt.% of Mg. 3.5, 7, 10.5, 14, and 17.5 wt.% of Zn were used in the case
of PLA/Zn filaments. The difference in weight percentages between Mg and Zn is dictated by the
differences in density and the mixtures were selected to obtain the same range of volume fractions
in both materials. For instance, the volume fraction of 5 wt.% of Mg particles is the same as 17.5

wt.% of Zn-1Mg particles.

Figure 3.1: (a) and (b) Secondary electrons SEM images of the Zn-1Mg particles. (c) and (d) EDS
analysis showing the distribution of Zn and Mg in the particles.
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3. Processing of PLA /Mg and PLA /Zn filaments for 3D Printing

3.3 Methods

3.3.1 Filament production

A general explanation of the filament production process is given in Chapter 2 but the specific
processing parameters will be detailed here. First, PLA pellets were dried in a conventional drying
oven (Scientific Instrument Co. Ltd., Shanghai, China) at 60°C for 24 hours. Subsequently, they
were manually mixed with Mg or Zn powders in the required weight proportions, and it was ensured

that most of the metallic particles remained adhered to the pellet surface.

The mixture of PLA and Mg or Zn particles was extruded in a Xplore MC 15 Micro Compounder
containing two conical mixing screws at 180°C with a residence time of ~ 3 minutes and a screw
rotating speed of 100 rpm. The extruded material went through an air-cooling channel attached to
the extruder leading to a filament of ~ 2.85 mm in diameter. It should be noted that the diameter
of the filament could not be controlled in this step. The filaments were pelletised (Granulator,
Brabender) and the corresponding feedstock of PLA /Mg or PLA/Zn pellets was introduced in the
3Devo Precision 450 filament maker. The temperature profiles for each combination of materials
are shown in Tables 3.1 and 3.2. It is worth noting that the heaters are labelled counter-intuitively
in the table from 4 to 1 instead of the expected 1 to 4. This is because of the manufacturer
specifications on the 3devo as seen in Figure 3.2. The temperature profile increases initially along
the barrel and then decreases to gradually melt the polymer before reaching the final heater nearest
the nozzle with a lower temperature in order to increase the viscosity of the material before being

further cooled by ambient temperature and spooled.

Screw Hopper

Motor

Feeding

Transitioning

Metering

Nozzle

Figure 3.2: Schematic of the screw inside the barrel in the 3Devo Precision 450 filament maker.
Heaters are shown in their relative positions labelled in HX format where H is heater and X
corresponds to the relative number.
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3.3. Methods

Table 3.1: Individual heater temperatures in the 3devo for PLA /Mg filaments.

Heater 4 Heater 3 Heater 2 Heater 1

Material

°C °C °C °C
PLA 180 200 180 170
PLA/Mg (1%, 2%, 3%) 170 190 170 160
PLA /Mg (4%, 5%) 160 180 160 150
PLA /Mg (4%, 5%)/PEG (5%) 150 160 150 140

Table 3.2: Individual heater temperatures in the 3devo for PLA/Zn filaments.

Heater 4 Heater 3 Heater 2 Heater 1

Material

°C °C °C °C
PLA and PLA/Zn (3.5%, 7%) 180 200 180 170
PLA/Zn (10.5%, 14%) 170 190 170 160
PLA/Zn (17.5%) 160 180 160 150

3.3.2 Filament characterisation

The physical and chemical properties of the filaments were characterized after standard extrusion
(in the Xplore MC 15 Micro Compounder) and precision extrusion (in the 3Devo extruder). The
Mg and Zn particle distribution in addition to the porosity were measured in filaments of 3 mm
in length by means of X-ray computed micro-tomography (X-uCT) in a Phoenix Nanotom using
a W target and 0-mode nanofocus. In the case of the PLA /Mg filaments, the voltage of the X-ray
tube was set to 80 kV and the current was 150 yA and the voxel size in the tomograms was 2 pm,

while a voltage of 50 KV with a current of 300 4A and a voxel size of 2 ym was used in the case
of the PLA /Zn filaments.

The thermal characterisation of both composite filaments was performed by differential scanning
calorimetry (DSC) (Q200, TA Instruments) up to 180°C with a heating/cooling rate of 10°C/min.
The thermal degradation of the two materials up to 500°C in air was studied by thermogravimetric
analysis (TGA) (Q50, TA Instruments) that provided the weight variation as a function of the
temperature. The MW distribution of the different composites was measured by gel permeation
chromatography (GPC), including a Waters 2424 refractive index detector with tetrahydrofuran as
the mobile phase, and a series of narrow polystyrene standards employed to generate the calibration
curve. 5 mg of the degraded sample was immersed in 5 ml of tetrahydrofuran under magnetic
stirring for 24 hours. Prior to injection, all samples were filtered with 0.45 pm nylon discs to

remove powder particles and prevent blocking the columns of the GPC analyser.

Melt flow index (MFI) tests of standard and precision extruded filaments were performed using
an MFT tester (KJ-3092, Kinsgeo) with a load of 2,16 Kg for 10 minutes at 170°C and 190°C
following ASTM standard D1238. The MFI is a common test performed to investigate the melt-
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3. Processing of PLA /Mg and PLA /Zn filaments for 3D Printing

processability of polymers and to determine the optimum temperature for 3D printing. According
to the literature, the MFT of the filament should be in the range of 10 g/10 min to 30 g/10 min to be
successfully printed using the FFF technique [149, 180]. Finally, the mechanical properties of the
filaments in tension were measured in an electro-mechanical mechanical testing machine (Instron
3384) under displacement control at displacement rate of 0.5 mm/min. The load was determined
using a load cell and deformation with an extensometer of 12.5 mm gauge length attached to the

filament.

3.3.3 Specimen fabrication and mechanical characterisation

An Ultimaker S5 (Ultimaker BV, The Netherlands) was used to print PLA/Mg and PLA/Zn
specimens using precision extruded filaments, with a travel speed of 5 mm/s and a nozzle of 400
pm in diameter. The printing temperature for PLA was 210°C, while for PLA /Mg it was 190°C
for wt.% 1, 2, 3, and 4, while the PLA/Mg/PEG composites with 4 and 5 wt.% Mg powder were
printed at 170°C. In the case of the PLA/Zn filaments the printing temperature was 190°C for the
PLA+3.5 wt.% Zn and 170°C for the composites with 7 and 10.5 wt.% of Zn powder. The bed
temperature was maintained at 60°C when printing neat PLA and the PLA /Mg composites while
for the Zn containing composites it was maintained at 70°C.

2

)

In the case of PLA/Mg, dogbone samples with a rectangular cross section of 5 x 2 mm
following ISO 527-1 type 1BA [181, 182, 183], were printed to measure the mechanical properties
under tension. The specimens were printed with a raster angle of 0° (parallel to the loading
direction) and a layer thickness of 0.1 mm with the aforementioned printing speed of 5 mm/s,
leading to a print time of 3 hours instead of 30 minutes when subjected to a print speed of 70
mm/s as specified by the manufacturer. Tensile tests were carried out on an electromechanical
testing machine (Instron 3384) and deformation was measured with an extensometer of 12.5 mm

gauge length attached to the sample.

Porous scaffolds with a face-centred cubic (FCC) lattice were printed to carry out compression
tests of PLA /Mg and PLA/Zn. The dimensions of the scaffolds were 20 x 20 x 20 mm? and made
up of circular struts of 1.5 mm in diameter (Figure 3.3). The printing temperatures indicated above
were used, but the printing speed was reduced to 5 mm/s. The standard 40 mm/s commonly used
in commercial 3D printers, however, the quality of the printed parts was superior when the printing
speed was reduced to 5 mm/s, however this slower speed increased the printing time from 3 hours

to approximately 14 hours.

The microstructure of selected scaffolds was analyzed by means of X-pCT with the same voltage
and current used in the case of the filaments. The sample and detector positioning were different,
leading to a voxel size of 12 um. Furthermore, the mechanical properties of the scaffolds in
compression were measured using an Instron 3384 mechanical testing machine. The cubic scaffolds
were compressed between two compression plates under displacement control at a cross head speed
of 0.5 mm/min. Teflon paste was inserted between the scaffold and the compression plates to
minimize friction. The applied load was measured with a load cell, while the reduction in length
was determined by means of a linear variable differential transducer (LVDT) in contact with the

compression plates.
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Figure 3.3: Model of the FCC scaffold.

3.4 Results and Discussion

3.4.1 Filament Characterisation

Representative sections of the PLA /Mg filament microstructure obtained by X-pCT are depicted
in Figures 3.4 (a) and (b) for standard and precision extruded filaments, respectively. The black
regions represent pores/voids, while the white dots are the spherical Mg particles. Spherical pores
of 88 + 19 um in diameter were found in the filaments produced by standard extrusion regardless
of the Mg content. The pore volume fraction was measured by segmentation of the tomograms in
filaments of 3 mm in length and can be found in Table 3.3. Large pores were found in the filaments
after standard extrusion, and, in addition, the filaments presented large variations in diameter and
shape along their length. These features hinder their use during FFF, since the printing process

is very sensitive to voids and variations in the filament diameter outside the tolerance.

On the contrary, precision extrusion led to filaments with 0 or negligible porosity (Figure 3.4
(b) and Table 3.3). Furthermore, the diameter of the filament was successfully controlled during
precision extrusion (Figure 3.5), as shown by the measurements in situ of the diameter of the
filament during extrusion of a PLA/5 wt.% Mg composite, which was the most difficult filament
to produce. Oscillations were observed in the diameter between 2.92 mm and 2.76 mm, while the
average diameter was 2.850 4+ 0.004 mm. The fluctuations in diameter of 3 wt.% did not impede
continuous printing by the FFF method. All of the PLA /Mg composite filaments manufactured
by precision extrusion were within this tolerance in terms of diameter and could be successfully
used to print scaffolds with complex geometries. Moreover, precision extrusion was a reproducible

and robust process, demonstrating its potential for large scale production of composite filaments.

46



3. Processing of PLA /Mg and PLA /Zn filaments for 3D Printing

(a) Standard Extrusion

Figure 3.4: Representative cross sections obtained by X-uCT of PLA/Mg filaments after (a) stan-
dard extrusion and (b) precision extrusion. x stands for the weight fraction of Mg. Filament
diameter was 2.85 mm in all cases.

The PLA/Zn filaments were also analysed by X-uCT and representative cross-sections are
depicted in Figures 3.6 (a) and (b) for standard and precision extruded filaments, respectively. The
black regions correspond to pores, while the white dots represent spherical Zn particles. In general,
a homogeneous distribution of the Zn particles in the PLA matrix is obtained after standard or

precision extrusion up to 14 wt.% of Zn. However, the concentration of the filler Zn particles
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Table 3.3: Pore volume fraction (in %) in PLA /Mg filaments processed by standard and precision
extrusion.

Mg content | Standard | Precision
(wt. %) extrusion | extrusion
1% 0.45 0
2% 2.72 0
3% 4.91 0
4% 0.61 0.03
5% 0.84 0
3 T T T T
®  n-situ Diameter Measurements
Average 2.850+0.004 mm
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Figure 3.5: Oscillations of the filament diameter along the filament during precision extrusion of a
PLA /5% Mg composite.

is higher near the center of the filament in the standard extruded filaments with 17.5 wt.% Zn.
Filler migration towards the center of the filament during polymer extrusion has been previously
reported [184, 185] and it is the result of the radial forces that develop on the filler particles during

extrusion.

The tomograms of filaments of 3 mm in length were segmented to determine the pore volume
fraction that can be found in Table 3.4. White regions stand for the Zn particle while black regions
are pores. Standard extruded materials present non-constant diameter and irregular cross-section
shape. The porosity was low except for the filaments with 17.5 wt.% Zn (Figure 3.6 (a)). Precision
extruded filaments have constant diameter and circular shape and the porosity of the filaments is
practically reduced to zero after precision extrusion when the Zn content is up to 10.5% (Figure
3.6 (b)). However, the porosity increases rapidly for 14 wt.% and 17.5 wt.% of Zn particles and

large pores can be observed in the filament containing 17.5 wt.% Zn in Figure 2(b)).

The porosity of the PLA/Zn filaments is higher than that reported in PLA/Mg filaments

processed by the same route and with equivalent volume fraction of metallic particles [180]. The
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(a) Standard Extrusion

Figure 3.6: Representative cross sections obtained by X-uCT of PLA-x Zn (x in wt.%) filaments
after (a) standard extrusion and (b) precision extrusion. z stands for the wt.% of Zn. The filament
diameter was 2.85 mm in all cases. White regions stand for the Zn particle while black regions are
pores.

higher porosity of the PLA /Zn filaments, especially the one with 17.5 wt.% Zn, may be attributed
to the large content of small Zn particles (<5 pm), which increases the contact surface area between

metal and polymer (See Figure 3.1). This phenomenon leads to higher porosity because of the gas
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Table 3.4: Pore volume fraction (in %) in PLA/Zn filaments processed by standard and precision
extrusion.

Zn content | Standard | Precision
(wt. %) | extrusion | extrusion
3.5% 0.20 0
™% 0.80 0
10.5% 0.15 0.68
14% 0.16 2.23
17.5% 1.23 13.80

layers surrounding the particles [185] and the higher effective viscosity of suspension that results
in higher gas volumes trapped in the melt, as well as improper filling of the gaps between adjacent
particles [184]. Furthermore, the air trapped within the particle clusters and the limited metal

flow within them can contribute to the formation of pores [184].

Overall, it should be noted that standard extrusion followed by precision extrusion is able to
produce continuous, uniform and dense PLA /Zn filaments which are suitable for FFF. Furthermore,
this process is reproducible, predictable and can be easily scaled up. The porosity in the filaments
increased when the Zn content was around 14 wt.% and increased more rapidly for the precision

extruded filament due to differences in the processing conditions.

3.4.2 Physicochemical properties of PLA/Mg and PLA/Zn filaments

Filament extrusion involves melting and shear, and these processes may modify the chemical
structure and MW of the polymer. Thus, the physicochemical properties of the filaments after
standard and precision extrusion were carefully analysed by DSC, TGA, and GPC to determine
the impact of processing on the PLA properties.

PLA /Mg filaments

DSC curves of PLA /Mg composites for the first heating after standard and precision extrusion
are plotted in Figures 3.7 (a) and 3.7 (b), respectively. The same curves for the PLA/4% Mg
and PLA/5% Mg composites with 5% PEG after precision extrusion are plotted in Figure 3.7
(¢). Three thermal transitions are observed in all samples, independently of the Mg concentration
or the presence of PEG. The first transition with increasing temperature is an endothermic step
associated with the glass transition of PLA (T}). All of the PLA/Mg samples presented this
transition at 58°C, even after the two extrusion processes. This fact indicates that Mg does not
have a plasticiser effect and that PLA depolymerisation after extrusion was not large enough to

increase the local chain mobility.

It should be noted that the T, for pure PLA after standard extrusion is around 58-60°C and
after precision extrusion is approximately 2°C higher. This small shift could be explained by the
ageing of the PLA samples during storage. The sample densifies at room temperature after some
time, decreasing the chain mobility and slightly increasing the T,,. On the other hand, the addition
of low molecular weight PEG had a clear and expected plasticiser effect [186, 187] reducing the T
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to ~ 51°C (Figure 3.7 (¢)). An exothermic process due to cold crystallisation (T.) appeared in
all samples at higher temperature. The presence of Mg shifted the exothermic peak from 122°C
in neat PLA to 116°C in PLA /5% Mg after standard extrusion, and a similar reduction has been
reported in the literature [134].

This behaviour may be produced by two mechanisms, namely the nucleating effect of Mg
particles and the higher polymer chain mobility due to the lower MW of PLA after depolymerisation
during extrusion, as discussed below. T, further decreased to 111°C in PLA /5% Mg after precision
extrusion and the differences after standard and precision extrusion can be explained by the higher
reduction in MW due to PLA depolymerisation during precision extrusion, as well as by the increase
in chain mobility due to the reduction of physical entanglements during the extrusion process. The
increase in chain mobility is much more important in the presence of PEG plasticiser, leading to
the lowest T,. (Figure 3.7 (c¢)) [188].

Finally, PLA presented a melting peak (T},) at 150°C, which remained constant for all the
standard extruded composites and for the precision extruded composites up to 3 wt.% Mg. Nev-
ertheless, the shape of the peak became broader with increasing Mg content and T}, decreased
slightly in the precision extruded composites with 4 wt.% and 5 wt.% Mg, while a new endother-
mic peak appeared at higher temperature. This behavior can be explained by the relation between
T.. and T},,. Crystallisation at lower temperature produced less perfect crystals which melt at lower
temperature, and that can recrystallise at slightly higher temperature. This melt-recrystallisation-
melt process was more evident in the samples containing PEG, which presented the lowest T,. and

where both melting peaks were clearly observed (Figure 3.7 (c)).

The weight loss as a function of the temperature obtained from TGA is plotted in Figure 3.8
for the precision extruded composites with different weight fractions of Mg particles. All samples
undergo one simple thermal decomposition step. Pure PLA degradation started at ~ 300°C and
reached the maximum weight loss at ~ 371°C. The onset degradation temperature decreased as
the Mg content increased. Thermal degradation started at ~ 217°C and the maximum weight loss
was reached at ~ 298° C when the weight fraction of Mg was 5%. This trend has been previously
reported for PLA /Mg composites because PLA is degraded by depolymerisation in the presence
of Mg particles [167] and the reduction in MW may trigger degradation at lower temperatures
[189]. It should be noted, however, that the onset degradation temperatures were always higher
than the processing temperatures during extrusion and printing but the progressive reduction of
the degradation temperature with higher Mg loads may become a problem to print filaments with
higher Mg content [190].

The MW distributions (MWD) of PLA and PLA /Mg composites with 3, 4 and 5 wt.% of Mg
obtained by GPC are plotted in Figures 3.9 (a) and (b) after standard and precision extrusion,
respectively. Standard extrusion was carried out at 180°C and the MW distribution of extruded
PLA was very similar to the one measured in the as-received PLA pellets (not shown in the
figure), indicating that extrusion at this temperature did not reduce the MW. Moreover, the MW
was independent of the Mg content in the PLA/Mg composites obtained by standard extrusion,
except for the one with 5 wt.% Mg that showed a shift towards lower MWs. However, a large
shift towards lower MWs was found in all the PLA /Mg composites after precision extrusion and

the reduction was particularly important in the composite with 5 wt.% Mg. These results are
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Figure 3.7: Heat flow curves of PLA/Mg filaments during DSC at a heating rate of 10°C/min.
(a) After standard extrusion. (b) After precision extrusion. (c¢) Effect of PEG on the heat flow of
PLA/Mg filaments. Glass transition temperature (Ty), cold crystallization temperature (T¢.), and
melting point (T,) are indicated with dashed lines.
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Figure 3.8: Weight loss as a function of temperature obtained from TGA for the precision extruded
composite containing different weight fractions of Mg particles.

summarised in Figure 3.9 (d), where the number average MW, Mn, after standard and precision

extrusion is plotted as a function of the Mg content.

They show that neat PLA degradation is limited during standard extrusion (maximum temper-
ature 180°C, residence time 2-3 minutes) and more noticeable after precision extrusion (maximum
temperature 200°C, residence time 10-12 minutes). The same trend was observed in the composites
with Mg although the reduction in MW was much more important. The maximum temperatures
during precision extrusion of PLA /Mg filaments were either 190°C or 180°C (Table 3.1), very sim-
ilar to the maximum temperature during standard extrusion (180°C). However, the residence time
during precision extrusion was much longer and the overall reduction in the MW was higher during

precision extrusion due to the catalytic effect of the Mg particles on the PLA depolymerisation.

Large reductions in the MW of PLA lead to large decreases in viscosity and compromise the
mechanical properties. Thus, 5 wt.% of PEG was added to the PLA /Mg mixture with 4% and 5%
Mg to reduce the processing temperature during precision extrusion. In this case, the maximum
temperature for precision extrusion was 160°C (Table 3.1) and, as result, the shift towards lower
MW distributions was reduced in comparison with the composites extruded without PEG (Figure
3.9 (¢)). The shoulder at low MW of filaments with PEG was attributed to the presence of low
MW PEG. Overall, the TGA profile of PLA in the precision extruded filaments with PEG was
similar to the degradation of the standard extruded filaments without PEG (Figure 3.9 (d)).

MEFT tests were performed in the standard extruded and precision extruded filaments to assess
their printability as well as to determine the optimum printing temperature. According to the
literature, the MFI of the filament should be in the range of 10 g/10 min to 30 g/10 min to be
successfully printed by the FFF technique [149]. The appropriate viscosity is necessary to ensure
that the molten material flows easily through the nozzle but the viscosity has to be high enough to
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Figure 3.9: Molecular weight distributions of PLA /Mg composites. (a) After standard extrusion.
(b) After precision extrusion. (c¢) Effect of PEG on the molecular weight distribution after precision
extrusion. (d) Evolution of the average molecular weight with Mg content after standard and
precision extrusion.

support the weight of the printed layers. The evolution of the MFI at 190°C with the Mg content

for standard and precision extruded filaments is plotted in Figure 3.10 (a).

The MFT increased with the Mg content and the differences between both types of filaments
were small when the Mg content was < 2 wt.%. The MFI was close to the lower printability limit.
However, large differences between both types of filaments were found for higher Mg contents. The
MFT of standard extruded filaments increased with Mg content (except for the highest Mg loads of
5%) but it was always within the printability range. Nevertheless, the MFI of precision extruded
filaments with 3% and 4% of Mg was very high and outside of the printability limit. The low
viscosity of these filaments can be attributed to the reduction of the PLA MW during precision
extrusion (Figure 3.9 (d)). Surprisingly, the MFT of the precision extruded filament with 5% Mg
was lower than that of the filaments with 3% and 4% of Mg and this behaviour could be attributed
to the increase in viscosity associated with the larger volume fraction of Mg particles in the molten
polymer. Thus, filaments produced by standard extrusion exhibited an MFI within the printability
range but they could not be used because of the porosity and inhomogeneities in the diameter.
The viscosity of precision extruded filaments of pure PLA and of PLA with Mg content up to 3%

was also within the printability range at 190°C and they were successfully used for 3D printing of
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Figure 3.10: (a) MFI at 190°C of standard extruded and precision extruded PLA /Mg filaments as
a function of the Mg content. (b) MFT at 170°C of precision extruded filaments of PLA /Mg and
PLA/Mg/5%PEG as a function of the Mg content. The MFI range for printability is marked by
the horizontal dashed lines.

scaffolds. However, 3D printing of PLA /3% Mg, PLA /4% Mg and PLA /5% Mg failed, even if the

latter was within the printability range.

The MFT at 170°C of precision extruded PLA /3% Mg was within the printability range and
could be printed at this temperature (Figure 3.10 (b)). Nevertheless, it was not possible to de-
termine the MFT of precision extruded PLA/4% Mg at 170°C due to clogging in the nozzle. 3D
printing of this material was possible, although it was complicated and required user intervention
several times. To overcome these problems, precision extrusion of PLA /4% Mg/5% PEG filaments
and PLA /5% Mg/5% PEG filaments were processed at the temperatures indicated in Table 3.1.
The MFT at 170°C of the precision extruded filaments with PEG are shown in Figure 3.10 (b)
and both were within the printability range. Moreover, they were successfully printed at this

temperature.

PLA /Zn filaments

DSC curves during the first heating cycle of the PLA/Zn filaments after standard and precision
extrusion are plotted in Figures 3.11 (a) and (b), respectively. All DSC curves exhibit a first peak
corresponding to the glass transition (T), followed by an exothermic phase transition due to cold
crystallisation (7T,.), and finally by an endothermic transition due to polymer melting (7,). The
glass transition of neat PLA occurs at approximately 58°C. The T, of PLA/Zn composites after
standard and precision extrusion remains unaffected regardless of the metal content (dashed line
at the lowest temperatures in Figures 3.11 (a) and (b)), indicating that polymer chain mobility is

not modified by the addition of Zn particles.

In contrast, the metal particles favour PLA crystallisation, which occurs at lower temperatures
and with narrower exothermic peaks, evidencing the nucleating effect of Zn. PLA nucleation
starts at ~ 90°C and the cold crystallisation peak (T..) is reached at ~ 122°C (dashed lines in
Figures 3.11 (a) and (b)). Te. decreases with increasing Zn content and reaches ~ 114°C after

standard extrusion and ~ 110°C after precision extrusion in filaments with 17.5 wt.% Zn. The
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difference in T,. between standard and precision extrusion can be attributed to the reduction of
MW and of physical entanglements in PLA due to shear stress during precision extrusion, since
this second processing step was performed at higher temperatures and with longer residence times
than standard extrusion. Cold crystallisation has also been reported to be facilitated by the
addition of metal particles in PLA /Mg composites [134]. The melting peak (7},) of PLA after
standard and precision extrusion is found at 150°C (dashed lines in Figures 3.11 (a) and (b)). T,
of PLA/Zn composites after standard extrusion remains unaffected up to 14 wt.% of Zn, and a
slight decrease (together with the emergence of a shoulder at higher temperature) is observed in
PLA-17.5 wt.% Zn. T, decreases slightly after precision extrusion due to the reduction in T,
and new endothermic peaks appear at higher temperatures in PLA/Zn composites, which can be
associated to melt/recrystallisation processes (marked by red short dashed lines on Figures 3.11

(a) and (b)). The split in the melting peak is more noticeable with increasing Zn content.

The weight loss as a function of temperature during TGA in air is plotted in Figure 3.12 for
the PLA/Zn filaments subjected to standard and precision extrusion. PLA degradation begins
at ~300°C and ends at ~390°C. PLA/Zn composites start to degrade at lower temperatures
(220-240°C) and the end of the degradation also occurs at lower temperatures (275-310°C). Both
temperatures decrease with increasing the Zn content but this effect is minor as compared with
presence of relative small amounts of Zn particles. The residual mass increased upon Zn content,
except for PLA/14 wt.% Zn, which was slightly higher than that of PLA/17.5 wt.% Zn. This
difference may be attributed to differences in the actual Zn content due to the small size of the

samples (between 10-15 mg).

The MWD of the PLA/Zn filaments after standard and precision extrusion were obtained from
the GPC experiments and are plotted in Figures 3.13 (a) and (b), respectively. Data from the
as-received PLA pellets are added in both figures. The presence of Zn particles led to an almost
negligible reduction in the MW distribution of PLA after standard extrusion, which took place at
180°C with a residence time of 3 minutes. The reduction in MW was slightly more noticeable after
precision extrusion, which was carried out at a maximum temperature 200°C with a residence
time of 12 minutes. Thus, the presence of Zn particles induced some scission of the molecular
chains during extrusion, which increases with the Zn content, as shown in the plot of the number
average MW (Mn) of PLA/Zn filaments with Zn content in Figure 3.13 (c¢). This process was
slightly accelerated during precision extrusion because of the higher temperature and residence
time. These results are in contrast with those reported for PLA/Mg filaments processed using
the same strategy and presented above (Figure 3.9 (d)). The average MW (Mn) of the PLA in
PLA/5 wt.% Mg composites decreased more than 50% after precision extrusion at 190°C and
the differences between PLA/Zn and PLA /Mg composites have to be attributed to the thermal
degradation of the polymeric chains catalysed by the presence of the Mg particles.

The MFT of the PLA /Zn composites at 190°C after standard and precision extrusion is plotted
in Figure 3.14 (a). These results are the average of five tests, and the error bars represent the
standard deviation. The MFT of precision extruded filaments increased slightly with the incorpo-
ration of up to 7 wt.% of Zn and remained approximately constant (15 g/10 min) for larger Zn
contents. These results are in agreement with the limited reduction in the average MW of PLA

after standard extrusion, Figure 3.13 (c), which did not significantly influence the viscosity of the
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Figure 3.11: DSC curves during the heating cycle of PLA/Zn filaments at a scanning rate of
10°C/min. Glass transition (T}), cold crystallization (T¢.) and melting temperature (7),,) of pure
PLA are marked with black dashed lines for reference. New emerging peaks in the PLA/Zn
composites are indicated with short red dashed lines.

composite. However, the MFI after precision extrusion increased rapidly with the Zn content due
to the reduction of the average MW of PLA. As a result, composites with Zn content above 10.5
wt.% exceeded the printability range at 190°C and it was not possible to measure the MFI of the
PLA/17.5 wt.% Zn composite because of its high fluidity. Thus, the MFI of the composites with
more than 10 wt.% of Zn were determined at 170°C and the results are plotted in Figure 3.14 (b).

They were within the printability range at this temperature.
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Figure 3.12: Weight loss as a function of temperature during the TGA test in air.

Table 3.5: Tensile properties of the PLA /Mg 3D printed dogbone specimens

Material Elastic Modulus (GPa)  Strength (MPa) Strain at Break (%)
PLA 3.1+£0.2 45+5 2.1+£0.4
PLA-4% Mg 3.1£0.1 4241 2.3£0.8
PLA-4% Mg+5%PEG  3+0.2 33£1 2.24+0.3

Overall, the results of the TGA tests (Figure 3.12) and of the MFI (Figure 3.14) indicate
that the presence of Zn particles accelerates the degradation of the PLA. However, this effect
was minimised as the printing temperature for PLA/Zn always remained below the degradation

temperature.

3.4.3 Tensile properties of PLA/Mg composites

The tensile stress-strain curves measured in dogbone specimens of PLA, PLA /4% Mg and PLA /4%
Mg with 5% PEG are shown in Figure 3.15. The elastic moduli of the three materials were very
similar (approximately 3 GPa) but the tensile strength of PLA and PLA/4% Mg was higher
(approximately 45 MPa) than that of PLA /4% Mg with 5% PEG (33 + 1 MPa). The mechanical
properties are summarised in Table 3.5. Overall, these mechanical properties are comparable to
those reported for PLA for biomedical applications [176] and the reduced strength of the composites
with PEG can be attributed to the increase in the polymer chains mobility induced by the presence
of PEG.
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Figure 3.13: MW distributions of PLA/Zn composites. (a) After standard extrusion. (b) After
precision extrusion. (c) Evolution of the number average molecular weight (Mn) with Zn content
after standard and precision extrusion.

3.4.4 Compressive properties of scaffolds

PLA /Mg scaffolds

The microstructure of the PLA/Mg scaffolds was analysed by means of X-uCT to assess the
geometric accuracy and internal porosity. Representative tomograms of the scaffolds printed with
PLA, PLA /4% wt. Mg and PLA /4% wt. Mg with 5 % PEG are shown in Figure 3.16. They show
that it was possible to print the scaffolds with the complex FCC shape with good geometrical
accuracy. However, large internal porosity was found in the PLA/4% Mg scaffolds (Figure 3.16
(b)) compared to those printed with pure PLA filaments (Figure 3.16 (a)). The addition of PEG
to the filaments reduced the internal porosity of the scaffolds in addition to making it possible to

print the scaffolds with ease at lower temperatures.

The engineering stress-strain curves of the PLA /Mg FCC scaffolds in compression are plotted
in Figure 3.17. They were calculated from the applied load and displacement taking into account
the initial height and cross-section of the scaffolds. All scaffolds showed ductile behaviour during

deformation and the initial elastic region was followed by a plateau region in which the deformation
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Figure 3.14: (a) MFI at 190°C of standard extruded and precision extruded PLA/Zn filaments as
a function of the Zn content. (b) MFI at 170°C of precision extruded filaments of PLA/10.5 wt.
% Zn, PLA/14 wt. % Zn and PLA/17.5 wt. % Zn. The MFTI printability range is marked by the
horizontal dashed lines.

progressed at constant stress. The best mechanical properties were measured in PLA scaffolds due
to low internal porosity (Figure 3.16 (a)) and higher material strength (Figure 3.15). The elastic
modulus and strength of PLA/4% Mg and PLA/4% Mg/5% PEG scaffolds were reduced due to
porosity (Figure 3.16 (a)) or to the lower strength of the material (Figure 3.15), respectively. The
average values of the mechanical properties of the 3D printed dogbone samples tested in tension
and of the FCC scaffolds deformed in compression are summarised in Table 3.6. Nevertheless, the
differences were not very relevant and the addition of PEG facilitates the 3D printing of fully dense

scaffolds at lower temperatures.

PLA /Zn Scaffolds
FCC scaffolds were printed from PLA, PLA/3.5% Zn, PLA/7% Zn and PLA/10.5% Zn. It
was not possible to print scaffolds with higher Zn content because of high polymer fluidity and
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Figure 3.15: (a) Tensile stress-strain curves of dog-bone specimens of pure PLA, PLA-4% Mg and
PLA-4% Mg with 5% PEG deformed parallel to the printing direction. (b) Images of the specimens
after fracture.

Table 3.6: Compression properties of the PLA /Mg 3D printed scaffolds

Material Elastic Modulus (MPa)  Strength (MPa)
PLA 650+32 16+1
PLA-4% Mg 540148 15+1
PLA-4% Mg+5%PEG  533+18 13+1

nozzle clogging problems. 2D sections from X-ray tomography are shown in Figures 3.18(a)-(d),

respectively.

The porosity between the filaments and the scaffolds cannot be related, however, the porosity
of the scaffolds remained below 0.7%. The figures indicate that the scaffolds have good geometric
accuracy and that the Zn particles were homogeneously distributed in the case of the composites.
Moreover, slightly higher internal porosity was observed in the case of the PLA/3.5 wt.% scaffold
The addition of higher loads of Zn to the filaments

reduced the internal porosity of the scaffolds (and it was possible to print the scaffolds at lower

(marked with arrows in Figure 3.18(b)).

temperatures) probably due to the reduction in viscosity during processing, which facilitated the

deposition of the material.

The nominal stress-strain curves in compression of the 3D printed scaffolds are plotted in Figure
3.19. Stress was calculated from the applied load divided by the initial cross-section of the scaffold
while the engineering strain was obtained from the displacement measured by the LVDT divided
by the initial height. All the samples were deformed up to 10% compressive strain. The PLA
scaffolds showed continuous hardening during deformation (or, at least, a constant flow stress),
which is indicative of homogeneous deformation. In fact, the optical micrograph of the lateral
section of the PLA scaffold at the beginning of the compression test (Figure 3.20 (a)) and after
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Figure 3.16: Cross-sections fcc scaffolds extracted from the tomograms obtained by X-uCT. (a)
PLA. (b) PLA/4% Mg. (c) PLA/4% Mg/5% PEG.

10% of compressive strain (Figure 3.20 (b)) show a slight barreling of the scaffold after deformation.
On the contrary, softening after the peak load was found in all the scaffolds containing Zn particles,
which is indicative of the early localization of damage. This is shown in Figure 3.20(d), where the
lateral view of the PLA /7 wt.% Zn scaffold is depicted after 10% compressive strain. Damage has
been localised in the first row of the scaffold lattice and vertical cracks (parallel to the loading
direction) have developed. Thus, the presence of Zn particles embrittles the material, leading to

early crack formation.

The average value and standard deviation of the elastic modulus and of the strength of the
scaffolds with and without Zn particles are indicated in Table 3.7. The mechanical properties of the
PLA and PLA/7 wt.% Zn scaffolds were very close while those of the scaffolds with 3.5 wt.% and
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Figure 3.17: Experimental engineering stress-strain curves in compression of PLA, PLA /Mg and
PLA/Mg/PEG FCC scaffolds.

Table 3.7: Compression properties of the PLA/Zn 3D printed scaffolds

Material Elastic Modulus (MPa) Strength (MPa)
PLA 650+32 16£1
PLA-3.5% Zn 529+1 13+1
PLA-7% Zn 675+103 161
PLA-10.5% Zn  517+10 13£1

10.5 wt.% Zn were slightly lower, very likely due to the porosity in the former and to the brittleness
induced by the Zn particles in the latter. Thus, PLA + Zn particle scaffolds present properties
similar to those found in PLA scaffolds and the main objective of the Zn particle reinforcement
should be to tailor the degradation rate and the biocompatibility. Both issues will be addressed in
the future.
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Figure 3.18: (a)-(d) Cross-sections of FCC scaffolds extracted from XCT tomograms. Internal
pores are marked with white arrows.
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Figure 3.19: Engineering stress-strain curves in compression of 3D printed scaffolds of PLA and

PLA with 3.5, 7.0 and 10.5 wt. % of Zn.
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Figure 3.20: Lateral view of the scaffolds. (a) PLA, before testing. (b) PLA, after 10% compressive
strain. (¢) PLA + 7 wt. % Zn, before testing. (d) PLA + 7 wt. % Zn, after 10% compressive
strain.
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3.5 Conclusions

A strategy has been developed to manufacture PLA filaments reinforced with either Mg or Zn
particles for the fused filament fabrication of porous scaffolds for biomedical applications. The
mixture of PLA pellets and metallic particles was extruded twice, the second time using a pre-
cision extruder that allows the production of filaments with constant diameter and homogeneous
dispersion of metallic particles throughout the PLA matrix. There was a significant reduction in
molecular weight and onset thermal degradation temperatures for both PLA/Mg and PLA/Zn
materials, due to the longer residence time (> 10 minutes) associated with the second (precision)
extrusion step. The precision extrusion step led to a negligible porosity for all weight percentages
of Mg content and up to 10.5 wt.% in the case of the PLA/Zn materials.

In the case of the PLA /Mg materials, it was found that the thermal degradation and increased
chain mobility of the polymer was catalysed by the presence of Mg particles at high temperatures
(180-190°C) and long residence time. This increase in chain mobility led to a significant increase
in MFI of the polymer to the point where it was outside of the printability range for any wt.% of
Mg above 4%. The addition of PEG to the PLA /Mg composite for weight fractions greater than
4% reduced the precision extrusion temperature to 160°C, and with it, the MFT of the polymer to
a value within the printability range.

In terms of the tensile properties of PLA /Mg composites, the addition of Mg particles to the
PLA matrix did not significantly alter the values for elastic modulus and strength. However, the
enhanced chain mobility in the materials with PEG resulted in a reduction in strength due to the
plasticising effect. Porous FCC scaffolds with good geometrical accuracy were printed for PLA,
PLA/4% Mg and PLA /4% Mg/5% PEG materials. The lowest internal porosity was achieved
in scaffolds manufactured with PLA or PLA /4% Mg/5% PEG filaments and the best mechanical
properties (elastic modulus and compressive strength) were achieved in the PLA scaffolds, although
the properties of the PLA /4% Mg scaffolds were very similar. The scaffolds manufactured with
PLA/4% Mg/5% PEG filaments could be printed at lower temperatures but the strength was
reduced due to the effect of PEG on the polymer chain mobility.

In the case of PLA/Zn materials, the addition of Zn led to physicochemical changes in the
properties of the PLA. In particular, Zn particles favoured the nucleation of crystals and reduced
Tec. Despite the effect on the T, and the reduction in MW and onset degradation temperatures,
the MFI was not effected and therefore it was possible to print scaffolds with complex shape at
190°C with PLA /Zn composites containing 3.5 and 7 wt.% of Zn and at 170°C when the Zn content
was 10.5 wt.%. Composites with higher Zn content could not be printed because of clogging of the
nozzle and high fluidity of the material. The dimensional accuracy of FCC scaffolds of 20 x 20 x
20 mm? was excellent and the porosity was negligible in scaffolds with 7 wt.% of Zn content, very
likely because of the viscosity reduction that facilitates 3D printing. The mechanical properties
of the scaffolds containing 7 wt.% of Zn were similar to those of the PLA scaffolds in terms of

stiffness and strength, although the presence of Zn particles led to a more brittle failure mode.

This study provided the necessary infrastructure for processing Mg and Zn powder reinforced
composite materials for 3D printing. It demonstrated the effects of the addition of Mg and Zn

particles on the physicochemical and mechanical properties of PLA. This manufacturing route
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seems to be very promising to manufacture biodegradable thermoplastic/metal composite filaments
for 3D printing that can take advantage of the different properties of both components from the

viewpoint of tissue engineering.
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3D Printing of Medical Grade
PLDL/Mg and PLDL/Zn
Composites for Orthopaedic
Applications

4.1 Motivation

PLA reinforced with Mg particles or other fillers has been developed in the past for biomedical
applications [83, 109, 110, 111, 132, 133, 134, 191]. In the previous chapter, we developed a strategy
to manufacture PLA /Mg and PLA/Zn filaments for 3D printing. We characterised the materials
in terms of their physicochemical, mechanical, and microstructural properties to determine the
suitable volume fraction of metallic particles that can be added to the polymer matrix and still be
3D printed.

This widely used processing strategy for PLA and other thermoplastic polymers presents enor-
mous potential for personalised medicine in which the device/scaffold/implant can be customised
to the specific needs of the patient. However, the analysis of the available information in the liter-
ature shows that most of the metal/polymer composite filaments for FFF were manufactured from
non-medical grade PLA, and thus they are not suitable for biomedical applications. Attempts to
overcome these limitations using pure PLA did not obtain filaments with a constant diameter and

a homogeneous distribution of the metallic particles [134].

The main objective of this investigation was to apply a dual-extrusion technique, previously
developed to manufacture filaments for FFF of non-medical grade PLA reinforced with Mg [180]
or Zn [192] to medical grade PLDL/Mg and PLDL/Zn composites. Subsequently, an extensive
analysis of the mechanical behaviour, degradation rate, and biocompatibility of the composites

was carried out to assess their potential for biomedical applications.

4.2 Polymer Selection

It is important to understand that the processing conditions modify the structure and properties

of the polymer matrix. During manufacturing of polymer scaffolds, the polymeric material will be

69



4.2. Polymer Selection

melted three times during extrusion in the microcompounder, extrusion in the precision filament
maker and finally during 3D printing of the final part. The molecular weight is reduced in each
processing step and hence the strength of the material. Thus, a thermoplastic polymer with a

relatively high molecular weight should be selected as the matrix for these composites.

Another very important factor is cytocompatibility. Many studies have reported that Ingeo
Biopolymer 2003D (Natureworks B.V., Netherlands) is suitable for medical/tissue engineering
applications and showed cytocompatiblility results [191, 193, 194, 195, 196]. However, the cyto-
compatibility of Ingeo biopolymer 2003D was tested and a cytotoxic behavior was found, despite
of having good anti-bacterial properties. This behaviour agrees with the statements of Nature-
works B. V., the provider of the polymer, which indicates that Ingeo 2003D is not a medical grade
polymer and should not be used to this purpose. Ingeo Biopolymer 2003D is intended for use in
food packaging, is not harmful to food products, and prevents bacterial growth during packaging,

but it is not a medical grade polymer.

Contact was established with Corbion B.V. in The Netherlands, a company specialising in
medical grade polymers. Corbion provided information on the biomedical grade polymer available
with their physical properties: elastic modulus, strength, and elongation at break, in addition to

the expected degradation time for each material (Table 4.1).

Table 4.1: Physical properties associated with various polymer families from Corbion. Data pro-
vided by Corbion B.V., The Netherlands.

Elastic Tensile Elongation Degradation
Material Modulus ~ Strength at break Time

(GPa) (MPa) (%) (Months)
Poly(L-lactide) 3.1-3.7 60-70 2-6 >24
Poly(DL-lactide) 3.1-3.7 4555 2.6 12-16
Poly(glycolide) 6.5-7 90-110 1-2 6-12
Poly (e-caprolactone) 0.2-0.3 25-35 >300 >24
50/50 DL-lactide/glycolide 3.4-3.8 40-50 1-4 1-2
85/15 L-lactide/glycolide 3.3-3.5 60-70 2-6 12-18
70/30 L-lactide/e-caprolactone  0.02-0.04  18-22 >100 12-24

Five different polymer samples selected from this table (provided by Corbion) were tested for
cytocompatibility and molecular weight to determine the most suitable polymer. They were PL38,
PDL45, PLDL7038, PLG8531, and PLD9655. The composition for each of these materials along
with their inherent viscosity is provided in Table 4.2, while the physical properties of the polymer
types can be found in Table 4.1. Cytocompatibility tests were also carried out on a Ti control
sample and in the Ingeo 2003D polymer. The inherent viscosity (IV) is another standardised
measurement of the molecular weight of a polymeric, often used to characterise the polymerisation
state and the degree of polymer chain entanglement. The inherent viscosity is related to the

viscosity of a polymer solution compared to the viscosity of the solvent alone. Higher inherent
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Table 4.2: List of the five materials that were provided to undergo further testing before deciding
which of the polymers would be used to continue work in the thesis studies.

Material Composition Inherent Viscosity (dL/g)
PL38 Poly(L-lactide) 3.8
PDL45 Poly(DL-lactide) 4.5
PLDL7038 70/30 L-lactide/DL-lactide copolymer 3.8
PLG8531  85/15 L-lactide/Glycolide copolymer 3.1
PLD9655  96/04 L-lactide/D-lactide copolymer 5.5

viscosity values generally indicate higher molecular weights and longer polymer chains [197].

The results of the indirect cytocomptability tests are plotted in Figure 4.1. The medical grade
polymers and the control Ti sample exceeded the cyocompatibility threshold of 70% (with the
exception of PDL45 at a concentration of 100% that was slightly below the threshold), while
Ingeo 2003D was well below the cytocompatibility threshold up to concentrations of only 10%. In
addition, direct tests for the medical grade polymers (and two control samples: Ti and a control in
which the samples were not exposed to any material) were carried out to assess the cell/material
interaction. The results are shown in Figure (Figure 4.2). The cells were seeded and stained after
24 hours and observed in the confocal microscope. All of them presented excellent interaction with

the medical grade polymers.
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Figure 4.1: Indirect cytocompatibility tests to determine the mitochondrial activity after 24 hours.
The horizontal dashed line 70% establishes the cytocompatibility limit.
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Parameters
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Figure 4.2: Cell-material interaction after cell-seeding on the various medical grade polymers and
two control samples (Ti and a control in which the samples were not exposed to any material)
after 24 hours. The green regions indicate the cytoskeleton of the cell, while the blue regions are
the nucleus.

From the cytocompatibility results, the preliminary GPC tests to determine molecular weight,
and the data of the physical properties provided by Corbion, PLDL7038 was selected to manufac-

ture the composites.

4.3 Materials

The polymer/metal composites were manufactured from a medical grade bioabsorbable polymer
PLDL7038 (Corbion N.V., Netherlands). The WE43-MEO Mg alloy powders were provided by
Meotec GmbH and their composition and characteristics were detailed in the previous chapter. Zn
powders with a composition Zn-1 wt.% Mg were manufactured by gas atomisation and purchased
from Nanoval GmbH. The particle size distribution was in the range 30-60 um with dso = 42.1 pm.
Furthermore, polyethylene glycol (PEG 1000 g/mol) (Sigma-Aldrich, MO, USA) was also used to
facilitate the filament extrusion in the case of PLDL and PLDL/Mg composites.

Filaments of three different materials were prepared following the dual extrusion method pre-
sented in the previous chapter: PLDL + 5 wt. % of PEG, PLDL + 4 vol. % of Mg particles +
5 wt. % of PEG and PLDL + 4 vol. % of Zn particles. Extrusion of PLDL7038 is difficult and
therefore 5 wt. % of PEG was added to improve the processability and reduce the viscosity [198].
PEG was also added to facilitate the extrusion of the composite containing Mg particles, following

our previous experience, but it was not necessary in the composite with Zn particles.

300 grams of PLDL7038 were used for each material. The PLDL pellets were dried under
vacuum at 105°C for 4 hours to remove any moisture. They were mixed manually with PEG and/or
the metallic particles and extruded at 180°C (for the composites with metallic particles) or at 220
°C (for the PLDL+PEG) in the MC 15 microcompounder (Xplore, Sittard, The Netherlands).
The residence time was approximately 2 minutes for all materials, and the rotation speed of the

screws was 60 rpm for PLDL+PEG and 80 rpm for the materials containing metallic particles.
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The second extrusion step was carried out in the 3devo precision extruder. The average screw
speed was 5 rpm and the temperatures along the screw are shown in Table 4.3 for each material.
Fully dense filaments with a constant diameter of 2.85 mm, and a homogeneous distribution of the

metallic particles were obtained.

Table 4.3: Temperature distribution across the individual heaters in the 3devo precision extruder

Heater 4 Heater 3 Heater 2 Heater 1

Material

e e e °oC
PLDL7038 + 5 wt. % PEG 190 195 200 195
PLDL7038 + 4 vol. % Mg + 5 wt. % PEG 175 185 182 180
PLDL7038 + 4 vol. % Zn 175 185 182 180

An Ultimaker S5 3D Printer (Ultimaker B.V., Utrecht, The Netherlands) was used to manu-
facture coupons for characterisation and scaffolds by FFF. The geometries of the printed samples
were designed with Autodesk Inventor (Autodesk Inc., CA, USA). Dogbone samples according
to ISO 527-1 (Part A) [140] were printed for tensile tests while coins of 13 mm in diameter and
1 mm thickness were prepared for the cytocompatibility tests, while parallelepipedic samples of
100 x 10 x 2 mm? were printed for the degradation tests. The printing temperature was 200°C
for PLDL4+PEG, 190°C for PLDL+Mg+PEG and 170°C for PLDL+Zn. Additionally, porous
scaffolds with dimensions of 20 x 20 x 20 mm? with an FCC lattice structure were printed from
the 3 materials to demonstrate the dimensional accuracy that could be achieved when fabricating

complex geometries.

4.4 Methods

4.4.1 Degradation tests

Degradation of the materials was carried out in Gibco dulbecco’s phosphate buffer saline (DPBS)
(Life Technologies Europe B.V., Bleiswijk, Netherlands) following the ISO 13781 standard as a
guideline [151]. The 3D printed rectangles were cut into pellets of approximately 10-35 mg in
weight and introduced in an eppendorf which was filled with DPBS to reach a ratio of, at least,
30ml:1g. The eppendorfs were placed in a water bath at 37°C for up to 1 year. The eppendorfs
were periodically extracted in triplicate (n=3) and the pH of the DPBS was measured using a
pH meter (Sension+ PH3, Hach, Ames, Iowa, United States). Subsequently, the 'wet’ mass was
measured after drying the samples with tissue paper in an ES125SM balance (Precisa Gravimetrics,
Dietikon, Switzerland).

Gel Permeation Chromatography (GPC) (GPC 2414, Waters) was used to monitor the molec-
ular weight of each printed sample as a function of the degradation time. The method used to
determine the molecular weight was the same as was implemented in the previous Chapter 3, and
the number average molecular weight (Mn) was then determined in each follow-up sample over a

14-week period.
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In the case of the composites containing Mg, the progressive corrosion of Mg was determined
from the hydrogen evolution using an experimental set up similar to the one described by by [89].
5 coins of 13 mm in diameter and 2 mm in thickness were placed in a beaker and a glass funnel
was placed in an inverted orientation on top of the coins that were immersed in 200 ml of DPBS.
A 25 ml burette was placed on top of the inverted funnel and the volume of hydrogen released
was measured over time for 16 weeks. The corrosion of Mg in an aqueous environment takes place

according to the reaction:

Mg +2H,0 — Mg*t +20H™ + H, (4.1)

and the release of 1 molecule of He corresponds to the corrosion of 1 atom of Mg. The number of

Hs moles n is given by

_ Py,V
~ RT

(4.2)

where V' is the hydrogen volume, R the ideal gas constant, 7" the absolute temperature and Pp, is
the pressure of hydrogen gas, which is given by P, = Pytm — Pr,0 where Py, is the atmospheric

pressure and Pg,o = 47 mmHg represents the vapour pressure of the DPBS liquid at 37°C [199].

The degradation mechanisms were analysed by means of scanning electron microscopy (SEM).
Samples were prepared by impregnation in an epoxy resin (SpeciFix resin system, Struers, Den-
mark) before being ground with SiC paper ranging from P320 to P2500. Samples were then
polished with a diamond paste of 3 and 1 pm grain size (ATM Qness GmbH, Mammelzen, Ger-
many) using MD-Nap polishing plates (Struers, Denmark). They were gold sputtered (Quorum
Q150T ES, Quorum Technologies Ltd., East Sussex, England) to ensure electrical conductivity
and analysed in either an Apreo 2S LoVac (Thermo Scientific, MA, USA) or a Helios Nanolab 600i
(FEI, Hillsboro, OR, USA) scanning electron microscope using secondary electrons at a voltage of
5 kV and with currents in the range 40 to 80 pA. Energy-dispersive X-ray spectroscopy (Oxford
Instruments, Abingdon, UK) was used to assess the corrosion mechanisms in the composites with

metallic particles.

In addition, differential scanning calorimetry (DSC) was used to determine changes in the
thermal properties of the materials as they degraded over time. Samples between 5 and 10 mg
were loaded onto a Q200 calorimeter (TA Instruments, Delaware, USA). 2 heating/cooling cycles
were applied to materials ranging from 0°C to 200°C at 10°C/min to ascertain changes in the glass

transition temperature with degradation time.

4.4.2 Mechanical properties

The mechanical properties in tension were measured on doghbone samples manufactured by FFF
following ISO 527 [140]. The length and thickness of the gauge length of the samples were 30 mm
and 2 mm, respectively, and the width was 5 mm. Mechanical tests were carried out using an
Instron 5966 electromechanical testing machine (Instron, Norwood, MA, United States) under a

strain rate of 2 mm/min. The applied load was measured with a 2 kN load cell and the deformation
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in the gauge section of the samples was measured by means Digital Image Correlation (DIC) using
the appropriate software (VIC 2-D, Correlated Solutions Inc., SC, USA). To this end, the surface
of the samples was sprayed by a black and white dot pattern. In addition to as-printed dogbone
samples, the mechanical properties were also measured in samples that were placed in a DPBS
solution at 37°C ranging from 2 weeks to 12 weeks. The ratio of the DPBS volume to the dogbone
sample was always 30 ml:1 g. The gripping ends of the doghone sample were painted using a vinyl
spray to reduce the degradation in these regions and ensure that fracture after degradation took
place in the gauge section. The samples were introduced in a water bath at 37°C connected to a
pump system that filled a small water tank to surround the sample (See Chapter 2). A minimum
of 3 samples were tested in order to achieve the mean and standard deviation of the mechanical

properties.

4.4.3 Biological characterisation

The cytocompatibility and cell-material interaction were studied in murine preosteoblast cells of
the MC3T3-E1 line (ATCC-CRL-2593), cultured in a complete culture medium consisting of alpha-
MEM (Thermo Fisher, MA, USA), 10% foetal bovine serum (FBS) (Thermo Fisher, MA, USA),
and 1% penicillin-streptomycin (Thermo Fisher, MA, USA). The cytocompatibility of the materials
was assessed by means of indirect and direct tests, following ISO guidelines [155, 156]. The ability
of cells to interact with other cells and the materials was studied by immunofluorescence staining
of phalloidin and DAPI to observe the morphology of cells and by using SEM to analyse the

interaction of cells and the materials.

Cytocompatibility

Cytocompatibility was studied using two different methods: indirect tests using the release of
the materials under culture conditions (defined as extracts), and by direct test using the live/dead
technique. For the indirect tests, material extracts were obtained by immersing each individual
sample in complete culture medium with an area/volume ratio of 3 cm? /ml. The samples were
incubated at 37°C, 5% CO2 and 95% relative humidity for 72 hours. Independently, preosteoblast
cells were seeded at a density of 10% cells/cm? for 24 hours. The culture medium was subsequently
removed and replaced with prediluted material extracts. Pure extracts were evaluated followed by
a 2-fold dilution of extracts (50%, 25%, 12.5%, 6.25% and 3.125%). Cells were then incubated for
24 hours. Next, 5 mg/ml of MTT (3-(4,5- dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
(Sigma-Aldrich, MO, USA) in DPBS was added in each well in a proportion of 10 pl per 100
u1l of medium. Cells were incubated at 37°C for 3 hours covered from the light. Then 100 pl of
dimethyl sulfoxide (DMSO) (Sigma-Aldrich, MO, USA) was added to dilute the formazan crystals.
Finally, the absorbance was read on a spectrophotometer (BioTek EL800, Agilent, CA, USA) with
a wavelength of 570 nm. Mitochondrial activity was calculated by normalisation with respect to
control wells, in which cells were seeded in the complete medium without extracts. Each experiment

was repeated three times (n=3).

In the case of the live/dead assays, samples were placed on a 24 well plate and cleaned twice
by immersion in ethanol for 10 minutes, followed by immersion in DPBS twice for 10 minutes.

Subsequently, cells were seeded on top of the samples with a concentration of 3x10% cells/cm? and
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immersed in 1 ml of complete culture medium and placed in an incubator at 37°C, 5% CO4 and 95%
relative humidity for 6 days, and the medium was changed every 2 days. The live/dead solution
for the assay was prepared by diluting 2 pl of ethidium homodimer-1 (635 nm), and 0.5 ul of of
calcein AM (515 nm), in 1 ml of DPBS, followed by thorough mixing. The live/dead solution was
then added to the cells, ensuring that they were covered by the solution. The plate was covered
in order to protect the solution from light and incubated under physiological conditions for 20
minutes. The live/dead solution was then removed in darkness and the samples were washed twice
with DPBS. The sample was left in DPBS and immediately viewed under confocal microscopy
(Confocal Olympus Fluoview FV-3000) at 10X magnification.

Cell-material interaction

The ability of cells to interact with other cells and the materials was studied by immunofluo-
rescence staining of phalloidin and DAPI to observe the morphology of cells and by using SEM to
analyse the interaction of cells and the materials. For both experiments, cells were seeded directly
on top of samples at a concentration of 10 cells/cm? and incubated at 37°C, 5% CO, and 95%
relative humidity. A Ti sample was used as a control. A set of samples was cultured for 1 hour
to evaluate the early attachment of cells to the surface, while another set of was cultured for 24
hours to assess late attachment, cell morphology and monolayer formation. At the end of each
incubation time, cells were fixed with paraformaldehyde (PFA) 4% (Sigma-Aldrich, MO, USA) for

20 minutes at room temperature. The samples were then washed with DPBS.

For the immunofluorescence staining technique, cells were permeabilized with 0.1% Triton X-
100 (Sigma-Aldrich, MO, USA) for 15 min. Cells were then washed twice with DPBS and then
exposed to Alexa Fluor 488 phalloidin (Thermo Fisher, MA, USA) in a concentration of 1:300 and
DAPI (Sigma-Aldrich, MO, USA) in a concentration of 1:1000. The cells were incubated for 1 hour
at room temperature in the dark and then washed with DPBS. Subsequently, they were observed
in the confocal microscope (Confocal Olympus Fluoview FV-3000) at 20X magnification.

Furthermore, to study the cell-material interaction, another separate set of samples was de-
hydrated in ethanol at different concentrations (50, 70, 80, 90 and 100%) for 10 minutes each.
A second subsequent dehydration process was carried out using hexamethyldisiloxane (HMDS)
(Thermo Scientific, MA, USA) diluted in ethanol with concentrations of 33%, 50%, 66%, and
100%, immersing the samples again in each dilution for 10 minutes. These dehydration steps were
carried out after fixing the cells with PFA. After the final dilution, samples were left to dry at
room temperature overnight. The cells were then observed under SEM (Apreo 2S LoVac, Thermo
Scientific, MA, USA).

Live/Dead Assay

In the case of live/dead assays, samples were placed on a 24 well plate and cleaned twice by
immersion in ethanol for 10 minutes, followed by immersion in PBS twice for another 10 minutes.
Subsequently, cells were seeded on top of the samples with a concentration of 3x10* cells/cm?,
immersed in 1 ml of complete culture medium, and placed in an incubator at 37°C, 5% CO5 and
95% relative humidity for 6 days. The medium was changed every 2 days. The live/dead solution
for the assay was prepared by diluting 2 pl of ethidium homodimer-1 (635 nm), and 0.5 ul of of
calcein AM (515 nm) in 1 ml of PBS, followed by thorough mixing. The live/dead solution was
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then added to the cells, ensuring that they were covered by the solution. The plate was covered
to protect the solution from light and incubated under physiological conditions for 20 minutes.
The live/dead solution was then removed in darkness and the samples were washed twice with
PBS. The sample was left in PBS and immediately viewed under confocal microscopy (Confocal
Olympus Fluoview FV-3000, Olympus, Tokyo, Japan) at 10X magnification. The experimental
procedure was very similar to the cell staining technique indicated in Figure 2.12, with the only

differences being the staining used and the number of days the samples were incubated for.

4.4.4 X-ray computed micro-tomography

X-ray computed microtomography was used to assess geometric accuracy as well as microstructural
characteristics (porosity and particle distribution) of the FCC lattice scaffolds manufactured by
FFF. Tomography experiments were carried out in a Phoenix Nanotom (General Electric, MA,
USA) using a W target and 0-mode nanofocus at 50 kV with a current of 300 pA and the voxel

size was 12 pm.

4.4.5 Statistical Analysis

The statistical analysis that was carried out throughout the course of this study was focused on
determining the mean and the standard deviation of the results. It was performed using Excel
(Microsoft Inc., USA), and the minimum number of tests use to calculate any mean or standard

deviation value was 3. Statistical significance studies were not performed.

4.5 Results

4.5.1 Degradation rate and degradation mechanisms

The degradation rate of the different materials was initially assessed from the change in mass and
pH as a function of the degradation time at 37°C, which are shown in Figures 4.3(a) and (b),
respectively. The PLDL+PEG was very stable during the first 12 weeks and the wet mass and the
pH remained relatively constant. Subsequently, it showed a large increase in wet mass (with a peak
of 120% at 20 weeks) followed by a large reduction in mass up to 52 weeks, and this reduction was
accompanied by a constant reduction in pH, which is indicative of the hydrolysis of the polymer. It
should be noted that the experimental scatter in the wet mass of the PLDL+PEG after 31 and 41
weeks was very high. This result could be associated with inhomogeneities in the microstructures
created by 3D printing, where some regions are more susceptible to water uptake and degradation

than others.

The PLDL+Mg+PEG composite showed a rapid increase in wet mass during the first 14 weeks,
which remained constant at =~ 80% until 30 weeks and then decreased slightly to 60% after 1 year.
The rapid wet mass increase during the first 14 weeks was associated with an increase in the pH up
to 9, very likely due to the combination of the release of Mg ions into the PBS and the oxidation of
the Mg particles. Afterwards, the pH decreased with immersion time. PLDL+Zn also showed an
initial increase in wet mass up to week 14, although the maximum only reached =~ 40%. The wet
mass started to decrease after 24 weeks and both PLDL+PEG and PLDL+Zn exhibited a mass
loss of ~ —20% after 1 year. The pH of the PLDL+Zn composite was constant during the first 10
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Figure 4.3: (a) Evolution of the wet mass as a function of the degradation time in DPBS at 37°C.
(b) Evolution of the pH as a function of the degradation time in DPBS at 37°C.

weeks and then decreased with increasing immersion time, but the final pH after 1 year (= 3.5)
was equal to that of PLDL+Mg+PEG and higher than that of PLDL4+PEG (& 1.8). Although
pH levels remain relatively stable during the initial 14 weeks for all materials, a rapid decline
in pH occurs thereafter. This phenomenon suggests an autocatalysis effect, wherein the initial
drop in pH accelerates the degradation of the polymer, leading to a more significant decrease in
pH. This cycle then repeats. These findings strongly suggest that an acidic pH environment can
accelerate the rate of degradation of the polymer matrix, in agreement with previous observations
[200, 201, 202, 203].

The number average molecular weight, Mn, of the PLDL in the three composites was measured
by GPC after immersion in DPBS at 37°C up to 14 weeks. The results are plotted in Figure 4.4(a).
A significant drop in Mn was observed during the first week in PLDL+PEG and the reduction
was more gradual afterwards up to 14 weeks. PLDL+Mg+PEG and PLDL+Zn presented similar
behaviours: an obvious reduction in Mn during the first week, followed by a gradual reduction up
to 14 weeks. The significant drop in Mn at the beginning of the study can be explained by chain
scission of the large chains during the initial uptake of water. It should be noted that the initial
Mn of the composites containing Mg and Zn particles was much smaller than that of PLDL+PEG
because of the thermal degradation of the polymeric chains catalysed by the presence of metallic

particles during processing [180, 192, 200].

The hydrogen evolution in the PLDL+Mg+PEG composite during 16 weeks in DPBS solution
at 37°C is plotted in Figure 4.4(b). It shows an initial linear increase in the volume hydrogen
generated by the oxidation of Mg particles, leading to a plateau after 14 weeks. This instant
coincides with maximum wet mass and the maximum pH in Figures 4.3(a) and (b), respectively,
and is confirmed by the large swelling observed in the samples after 14 weeks (Figure 4.4 (c)). It

indicates that Mg corrosion was responsible for these phenomena during the first 14 weeks and
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Figure 4.4: (a) Evolution of the number average molecular weight (Mn) of PLDL as a function of
the degradation time in DPBS at 37°C. (b) Hydrogen evolution in PLDL+Mg+PEG as a function
of the degradation time in DPBS at 37°C. (¢) PLDL+Mg+PEG coins in the as-printed (AP)
condition and after 14 weeks of degradation (Deg.)

that Mg particles were fully corroded during this period. Interestingly, the theoretical volume
of hydrogen expected to be released from the Mg content in the composite was 84.6 ml, much
higher than the 47 ml measured experimentally. This difference is in agreement with previous
reports [204, 205] and has been attributed to oxygen reduction reactions likely to occur during
slow corrosion of Mg [206, 207] or that the hydrogen bubbles were trapped underneath the sample
or in the funnel [204].

Scanning electron microscopy was used in order to reveal the degradation mechanisms involved
of the three materials over time. Secondary electron images of the PLDL+PEG materials after 16
weeks of immersion in DPBS at 37°C (Figure 4.5). They show that the accelerated degradation
(as indicated by the increase in wet mass and drop in pH, see Figure 4.3) was inhomogeneous
and it was localized at the interface between the outer perimeters and infill of the printed part,
which was more porous and facilitated the ingress of water (Figure 4.5(a)). Therefore, it is likely
that these interfaces act as weak regions that are hydrolysed faster, facilitating water uptake and

accelerating degradation, as indicated by the white arrows in Figure 4.5 (b).

In the case of the composites containing metallic particles, degradation was localised around
the particles. Details of a Mg particle in PLDL+Mg+PEG in the as-printed condition and after
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Figure 4.5: (a) Schematic representation of the 3D printing process for a layer of a simple square.
The perimeter is printed first, followed by the infill area. The porosity at the interface between
the perimeters and infill has been exaggerated for demonstration purposes. (b) Secondary electron
image of PLDL+PEG after 16 weeks of immersion in DPBS at 37°C. White arrows indicate regions
in which degradation occurred faster, leading to large porosity.

12 weeks of immersion in DPBS are depicted in Figures 4.6(a) and (b), respectively. Degradation
after 12 weeks leads to significant oxidation of the Mg particle, confirmed by energy dispersive
spectroscopy (EDS), leading to an increase in volume that induces the formation of voids and
cracks in the polymer. They facilitate further water ingress, accelerating the degradation process,
which is clear from the secondary electron image in Figure 4.6(b) where significant degradation of
the polymer matrix is observed, in agreement with previous studies in fibre-reinforced PLA /Mg
composites [80, 85]. Moreover, it is also likely that the presence of Mg(OH)2 catalyses the hydrolysis
of PLDL around the particle [208].

The detail of a Zn particle in the PLDL+Zn composite in the as-printed condition and after 21
weeks in DPBS at 37°C is shown in Figures 4.7(a) and (b), respectively. The particle is perfectly
embedded in the matrix after printing but cracks in the polymer matrix have formed following 21
weeks of immersion (Figure 4.7(b)). Zn and O distributions obtained by energy-dispersive X-ray
spectroscopy show an oxide layer on the Zn particle; however, the particle is still present and
identifiable through EDS. The presence of a Zn particle with little degradation even after 21 weeks
is consistent with the lower corrosion rate of Zn compared to Mg [209, 210].

Finally, DSC was used to ascertain the evolution of the glass transition temperature, 7, of
the polymers with increased degradation time at 37°C in DPBS. T} is observed as the first en-
dothermic peak during the first heating cycle and usually appears between 35 and 70°C (Figure
4.8). T, remains in the range 50-55°C during the first 8 weeks in the case of PLDL4+PEG and it
is reduced to ~47°C after 16 weeks (Figure 4.8(a)). The evolution of T, with immersion time in
PLDL+Mg+PEG is similar to that of PLDL4+PEG although the final T, after 16 weeks is slightly
higher, ~50°C (Figure 4.8(b)). Finally, the initial T, of the PLDL+Zn is much higher (> 60°C)
and, although it decreases slightly with immersion time, remains above 60°C after 16 weeks of

immersion (Figure 4.8 (c)).

The peaks associated with T} in the DSC curves are related to the energy required to change
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Figure 4.6: Detail of a Mg particle in PLDL4+Mg+PEG composite. (a) As printed. (b) After 12
weeks in DPBS at 37°C. Mg and O distributions obtained by energy-dispersive X-ray spectroscopy
are plotted along the secondary electron images in each case.

the state by moving the molecular chains in the polymer. Water and plasticising agents such
as PEG decrease the T, as does breaking the chains thereby decreasing the molecular weight.
Thus, the lower T, of PLDL+PEG and PLDL+Mg+PEG after printing can be attributed to the
presence of PEG. Moreover, the reduction in T, of PLDL4+PEG after 8 weeks can be attributed
to the plasticiser effect induced by the adsorption of water (which is reflected in the higher wet
mass). A similar explanation holds for the reduction in T, of PLDL+Mg+PEG after 8 weeks, as
the increase in wet mass was also important (Figure 4.3). Finally, T, of the PLDL+Zn in the
as-printed condition is substantially higher because of the lack of PEG. This material also shows
the lowest water uptake during immersion and, thus, the lowest reduction in 7T, with immersion
time. Moreover, physical aging during immersion at 37°C is more limited than in the other two

materials because of the initially higher Tj.

4.5.2 Mechanical behavior

The tensile stress-strain curves of the as-printed materials are plotted in Figure 4.9. The average
values and standard deviations of the elastic modulus, E and of the tensile strength, o, are
summarised in Table 4.4. The mechanical properties of PLDL+PEG were similar to other values
of PLA reported in the literature [200, 211]. The addition of metallic particles led to a slight increase

in E and a clear reduction in strength that was associated with the fracture of the tensile specimens
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Figure 4.7: Detail of a Zn particle in PLDL+Zn composite. (a) As printed. (b) After 21 weeks
in DPBS at 37°C. Zn and O distributions obtained by energy-dispersive X-ray spectroscopy are
plotted along the secondary electron images in each case.

at low strains (&~ 1%) while the maximum strength of PLDL+PEG was achieved at =~ 1.5%. The
ductility reduction can be attributed to the stress concentration around the metallic particles.
Moreover, the presence of metallic particles also led to a reduction of Mn in the polymer (Figure

4.4(a)), which also leads to a reduction in the strength of the polymeric matrix [212, 213, 200].

Table 4.4: Elastic modulus (F) and tensile strength (o,,) in the as-printed condition

Material E Tu
(GPa) (MPa)
PLDL7038 + 5 wt % PEG 3.0£0.1 38.6+2.2
PLDL7038 + 4 vol. % Mg + 5 wt. % PEG 3.84£0.4 34.142.6
PLDL7038 + 4 vol. % Zn 3.2+0.2  27.543.7

Immersion tensile tests were also performed on dogbone specimens that had been degraded in
DPBS at 37°C during 2, 4, 6, 8, 10, and 12 weeks. The mean values and standard deviations of E
and o, are plotted in Figures 4.10(a) and (b), respectively, and compared to those of the as-printed
samples. PLDL+PEG samples had the best strength retention and both £ and o, were reduced
by ~ 50% after 8 weeks. The reduction of the mechanical properties of the composites with Mg
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Figure 4.8: Heat flow during DSC after immersion in DPBS at 37°C during different times. (a)

PLDL+PEG. (b) PLDL+Mg+PEG. (¢) PLDL+Zn. The black dashed line in each figure indicates
the evolution of T with immersion time.

and Zn particles was much faster and the stiffness and strength have dropped below 50% of the
as-printed conditions in both cases after 4 weeks of immersion in DPBS at 37°C. Moreover, in the
case of the PLDL+Zn material, a complete strength loss was observed after 10 weeks as the sample
was unable to be tested, the same was true for the 12 week specimens, although this behaviour is
strange considering that the material did not appear to degrade as fast as the material containing

Mg particles.
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Figure 4.9: Tensile stress-strain curves of PLDL+PEG, PLDL+Mg+PEG and PLDL+Zn in the
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Figure 4.10: Effect of immersion in DPBS at 37°C on the mechanical properties of PLDL+PEG,
PLDL+Mg+PEG and PLDL+Zn. (a) Elastic modulus, E. (b) Tensile strength, o.

4.5.3 Cytocompatibility

The mitochondrial activity of MC3T3-E1 preosteoblast cells after 24 h of incubation in culture
medium exposed to the 100% extracts of PLDL+PEG, PLDL+Mg+PEG and PLDL+Zn were
90.3% =+ 8.7%, 99.4% =+ 0.4%, and 87.7% =4 11.3%, respectively, when it was assumed that the

mitochondrial activity could not be higher than the control samples (See Figure 4.11). These results
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showed high cytocompatibility, considering that a material is cytocompatible if the mitochondrial

activity remains above 70% after normalisation with the control.
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Figure 4.11: MTT assay results for all 3 materials across all dilutions. The scatter bars represent
the standard deviation for the three times the experiment was repeated for each material.

These results follow those obtained by the live/dead assays (Figure 4.12) where the ratio be-
tween live cells (green) and dead cells (red) was 98.4% + 0.35%, 98.6% + 0.4% and 97.5% + 1.3%,
for PLDL+PEG, PLDL+Mg+PEG and PLDL+Zn, respectively. Additionally, the formation of
a cell monolayer on the three materials is observed, indicating the adequate establishment and

proliferative capacity of the cells on the material.

Furthermore, confocal microscopy images obtained during direct tests show that the cells re-
spond to rapid adhesion after 1 hour (Figure 4.13 (a-d)) and then interact closely with other cells
and the material after 24 hours (Figure 4.13 (e-h)). The fluorescence images allow us to observe
the typical morphology of the preosteoblasts with a triangular-shaped morphology and exhibit
long cytoplasmic prolongations to adhere to the surface. In the images, the cell cytoskeleton is
indicated by a green color (Alexa Flour.), while the nuclei are indicated in blue (Dapi Flour.).
Moreover, some cells were observed following surface patterns in terms of their orientation along

the 3D printing lines in the materials or the polishing lines in titanium.

In the SEM images (Figure 4.14), the cells can be identified by their particular shape and darker
contrast against the lighter background of the composite materials. The cytoplasmic extensions
(lamellipodia and filipodia) are shown in all materials, which are indicators of appropriate cell
adhesion, and spreading. It can also be seen in these images that cells tend to grow along the

printing lines of the material, marked with black arrows, while white arrows indicate the cytoplas-
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Figure 4.12: Live/Dead images after 6 days of cell cultures under physiological conditions of (a)
PLDL+PEG, (b) PLDL+Mg+PEG, and (¢) PLDL+Zn. Cells that are alive are stained in green
while cells that have died are stained in red.

mic extensions that help the cells adhere to the surface. Higher magnification images in the bottom

right corner of the images show the lamellipodia and filopodia interacting with the 3 materials.

4.5.4 3D printing of scaffolds

Cubic porous scaffolds with an FCC lattice structure were printed from the 3 materials and are
shown in Figures 4.15(a), (b), and (c). The average strut diameter was 700 ym and the dimensional
accuracy of the scaffolds can be appreciated in the cross-sections of the tomograms depicted in
Figures 4.15(d), (e) and (f). Some porosity was found within the struts of the PLDL+PEG material
(Figure 4.15(d)) but not in the composites containing Mg and Zn particles that were fully dense
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1

Figure 4.13: Confocal microscopy images of the direct tests showing cells on the surface of the
samples. (a) Ti control sample after 1 h. (b) PLDL+PEG after 1 h. (c) PLDL 4+ Mg + PEG after
1h. (d) PLDL + Zn after 1 h. (e) Ti control sample after 24 h. (f) PLDL + PEG after 24 h. (g)
PLDL + Mg + PEG after 24 h. (h) PLDL + Zn after 24 h.

(Figures 4.15(e) and (f)). Moreover, the distribution of the Mg and Zn particles (which appear
brighter than the polymeric matrix in the tomograms) was homogeneous throughout the whole
cross-section. However, there is some material that has undergone stringing, a phenomenon in
which the nozzle is too hot and drags the material from one location to another, as shown by
the red circles in Figure 4.15. This phenomenon can be fixed by finding the optimum printing
parameters for the scaffold, by reducing temperature or speed or both [214].
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Figure 4.14: Scanning electron microscopy images showing cell attachment after 24 h to the surface
of (a) PLDL4+PEG, (b) PLDL+Mg+PEG and (¢) PLDL+Zn. Black arrows within the images
indicate the printing lines while white arrows indicate areas where the cell is spreading.
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Figure 4.15: (a~c) Optical images of the cubic scaffolds with FCC lattice structure of PLDL+PEG,
PLDL+Mg+PEG, and PLDL+Zn, respectively. (d-f) X-ray tomograms showing the cross-section
of the PLDL+PEG, PLDL+Mg+PEG, and PLDL+Zn scaffolds, respectively. Red circles on im-
ages (b), (c) and (e) represent regions where stringing took place.
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4.6 Discussion

This investigation has demonstrated that it is possible to manufacture specimens and scaffolds with
controlled porosity and dimensions of medical grade PLDL reinforced with Mg and Zn particles,
by 3D printing. In terms of the development of the filaments for FFF, it was required to add PEG
to the medical grade PLDL. This was due to processing difficulties which were observed in the
form of high viscosity when attempting to extrude filaments. It is hypothesised that medical grade
PLDL is more difficult to process than the commonly used commercially-available packaging-grade
PLA because the additives present in the latter make it easier to extrude directly from pellets. In
addition, PEG was also necessary to extrude Mg-containing composites to increase the melt flow
index and reduce viscosity, as reported in the previous chapter. In the case of PLDL+Zn, there

was no need to add PEG as the melt flow index MFI was sufficient for 3D printing.

The addition of metallic particles accelerated the degradation of PLDL in PBS at 37°C, leading
to a faster drop in mechanical properties (stiffness and strength) with immersion time, as compared
with neat PLDL+PEG. This was caused by the reductions in M, that were introduced to the
composite materials during the various processing steps as seen in previous work by this group
[180, 192]. Tt should be noted that the degradation of neat PLDL+PEG was faster than that
reported in the literature for this material [49, 56, 51] and this difference can be attributed to the
additional processing steps associated with 3D printing (dual extrusion plus 3D printing) that break
down the polymeric chain making the polymer more susceptible to degradation. In the composites
containing Mg particles, the degradation of the materials were further accelerated during the first
10-14 weeks very likely due to the combined catalytic effect of the oxide layer around the particles
in addition to the release of Mg ions. It has also been shown that the polymer matrix is subjected
to an accelerated degradation when subjected to an alkaline environment, even more than in an
acidic environment [208, 207, 215].

After approximately 14 weeks, both the PLDL4+Mg+PEG, and PLDL+Zn materials have at-
tained the maximum water uptake, while this maximum was observed after approximately 20 weeks
in the case of the PLDL+PEG. The mass is then reduced by the progressive degradation of the
PLDL matrix in all cases, leading to significant reductions in pH. However, the presence of Mg and
Zn particles reduced the acidity of the environment during the degradation of PLDL, favouring

the biological performance of the composites.

The presence of the Mg and Zn particles slightly increased the elastic modulus and reduced
both the strain-to-failure and the strength due to the stress concentrations around the particles.
These stress concentrations, along with the oxidation of the particles and the degradation of the
polymer matrix, were also responsible for the accelerated reduction in the mechanical properties
during degradation. The embrittlement of the materials can be directly related to the molecular
weight (M,,) of the materials both before and after degradation, as molecular weight is directly
proportional to the strength of polymeric materials [216]. The (M,,) of the Mg and Zn containing
materials are lower than that of the PLDL+PEG. Moreover, the strength of the Zn material is
slightly lower than that of the PLDL+Mg+PEG which is in agreement with the molecular weight
analysis. It is true that the reduction of the strain to failure of the materials to ~1% with the

addition of metallic particles appears to be not ideal, however, in some applications it can be
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advantageous, for example it has been reported that bone cement applications using PMMA have
a strain to failure of ~1% [217, 218]. Additionally, the materials containing Mg and Zn have an
elastic modulus in the range of 100-300 MPa after 8 weeks, which is in the range of mandibular
trabecular bone ~200 MPa and therefore could be considered as viable options for bone repair in

that anatomical location [219].

Regardless of the presence of Mg and Zn particles, the materials did not present changes in
their excellent biocompatibility. Cell adhesion and proliferation processes were not affected by the
presence of metallic particles. This is reflected in the ability of the material to integrate with the
tissue even after one week of cell culture where the materials, according to the degradation tests,

had already begun a reactivity process.

4.7 Conclusions

Medical grade PLDL and PLDL/Mg and PLDL/Zn filaments were manufactured by a dual extru-
sion method and used to manufacture coupons and scaffolds with controlled porosity by filament
fusion fabrication for the first time. It was found that the presence of 4 vol.% of Mg and Zn
particles led to a slight increase in the elastic modulus and to a reduction in tensile strength due

to the early fracture associated with the stress concentrations around the particles.

More importantly, the metallic particles accelerated the degradation of PLDL due to catalytic
effect of the oxide layer on the hydrolysis of the polymeric chains and to the formation of cracks
in the polymer around the particles due to the increase in volume associated with the oxide layer.
The latter mechanism also facilitated the ingress of water. Moreover, the acidification of the pH
due to degradation of the PLDL was reduced in the composites with metallic particles. Finally, the
biocompatibility of the composites was outstanding: cell adhesion and proliferation processes were
unaffected by the presence of metallic particles, and the material undergoing degradation was fully
integrated with the cells. These results demonstrate the potential of bioabsorbable metal/polymer
composites to tailor the mechanical properties, degradation rate, and biocompatibility for specific

clinical applications.
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3D printing of continuous metal Al
wire-reinforced polymer matrix
composites

5.1 Motivation

3D printing of polymers by Fused Filament Fabrication (FFF) enables the layer-by-layer manufac-
turing of complex 3D parts to achieve net-shape parts without the need for expensive moulds or
sophisticated machining, leading to both financial and time savings [128, 220, 221]. The low cost
of FFF 3D printers and the potential for rapid prototyping allows the transition of an idea from
concept to prototype in a matter of hours, and the tools and strategies provided by open-source
community are just some of the reasons that led to the explosion of 3D printing by FFF in recent

years.

One of the main limitations of FFF is that it is limited to thermoplastic polymers (including
ABS, PLA, PET, PAG, and PC) which present poor mechanical properties as well as low electrical
and thermal conductivity. As a result, prototypes manufactured by 3D printing are often unsuitable
for functional-part use [119, 222, 223]. Tt is also widely known that other manufacturing techniques,
such as injection moulding, offer higher tensile strengths than FFF due to the presence of porosity
between layers during FFF. Furthermore, the high pressures used during injection moulding lead

to improved polymer chain entanglement and improve the stiffness and strength [224, 225, 226].

An obvious strategy to improve the mechanical properties and conductivity of thermoplastics
is the reinforcement with stiff, strong, and conductive particles or fibres. For example, PLA
matrix composites reinforced with up to 7% vol. of Mg particles manufactured by hot extrusion
presented higher creep strength and compression modulus than the unreinforced PLA [227, 228].
Furthermore, solvent casting techniques allow higher volume fractions to be reached ranging from
14 to 58 vol.% of Mg particles [111], showing a significant improvements in elastic modulus and
compressive strength. However, these volume fractions cannot be achieved in the case of FFF due
to the changes in the rheological properties of the polymer composite and to the inhomogeneous
distribution of particles that hinder continuous printing when the filament is fed into the extrusion
nozzle [229, 230]. As a result, thermoplastic composites reinforced with ceramic or metallic particles

manufactured by FFF are useful to tailor biocompatibility and degradation rates in the case of
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biomedical applications [133, 180, 192, 231, 232] but do not lead to significant improvements in

strength and stiffness.

3D printed powder-reinforced polymer matrix composites have also been investigated to improve
electromagnetic interference shielding and enhance the electrical conductivity in the aerospace and
automotive industries. Carbon black, graphene and graphite were added to both PLA and ABS
to achieve the desired electrical properties but the mechanical properties were reduced with the
increased particle content [233, 234, 235, 236].

In terms of short-fibre reinforced composites, Carneiro et al. [237] manufactured a suitable
filament via extrusion, made up of chopped glass fibres in a polypropylene matrix, that could
be used for FFF. The strength and stiffness of printed parts were increased by 30% and 40%,
respectively, with respect to the unreinforced matrix. Shofner et al. [129] reinforced ABS with
5 vol. % of carbon nanotubes, leading to an increase of 30% in tensile strength. Although these
improvements are important, the final mechanical properties of the composite are of the same
order than those of the polymer and the presence of fillers compromise the printing accuracy and

introduced porosity in the printed parts.

Much larger improvements in mechanical properties can be expected with the addition of con-
tinuous fibres to a polymeric matrix. Many studies have demonstrated the potential of FFF-
manufactured carbon or aramid fibre reinforced thermoplastics [124, 125, 126, 238, 223, 239], and
commercial printers suitable for these composites are available [240]. Nevertheless, FFF of ther-
moplastics with continuous metallic wires has been elusive so far although metallic wire-reinforced
polymer matrix composites are considered for different applications. For instance, PLA /Mg wire
composites, manufactured by compression moulding, are currently considered for bioresorbable
bone implants because reinforcement of PLA with Mg wires or fibres leads to large improvements
in stiffness and strength, accelerates PLA degradation, neutralises acidic by-products, and im-
proves biocompatibility [82, 241, 242, 86]. They are also useful in multifunctional applications that
require high mechanical properties together with good electrical /thermal conductivity as a result
of the presence of the metallic fibers [243].

The manufacturing of metallic wire-reinforced polymers by FFF is hindered by the largest radius
of the metallic wires (> 100 pm), compared to carbon or aramid fibres, which makes extrusion
through the nozzle difficult. Ibrahim et al. [123] designed a new hotend in the nozzle to introduce
Cu or Ni-Cr wires of 75 um in diameter into the molten polymer prior to extrusion. They printed
a square sample unidirectionally reinforced with the wires, but the volume fraction of the wire was
very small (0.7%) and therefore the influence on the mechanical properties was also small. Hamidi
et al. [135] used a different strategy to incorporate Cu wires (127 pm in diameter) or stainless
steel wires (178 pm in diameter) into a 0.8 mm diameter nozzle to print coupons for tensile tests
with the wires orientated parallel to the loading direction. Nevertheless, the wire volume fraction
only reached 1.5 % vol. and there was no significant increase in mechanical properties because the
porosity of the printed samples was around 20%. Finally, Kim et al. [136] were able to develop
a process for embedding Cu wires into a 3D printed part after FFF. However, this investigation
focused on the design of the tool to embed the wires, and no information was provided about the

final composite and its mechanical properties.
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In this chapter, a novel method for manufacturing continuous Al wire-reinforced PLA-matrix
composites is developed through a customised multimaterial FFF 3D printer. While one of the print
heads on the printer was used to extrude the PLA matrix, the continuous Al wire was deposited
through a customised print head, leading to unidirectional composites with a wire volume fraction
of up to 256%. The microstructure and mechanical properties of the composites were analysed and
demonstrated the manufacturing by FFF of continuous metallic wire reinforced composites with
a substantial improvement in mechanical properties due to the presence of the metallic wires, for
the first time.

5.2 Development of Wire Reinforced Filaments

The initial idea for creating wire reinforced composites was to use the filament maker (Precision
350, 3devo B.V., Netherlands) similarly to Chapters 3 and 4 to fabricate filaments that contained a
continuous metallic wire of 0.3 mm in diameter inside, instead of a powder reinforcement. This was
hypothesised to allow for significant increases in the mechanical properties of polymer composite
parts to be fabricated, as powder reinforcement had a minimal effect on the mechanical properties.
The idea was then that this filament could be printed using a commercial printer either with a

diameter of 2.85 mm or 1.75 mm.

To do this, the top plate of the 3devo precision extruder was cut and removed to expose the
section of the knee (the point of exit of the barrel just before exiting the nozzle). However, a
customised nozzle for the 3devo was developed because permanent, irreversible changes to the
internal hardware (knee) of the desktop extruder were not desired at the time. This customised
nozzle was longer than the standard nozzle with the idea being that a needle could be placed in
the nozzle which would introduce the continuous wire into the filament. A temperature controller
(Eurotherm 2500 series, Worthing, United Kingdom) was used in order to account for the loss of
temperature along the length of the nozzle, and maintain a the polymer in a molten state (Figure
5.1). The nozzle was developed after many design iterations but it presented several limitations.
The problem that was encountered was that the minimum diameter that could be achieved was
1.75 mm but a diameter of approximately 0.5 mm was needed in order to achieve the high volume

fraction of wires desired.

To overcome these limitations, the 3devo filament maker was modified. The top plate of the
3devo was cut in order to expose the knee (the point of exit of the barrel just before exiting the
nozzle). A hole of 1 mm in diameter was drilled into the centre of the knee. This hole of 1 mm
in diameter was the point of entry for the reinforcement wire (Figure 5.2). Then the minimum
diameter achievable was reduced to 0.9 mm through standard extrusion of the polymer and relying
on the laser/pulley system to control the diameter. This limitation of 0.9 mm was believed to be
due to the diameter of the standard 3devo nozzle, which was 4 mm. Therefore, a blank nozzle
was ordered from the manufacturer and a hole of 1 mm was drilled into the blank nozzle. The
blank nozzle had the same geometry as the standard nozzles, with the exception of the diameter
being reduced to 1 mm from 4 mm. Following this modification, a composite filament of 0.5 mm
in diameter was achieved which contained a 0.3 mm continuous metallic wire inside coated with
PLA on the outside (Figure 5.3 (¢)).
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Figure 5.1: 1st design iteration of the modified 3devo extruder showing (a) where the panel was
cut to expose the point of exit of the nozzle and make space for a continuous wire to be introduced
to the nozzle via a needle. (b) View of the changes to the standard 3devo layout. The customised
nozzle can be seen with a heating coil attached which was connected to an external temperature
controller. Due to the length of the customised nozzle, the fans were moved down to cool the
filament upon exit as opposed to the nozzle. The laser/pulley system is also indicated.
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Figure 5.2: Due to restrictions with the processing of the 1st iteration, it was decided to make a
permanent change to the internal structure of the 3devo by drilling a hole of 1 mm through the
top of the knee. As seen in the cut section of the knee, the idea was to introduce the wire through
the top of the knee. The polymer flow from the barrel in combination with the laser/pulley system
would pull both the polymer and wire through the new nozzle that was drilled to create the wire
reinforced filament.

This method was developed to be able to print continuous wire reinforced composites using
a polymeric filament already impregnated with the metallic wire. The advantage being that the
volume fraction of wire % would be relatively high, depending on the minimum diameter of the
polymer filament with good adhesion and a hypothesised low porosity due to the high adhesion

between the polymer and the wire during the filament production process. The main disadvantages
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Figure 5.3: (a) Experimental setup showing the wire spool being held directly above the knee to
introduce the wire into the molten polymer before exiting the nozzle. A close-up image of the knee
is also seen where the wire entering the 1 mm hole is shown. (b) The 3devo setup was returned to
its normal layout, the nozzle length was returned to its standard value and therefore changes in
fan height were not necessary. (c) Example of a spool of filament with an average diameter of 0.5
mm, and containing a continuous metallic wire of 0.3 mm inside.

of this method are that a customised print head is still required as a method is needed for cutting
the wire after each layer, and of course the minimum diameter achievable using the 3devo being
0.5 mm. That being said with some minor improvements to the process of filament production
containing the continuous metallic wire inside, it could be easily scaled to produce large lengths
of wire reinforced filaments with very high volume fractions. This, in combination with a 3D
printer capable of printing the polymer/wire composite would be able to produce complex and
customised parts such as bone plates shaped to fit specific geometries of the bones of patients.
Despite achieving a filament of 0.5 mm in diameter, the maximum allowable diameter to fit the

designed 3D printer with a customised print head was 0.4 mm (Figure 5.6). Moreover, the 3devo
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desktop extruder was unable to achieve a filament with a diameter lower than 0.5 mm, as the
lowest target diameter possible on the machine was 0.5 mm. Therefore, a filament with a diameter
suitable for the customised 3D printer could not be achieved. It was then decided to use separate

print heads for the polymer and the wire.

5.3 Development of a Customised 3D Printer

A customised multi-material printer was designed and fabricated (3D Technology Ltd., Galway,
Ireland). The printer consisted of 4 individual print heads, 3 of which were dedicated to printing
thermoplastic polymers in filament form and one to deposit continuous metallic wires (Figure 5.4
(a)). The XY movement of the printer was controlled by a tool selector, while the z-movement
was controlled by the print bed (Figure 5.4 (b)). The tool selector functioned by moving in X and
Y and subsequently engaging with one of the chosen print heads. It was only able to engage one
print head at a time and therefore the printing was done in a sequential process. This means that
while the polymer print head was engaged by the tool selector, the wire print head was ’docked’ or
disengaged, and vice versa. For instance, when nothing was being printed, the polymer and wire
print heads would be in a docked position; however, once printing, the tool selector was used to
engage one of the print heads at a time. Figure 5.4 (b) shows the tool selector engaged with the
polymer print head before docking the polymer print head again and engaging with the wire print
head (Figure 5.4 (c)). In this way the printing of the continuous wire reinforced parts was not

done via the simultaneous printing of the polymer and the wire but rather in a sequential process.

(b)
L

Tool Selector \yjire Print Head Print Bed

Figure 5.4: (a) Printer in the ’homed’ condition, all print heads and the tool selector are docked
in position. (b) Tool selector has engaged "T0’, the polymer print head. (c) Tool selector has
disengaged the polymer print head and engaged the wire print head "T2’.

In the case of the 3 print heads for thermoplastic polymers they were comprised of commercially
available hot ends (Volcano Hot End, E3D, United Kingdom). Although the polymeric print heads
were constructed using readily available commercial parts they were required to be modified just

like the wire print head to allow for the tool selector to be able to engage and disengage for printing.

98



5. 3D printing of continuous metal Al wire-reinforced polymer matrix composites

(a) (b) (c)

Blade

Clamps for
Tubes
with Wire

Nozzle 0.7 mm
Cables

(Thermocouple,
Heat Cartridge,
Motor)

(d)

Wire enters here

Motor attaches
to back

Space for wire Guide tube for wire

cutting system
o=y Clamp

Space

Hot End

” ~

. ~

Side View Front View

Figure 5.5: (a) Front view of the wire print head. It is mainly comprised of an aluminium piece
shaped to allow for the blade to cut the wire. Clamps are used to hold the tubes in place as the
wire passes through them. (b) Side view of the wire print head with the nozzle and the motor for
controlling the blade being shown. (c) Detailed view of the cutting mechanism, can see the clip
attached to the blade and the motor. (d) 3D model of the main housing of the wire print head.

This was done by placing a machined aluminium plate on the front of the print head with a keyhole
and a locking key was placed on the tool selector to enable it to engage and disengage with each

of the print heads.
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Figure 5.6: Technical drawing of the main housing (Figure 5.5 (d)) of the wire print head with
all of the dimensions for (a) the front view and (b) the side view. It should be noted that all
dimensions are in mm.

The wire print head was mainly comprised of a custom-machined aluminium piece or housing
(Figure 5.5). This piece provided the necessary structure to allow a continuous wire to be deposited
and cut. Figures 5.5 (a-c) show the aluminium housing with clamps for maintaining the position
of the upper and lower tubes to ensure that they were aligned perfectly. A servo motor attached
to the back of the housing (HiTec HS-5087MH, CA, USA) was attached to a blade via a clip that
would be pulled through the gap in the wire guiding tubes when the wire was to be cut (Figure
5.5 (b) and (c¢)). In (c) the small gap can be seen between the upper and lower tubes. Figure
5.5 (d) shows the 3D model of the aluminium housing, labelled accordingly. Moreover, a technical
drawing of the aluminium housing according to ISO standards is provided in Figures 5.6 (a) and
(b). It is worth noting that a needle with an inner diameter of 0.4 mm was used to help guide the
wire into the housing. It is also worth noting that an external fan was attached to the wire print
head to aid in cooling during the printing process and that a rubber insulation sleeve was placed
around the hot end of the housing.

In order to simplify explanations throughout this paper and due to the fact only one of the
polymer print heads along with the wire print head was used, a simplified schematic of the printer

will be provided. Figure 5.7, shows the printer comprised of two individual print heads, 1 of which
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is used to print thermoplastics and the other print head was specifically designed to deposit metallic

wires within the polymer matrix, following specific GCODE instructions.

Polymer Spool Wire Spool
©) -«
(O }))
N
Polymer {E}i:}
Print Head - Em
. Wire Print
— Head
Build Direction O
z I | Printed
Composite

*y
Build Plate
Moves in Z

Figure 5.7: Simplified schematic diagram of the 3D printer and process for wire reinforced compos-
ites. The simplified version of the printer is comprised of two print heads, one capable of depositing
thermoplastics, and the other one capable of printing continuous metallic wires. The printing and
XY movement of the individual print heads was controlled through the use of a tool selector.

5.4 Materials and Methods

5.4.1 Materials

Ingeo Natureworks 2003D polylactic acid pellets (Natureworks B.V., The Netherlands) were ex-
truded using a desktop 3devo precision 350 extruder (3devo B.V., Utrecht, The Netherlands)
designed for manufacturing filaments for 3D printing. The diameter of the filament was set at 1.75
mm and the extrusion of the filament was controlled with the 3devo comprised of a screw and
a barrel with 4 heaters along the barrel to allow different temperature profiles to be set during
extrusion. An aluminium (Al) 1050 alloy wire (Gutmann Aluminium Draht GmbH, Germany)

with a diameter of 300 pum served as the continuous wire reinforcement material.

5.4.2 3D printing of continuous wire-reinforced composites

Autodesk Inventor (Autodesk Inc., CA, USA) was used to design coupons with dimensions of 120
x 10 x 2.1 mm? that were saved as .stl files. An open source slicer (Prusa Slicer, Prusa Research,
Prague, Czech Republic) was used to convert the 3D model data into commands readable by the
3D printer. Another coupon was introduced within the slicing software with dimensions 118 x 8 x
2 mm? to create the geometry of the path for the wire. To this end, the perimeters were deleted

so that only the infill remained (an example of perimeters and infill can be seen in Figure 5.8(a)).
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Figure 5.8: (a) Schematic of printing strategy for the polymer layers. (b) Schematic of the path
followed by the wire print head during printing of the wire layer. The meandering pattern is known
as the rectilinear infill pattern. Images are not to scale.

The number of wires per layer could be determined from the target wire volume fraction, taking
the thickness of the polymer layers (0.1 mm), the wire layers (0.4 mm), and the number of polymer
layers for each wire layer (4:1), into account (Table 5.1). The infill pattern was rectilinear, which
means a 90° infill angle was used (see Figure 5.8(b)). The infill density, which controls the number
of times the pattern is repeated, was modified depending on the volume % of wires required (Table
5.2). The averaged distance between the parallel wires at their respective volume percentages are
detailed in Table 5.1. Finally, the layer height was modified to be 0.4 mm, and this created the

geometry of the wire reinforced layers.

The printing of the continuous wire reinforced parts was not done by simultaneous printing
the polymer and the wire, but instead followed a sequential process (Figure 5.9). A 3D schematic
cutout of the wire print head is detailed in Figure 5.10. It has a blade attached to a motor to cut
the wire. The blade was located 43 mm above the opening of the nozzle, and this information had

to be accounted for when executing the wire cutting command during the printing process.

Upon determining the parameters within the slicer, the file was saved and converted into
GCODE commands suitable for 3D printing. The GCODE syntax is known for its simplicity, which
can be attributed to the historical need to conserve computational power when this technology was
initially introduced [244]. In the context of 3D printing, a typical GCODE command comprises a
letter specifying the type of action, such as motion, positioning, function, or tool selection, followed
by a set of X and Y coordinates. Additionally, a command may include parameters like speed rate
or extrusion factor at the end of the line. For instance, a GCODE command might instruct the
printer to move to a specific X- and Y-position while simultaneously extruding a defined length of

filament.

An important factor when printing with the continuous wire is the ability to cut the wire at the

end of each wire layer. A Python script was developed to account for the 43 mm offset between the
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Figure 5.9: Schematic of the breakdown of the layer printing sequence of each coupon of wire-
reinforced polymer. The coupon included five sequences of four polymer layers and one wire layer.
A final layer of polymer was deposited on top.

Blade to
Cut Wire

43 mm

Figure 5.10: Schematic of one of the wire printing sequence in Figure 5.9, showing the path followed
by the wire print head. The wire was embedded into the polymer matrix with the cut point of the
wire indicated with an ’X’, 43 mm from the end of the path.

motor-controlled blade to cut the wire and the opening of the nozzle. The python script found the
coordinates of the last line of GCODE and inserted a set of intermediate XY coordinates 43 mm
from the last set of coordinates. This meant that the wire always fit perfectly within the geometry

of the wire path and material waste was avoided.
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Table 5.1: Printing parameters for manufacturing continuous Al wire-reinforced PLA-matrix com-
posites. The explanation of the parameters is indicated in Figures 5.9(a) and 5.8.

Parameters Values
Nozzle Diameter Polymer 0.4 mm
Nozzle Diameter Wire 0.7 mm
Polymer layer height 0.1 mm
Wire layer height 0.4 mm
Line width 0.8 mm
Infill angle polymer +45°
Infill angle wire 90°

Wire Spacing (15% vol. Al) 0.9 mm
Wire Spacing (25% vol. Al) 0.5 mm

Table 5.2: Printing parameters for manufacturing continuous Al wire-reinforced PLA-matrix com-
posites.

Material Printing Print Speed Fan Speed Infill Density
Temperature (°C)  (mm/s) (%) (%)

PLA 200 40 0 100

15% vol. Al Wires 170 8 100 40

25% vol. Al Wires 170 5 100 70

The printer was controlled using the Duet Web Control Interface (Duet 3D, United Kingdom).
Once the GCODE had been modified, it was saved and uploaded to the Duet interface from which
the print could then be started. The printing parameters could be changed in the Duet controller
during the printing sequence using either an integrated tablet or a computer alongside the printer,
allowing full control. Temperature, speed, and babystep distance could be controlled in situ. The
babystep distance gives the user the ability to modify the layer height or effectively control how
much the nozzle is pressed into the previous layer. This was very important for depositing the
wire into the polymer and was set to be 50 and 30 pm in the case of the wire and polymer layers,

respectively.

4 coupons of PLA, PLA + 15% and PLA + 25% volume fraction of Al wire were printed with

the dimensions mentioned above and using the parameters indicated in Tables 5.1 and 5.2.

5.4.3 Mechanical Tests

Tensile Tests
The coupons manufactured by FFF were deformed in uniaxial tension in an Instron 5966 me-

chanical testing machine. Prior to testing, the samples were prepared by placing tabs of 40 mm in
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length on both ends of the coupons, fixed with epoxy resin. This resulted in a gauge length of 40
mm which was used as the region of interest to determine the strains associated with the coupon
during displacement. The strain was measured by means of Digital Image Correlation (DIC). To
this end, the coupons were painted white, and black dots were sputtered on the white paint before
testing. The movement of the dots was correlated with Vic 2009 2-D DIC software (Correlated
Solutions Inc., South Carolina, USA) to obtain the average strain of the coupon. The displacement
rate was 2 mm/min and the load was measured with a 10 kN load cell. Single Al wires were also
tested in tension to determine their mechanical properties, their respective gripping length was

also 30 mm however, the gauge length was 120 mm.

Wire push-out tests

Wire push-out tests were carried out to evaluate the interfacial shear strength between the PLA
matrix and the Al wires, following previous investigations [142, 143, 86]. To this end, samples of
10 x 10 x 2.1 mm? were cut from the coupons perpendicular to the wires using a high precision
punch and subsequently embedded in an epoxy resin (SpeciFix resin system, Struers, Denmark).
The samples were then ground using a manual grinding machine (Vector-Metaserv 250, Buehler,
IL, USA) with SiC paper ranging from P320 to P2500 up to a thickness of 0.6 &+ 0.03 mm, because
the thickness of the sample should be approximately twice the diameter of the wires [144, 85].
Samples were then polished with a diamond paste of 3 and 1 pm grain size (ATM Qness GmbH,
Mammelzen, Germany) using MD-Nap polishing plates (Struers, Denmark).

The thin slices of the composite were mounted on a stainless steel support with a groove of 500
pm in width to perform the wire push-out test (Figure 5.11). The wire to be tested was positioned
manually at the center of groove with the help of an optical microscope and the slice was fixed with
a tape. The support was attached to a stage capable of moving in X and Y directions to position
the indenter punch over the desired wire. An indenter with a stainless steel flat tip of ~ 250 um
in diameter was mounted on an Instron 5966 mechanical testing machine with a 100 N load cell.
The compressive load was applied on the wire under displacement control at 20 gm/min until the

wires were pushed-out from the matrix, which was indicated by a significant drop in load.

The shear strength of the PLA/Al interface, 7, was calculated as

T = Pmam
2w Rt

(5.1)

where Py, is the maximum load, R is the radius of the wire, and ¢ is the thickness of the slice.

5.4.4 Scanning Electron Microscopy and X-ray computed micro-tomography

The fracture surfaces of the broken samples were prepared to be analysed in the scanning electron
microsocope (SEM). They were gold sputtered for 60 seconds with a sputtering current of 40
mA (Quorum Q150T ES, Quorum Technologies Ltd., East Sussex, England) to ensure electrical
conductivity and analysed in either an Apreo 2S LoVac (Thermo Scientific, MA, USA) or a Helios
Nanolab 600i (FEI, Hillsboro, OR, USA) SEM using secondary electrons at a voltage of 5 kV and
with currents in the range 40 to 80 pA.

3

In addition, samples of 10 x 10 x 2.1 mm* were cut from the middle sections of the coupons

and characterised by X-ray computed micro-tomography. A Phoenix Nanotom 160 NF tomograph
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Figure 5.11: Diagram of the wire push-out experimental set up. First, the sample is cut from the
coupon and then ground down to a thickness ¢, twice the diameter of the wire, and a force P is
applied perpendicular to the wire until a push-out is achieved.

(General Electric, MA, USA) was used with a W target with a Cu filter and 0-mode nanofocus
at 120 kV. The current was 80 pA and the voxel size was 5.4 um. Subsequently, porosity was
calculated using the Fiji (ImageJ, NIH, Maryland, USA) programme for composite coupons with
15% and 25% volume fraction of Al wires. A reference area for the calculation of porosity was
isolated in the middle of the tomography sections measuring 3 x 2 mm?, this was done to exclude
regions where it was more difficult for the computer programme to distinguish air voids from bulk
material. To this end, a threshold was used to separate the bulk (polymer and wires) from the
air voids in & 1500 slices of the composite, and the average area fraction of voids was assumed to
be the porosity. Additionally, Avizo Software (Thermo Fisher Scientific, MA, USA) was used to

create a 3D reconstruction of the PLA+15% vol. coupon for visualisation purposes.

5.5 Results and Discussion

5.5.1 Microstructure

The microstructure of the composites was analyzed by means of X-ray computed tomography. The
3D features of the central section of the reinforced composite with 15% Al wires are depicted in
Figure 5.12. Within this figure it is clear to see the good alignment of the wires throughout the
volume; however, a number of pores are observed in both the longitudinal section on top of the
volume and the transverse section as indicated by the red arrows. Figures 5.13 (a) and (b) show
2D sections of the 15% and 25% Al wire coupons, respectively, and excellent wire alignment can

be seen in both cases.

The porosity of the composites with 15% and 25% was 7.4% and 4.8%, respectively. It should

be noted that a natural porosity is introduced in the polymer layer via the 3D printing process,
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Longitudinal
Section of Wires

Figure 5.12: 3D reconstruction by X-ray tomography of the composite containing 15 vol. % of
Al wires. A longitudinal section from the side of the coupon and the top have been cut to show
the alignment of the wires throughout the volume, and the porosity in the z-direction. The wires
(light grey) are very well-aligned while the PLA matrix is shown in a darker grey and some of the
porosity within the polymer matrix is marked with red arrows.

which can be seen within the slicing software at the interface between the perimeters and the
infill (Figure 5.8 (a)). Nevertheless, the large porosity in the composite with 15% Al wires, Figure
5.13 (a), as compared with the composite with 25% vol. Al wires can be ascribed to the printing
parameters. Specifically, the wire head passed over the polymer surface 9 times in each wire layer
of the 15% coupon, whereas there were 15 passes in the case of the 25% coupon (Figures 5.13 (a)
and (b)).

Consequently, the consolidation of the wires in the preceding PLA layer due to deposition
of the wires was greater in the composite with 25% wires because the wire print head traversed
the layer more times, resulting in a reduced porosity compared to the 15% Al wire coupon, this
increased contact time allows for the greater flow of the polymer around the wires leading to a
lower porosity. It is also worth noting that in the case of the 25% coupon, the porosity seems to
be concentrated more towards the upper part of the coupon. This observation is likely a result
of decreased compression forces being exerted in the upper layers of the coupon compared to the
lower part. The decreased compression forces at the top were due to the babystep distance which
in general deposits the new layer of wire 30 microns into the depth of the previous polymer layer.
However, in the case of the upper layers and in order to prevent nozzle blockages, and therefore,
a failed print, the babystep distance was relaxed. This in turn led to a higher concentration of

porosity to be observed at the top of the coupon as opposed to the bottom.

Furthermore, there are indications of some porosity at the interface between the polymer and
wires. Nevertheless, when evaluating the overall porosity of the coupon, this occurrence is neg-

ligible. The porosity at the interface between the wire and the polymer is likely attributed to
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variations in babystep distances during the process. Consequently, at the time of wire deposition

into the polymer, ideal adhesion was not achieved.

1 1 | Column of Wires

Figure 5.13: (a) X-ray tomography cross-section of the composites with 15 vol. % of Al wires . (b)
X-ray tomography cross-section of the composites with 25 vol. % of Al wires . Red arrows in (a)
and (b) indicate porosity within the polymer matrix.

The tomography images also yield intriguing insights regarding the porosity and its distribution
within the cross-section, particularly in the case of the 15% coupon (as depicted in Figure 5.13 (a)).
In this image, the pores are predominantly situated between the columns of wires (blue rectangle),
where the spacing between them is relatively wide, for example where Dy > Ds. This pattern is
also noticeable in the 25% coupon (shown in (b)), where the larger pores seem to be confined to

areas with more significant gaps between the wire columns.

The presence of larger pores in these regions can be attributed to a combination of factors.
Firstly, it is imperative to note that the production process for these composites follows a sequential
pattern, where four layers of polymer are deposited, followed by a layer of wire, and this sequence
repeats. When the wire is deposited, it is not completely embedded in the preceding polymer
layer. Consequently, during the deposition of the polymer layers, it is highly conceivable that
uneven surfaces, caused by protruding wires, result in less-than-ideal adhesion between the newly
deposited polymer layer and the preceding one, primarily because of the presence of the wire layer

positioned in between them.

Secondly, it is crucial to note that the wire itself does not undergo melting in this process
because of the relatively low temperatures; rather, the polymer is remelted around the wire as it is
being deposited. In the case of the 15% coupon, the wire head passes over the coupon fewer times
during deposition. Consequently, this allows more time for the wire and the surrounding remelted
polymer to cool in an uneven manner, primarily due to the wire deposition pattern (infill pattern
in figure 5.8 (b)). As a result, pores tend to manifest in regions characterised by wider spacing

between adjacent columns, particularly in areas where the wire deposition nozzle has not made
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direct contact.

In addition, within these images, all five layers of wire can be observed in each of the columns,
with excellent alignment and a relatively homogeneous distribution within the polymer. However,
in a couple of columns, there are some missing wire sections, which likely occurred during the

processing of the composite, where the wire may have broken or was removed due to bad adhesion.

5.5.2 Mechanical properties

The stress-strain curves of PLA and Al wires, as well as those of the composites with 15 vol. %
and 25 vol. % of Al wires are plotted in Figure 5.14. The presence of the Al wires leads to a large
improvement in the stiffness and strength of the composites, compared with the neat PLA, which
increases with the wire volume fraction. The average values and standard deviation of the elastic
modulus E and of the tensile strength, o,, are depicted in Table 5.3. The theoretical values of the

elastic modulus of the composites, F;, according to the rule of mixtures,

By = fE;+(1— By (5.2)

are also depicted in Table 5.3 from the elastic moduli of the Al wires, E¢, and of the PLA matrix,
E,, and the wire volume fraction f. They are very close to the experimental ones (particularly
for a wire volume fraction of 25%) indicating efficient load transfer from the matrix to the wire
during deformation. Moreover, the presence of the stiff wires did not compromise the ductility of
the composite that was controlled by the ductility of the PLA matrix. Therefore, the PLA /Al wire
composites manufactured by FFF were able to significantly improve mechanical behaviour (up to
six times in the case of stiffness) compared to previous attempts [123, 135], showing the potential

of FFF to manufacture wire reinforced polymer matrix composites.

Table 5.3: Elastic modulus (F), the tensile strength (o, ), and the theoretical values for the modulus
are represented by F;. Additionally the shear strength obtained from the wire push-out tests, is
represented by 7.

Material E i Tu ’
(GPa) (GPa) (MPa) (MPa)
PLA 3£0.1 - 41+1 -

PLA 4+ 15% vol. Al wires 1040.3 13 5642 1.840.3
PLA + 25% vol. Al wires 1941.4 20 67+3 2.3+0.4
Al wires 70 — 90+0.4 -

SEM images of the fracture surfaces of the composite tensile coupons reinforced with 15 vol.
% Al wires are shown in Figures 5.15 (a-c), while those of the composite reinforced with 25 vol. %
Al wires are depicted in Figures 5.15 (d-f). The fracture surface of the PLA is flat in both cases,
indicating that the fracture of the coupon was initiated in the polymer. However, the matrix crack

did not propagate into the wires, which were pulled out from the fracture surface. The pull-out
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Figure 5.14: Tensile stress-strain curves of PLA, Al wires and PLA reinforced with 15% and 25
vol. % Al wires. The strain in the wires was calculated from the displacement of the cross-head of
the machine and the ductility of the wires was approximately 25%.

length was slightly shorter in the composite with 25 % volume fraction of wires and the conical
shape of the broken wires indicates a ductile failure mode. Overall in both composites, these failure
mechanisms indicate that the bonding between the matrix and wires was weak, leading to interface

decohesion and wire pull-out as soon as the matrix crack impinges on the wire.

The load-displacement curves of the wire push-out tests are depicted in Figure 5.16. The initial
linear region in the curves corresponds to the elastic bending of the thin slice between the supports,
and it is followed by another linear region with higher slope due to the elastic deformation of the
wire within the matrix. This zone ends with a maximum in the load, associated with the fracture
of the wire/matrix interface and the push-out of the wire, which is associated with a load drop.

Once the interface is fully broken, the wire is extracted from the matrix under constant load.

The interface strength was calculated from the maximum load according to eq. 5.1 and the
average interface strength, 7, along with the standard deviation are given in Table 5.3. The
interface strength in this study is relatively low when compared to other wire-reinforced polymer
matrix composites. For instance, the interface strength of PLA reinforced with Mg wires attains
10.9 + 1.6 MPa, and can reach 26.3 £ 1.3 MPa if the surface of the Mg wire was modified by

plasma electrolytic oxidation [86]. These higher interface strengths were obtained in composites

110



5. 3D printing of continuous metal Al wire-reinforced polymer matrix composites

Figure 5.15: (a-c) SEM images of the fracture surfaces of the composites tested in tension. (a-c)
PLA + 15% volume fraction of Al wires. (d-f) PLA + 25% volume fraction of Al wires.

manufactured by compression moulding, which ensures an intimate contact between wire and
matrix during processing, but they also show that appropriate surface treatments can be applied

to improve the wire/matrix adhesion.

The low interfacial strength of the composites aligns with the extensive pull-out length ob-
served in the fracture surfaces (as shown in Figure 5.15). This observation is consistent with the
limited chemical interaction between Al and PLA, in contrast to the stronger interaction observed
between Mg and PLA [86]. Furthermore, the higher interface strength observed in the composite
with 25% volume of wires can be attributed to two factors. Firstly, the porosity is lower in this
composite. Secondly, the wires were closer to each other, resulting in a constraint effect, which
in turn contributes to the improved interface strength [143, 245]. This constraint is also reflected
in the higher slope in the region of the load-displacement curve, which corresponds to the elastic
deformation of the wire within the matrix during the push-out test (Figure 5.16). It should be
noted that the higher interface strength of the composite with the 25 % vol. of Al wires is reflected

in the shorter pull-out length of the wires on the fracture surface (Figure 5.15).

Evidence of wire push-out after the tests is provided by the SEM images of the bottom surface
of the thin slices, in which wires pushed out from the matrix are clearly seen (Figure 5.17). It is
worth noting the different spacing between wires in the composites with 15% (Figure 5.17 (a-b))
and 25% vol. of wires (Figure 5.17 (c-d)), which was partially responsible for the differences in the
interface strength.
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Figure 5.16: Load ws. displacement plots of the wire push-out tests.
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Figure 5.17: SEM images bottom surface of the thin slices of the composites after the push-out
test. (a-b) PLA 4 15% volume fraction of Al wires. (c-d) PLA 4 25% volume fraction of Al wires.
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5.6 Conclusions

Polymer matrix composites unidirectionally reinforced with 15% and 25% volume fractions of Al
wire were manufactured for the first time using a customised 3D printer that implemented a novel
FFF technique. The printer included two different print heads, one of them with a standard nozzle
to deposit thermoplastic polymers, while the other print head was specifically designed to print
metallic wires through deposition within the polymer matrix. The wire print head was equipped
with a cutting system to cut the wire after each wire layer had been deposited. The printer was
operated via a computer interface, providing control over key parameters including temperature,
speed, and babystep distance in real-time. Additionally, the slicing software provided the capability
to predefine wire volume fractions and orientations for each layer before initiating the printing

process.

The customised 3D printer was able to position the wires very accurately within each layer
although some porosity developed in the PLA polymer matrix during deposition as a result of the
inhomogeneous cooling pattern. Moreover, the bonding between the PLA matrix and the Al wire
was limited, but it was high enough to allow an efficient load transfer from the matrix to the wires
during elastic deformation. Overall, the tensile stiffness increased dramatically due to the wire
reinforcement (up to a factor of 6 in the composite with 25% volume fraction of Al wires) while the
strength improvement was also noticeable (up to 63% although it was limited by the low strength
of the Al wires). Further improvements in properties could be achieved by a detailed analysis of
the wire pattern location in the different layers to minimise porosity in the matrix and also by
the use of suitable coatings in the wires to enhance the wire/matrix bonding during deposition.
These and other process optimisation studies will be able to enhance the quality of the materials

processed with this technique.

The novel strategy to manufacture metallic wire-reinforced polymer-matrix composites by FFF
presented in this chapter opens the path to improve the mechanical properties of thermoplastic
composites and add functional capabilities while maintaining the advantages of FFF. For instance,
multidirectional laminates with gradient properties (by changing the wire volume fraction in each
layer) can be manufactured. Moreover, very large wire volume fractions can be achieved as the
positioning of the individual wires is very precise. Thus, it is expected that further developments
and improvements of the technique presented in this paper may have a profound impact in the

application of 3D printing of polymer composites in different industrial applications.
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Additively Manufactured
Continuous Wire-Reinforced
PLDL/Mg Composites

6.1 Motivation

Biodegradable materials such as synthetic polymers (PLA, PGA and their copolymer PLGA), and
hydrolysable metals (Mg, Zn, and Fe) have been increasingly considered in biomedical applications
in the past decades for the fabrication of implants and medical devices [246, 247]. Synthetic
polymers, such as PLA, are known for their low mechanical properties, long degradation times,
and acidic by-products upon degradation, whereas biodegradable metallic materials, such as Mg,
are known for their relatively good mechanical properties, rapid degradation times, and basic by-
products upon degradation. Thus, the synergy of the combination of biodegradable polymers and
metals may achieve novel composites with a customised degradation rate, biocompatibility, and
mechanical properties for specific applications. Most of the work in this area has focused on the
reinforcement of the polymer with Mg or Zn particles [80, 85, 167, 180, 192, 232, 82] but these
composites are limited from the viewpoint of mechanical properties that are equal (or even lower)

than those of the polymer (see Chapters 3 and 4)

This limitation of polymer/metal composites can be overcome through the reinforcement of the
polymer with metallic wires and a number of studies have investigated the corrosion, mechanical
and biological performance of biodegradable polymers reinforced with Mg wires [80, 85, 82, 242,
248, 249, 250]. Composite processing in all these cases was carried out by hot-pressing, a a well-
established methodology in the fiber-reinforced composites community. Fully dense composites
with excellent mechanical properties along the wire direction can be achieved with this strategy,
which has been extended recently to manufacture multidirectional laminates with more isotropic

properties through compression moulding [85, 86].

Nevertheless, hot pressing and compression moulding present evident limitations to manu-
facture implants and scaffolds for biomedical applications that may require complex shapes and
curvatures. These limitations are more evident in comparison with additive manufacturing tech-
niques, such as FFF, as discussed in previous chapters of this thesis. However, one of the major

limitations for FFF is the limited mechanical properties of the components manufactured by this



6.2. Materials

technique. This problem was overcome in Chapter 5 through the deposition of a continuous Al
wire within a PLA matrix using the FFF process. In this chapter, this methodology is extended to
manufacture by FFF PLA matrix composites reinforced with Mg wires. Two different types of Mg
wires were used, one of them surface treated by plasma electrolytic oxidation (PEO) to reduce the
corrosion rate, and the degradation rate and mechanical properties in physiological environment
were studied in detail. Finally, FFF manufactured a proof-of-concept multimaterial biobasorbable
coupon made up of pure PLA as well as PLA reinforced with metallic particles and wires. This
result demonstrates the capabilities of the methodology develop in this thesis to manufacture com-
ponents in which both mechanical and degradation properties can be tailored in different regions

to optimise the behavior for biomedical applications.

6.2 Materials

The wire reinforced polymer/metal composites were manufactured from a medical grade bioab-
sorbable polymer, PLDL7038 (Corbion N.V., Netherlands), and WE43-MEO Mg alloy wires of 0.3
mm in diameter provided by Meotec GmbH (Aachen, Germany). The composition of the WE43
wires (wt.%) was 1.4%-4.2% Y, 2.5%-3.5% Nd, <1% (Al, Fe, Cu, Ni, Mn, Zn, Zr), balance Mg.
They were manufactured by cold drawing and suitable annealing treatments, as described by Ali
et al. [251]. Furthermore, WE43-MEO Mg wires were treated using a continuous PEO process in
phosphate-based electrolyte (Kermasorb”, Meotec GmbH, Germany) which led to a homogeneous
and porous oxide layer on the wire surface of approximately 8 pym in thickness mainly composed
of MgO and Mgs3(PO4), [251] (Figure 6.1). Residual stresses were removed from the both the Mg
and Mg-PEO wires before spooling. This was done during processing where the wires were passed
through an inline tubular oven of 350 mm in length at 400°C [251].

Furthermore, polyethylene glycol (PEG 1000 g/mol) (Sigma-Aldrich, MO, USA) was also used
to facilitate the extrusion of the PLDL filament. Throughout this chapter, the composite made
of PLDL and Mg wires will be referred to a PLDL+Mg while the one manufacture with PLDL
and Mg wires surface-modified by PEO will be denominated PLDL+Mg-PEO. Finally, PLA Ingeo
2003D (Natureworks B.V., Netherlands) and WE43 powder were used in order to manufacture
filaments of PLA /Mg composites (following the procedure detailed in Chapter 3) that were used
together with the Mg wires to manufacture multimaterial coupons in the FFF printer with multiple
heads.
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Mg-Bare Wire Mg-PEO Wire

100 um | |

Figure 6.1: SEM images of the WE43-MEO Mg wires. (a) as-printed Mg wire. (b) Mg wire
surface-modified by PEO.

6.3 Methods

6.3.1 3D printing of medical grade Mg wire-reinforced PLDL composites

A customised FFF 3D printer (3D Technology Ltd., Galway, Ireland) was used to fabricate uni-
directionally reinforced coupons of PLDL+Mg and PLDL+Mg-PEO composites. A PLDL7038
filament containing 5 wt. % of PEG was manufactured using the double extrusion technique de-
tailed in chapters 2-4. Filaments of PLDL and PEG were produced in a MC 15 microcompounder
(Xplore, The Netherlands) at 220°C with a residence time of 2 minutes. They were pelletised
and subjected to precision extrusion using a 3devo desktop extruder (Precision 350, 3devo B.V.,
The Netherlands) to fabricate a filament of 1.75 mm in diameter. The temperature profile of the

heaters in the 3devo is shown in Table 6.1.

Table 6.1: Temperature distribution across the individual heaters in the 3devo precision extruder

Heater 4 Heater 3 Heater 2 Heater 1
°C °C °C °C
PLDL7038 + 5 wt.% PEG 190 195 200 195

Material

The customised printer comprised of 4 individual print heads and one tool selector which would
engage/disengage the 4 print heads as required (as detailed in Chapter 5 (Figure 5.1)). The tool
selector controlled which material was printed and was responsible for the XY movement of the
various print heads, and only one material would be printed at a time. In this way the printing
of the continuous wire reinforced parts was not done via the simultaneous printing of the polymer

and the wire but rather in a sequential manner.
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Autodesk Inventor (Autodesk Inc., CA, USA) was used to design coupons with dimensions
of 120 x 10 x 2.1 mm? that were saved as .stl files. An open source slicer (Prusa Slicer, Prusa
Research, Prague, Czech Republic) was used to convert the 3D model data into commands that
are readable by the 3D printer. Another coupon was introduced within the slicing software with
dimensions 118 x 8 x 2 mm?® to create the geometry of the path for the wire. To this end, the
perimeters were deleted so that only the infill remained (an example of perimeters and infill can

be seen in Figure 5.8(a) in Chapter 5).

The coupons were designed to have a Mg wire volume fraction of 15%. As indicated in Chapter
5, the number of wires per layer could be determined from the target wire volume fraction, taking
the thickness of the polymer layers (0.1 mm), of the wire layers (0.4 mm), and the number of
polymer layers for each wire layer (4:1) into account (Table 6.2). The infill pattern was rectilinear,
which means that a 90° infill angle was used (Figure 5.8(b)). The infill density, which controls
the number of times the pattern is repeated, was 40% to attain the 15% volume fraction of wires
(Table 6.3). The averaged spacing between the parallel wires are detailed in Table 6.2. Finally,
the layer height was modified to be 0.4 mm, and this created the geometry of the wire reinforced

layers.

Finally, the coupons comprised of 4 polymer layers, followed by 1 layer of wire, and this sequence
was repeated 5 times. A final layer of polymer of 0.1 mm in height was deposited at the top of the
coupon, following the strategy to manufacture the coupons in Chapter 5 (Figure 5.9). The files
were saved as GCODE files so that they were readable by the 3D printer.

Recalling from Chapter 5, a blade was used to cut the wire after each wire layer was completed.
The distance from the point at which the blade cut the wire to the nozzle exit was 43 mm. This
distance of 43 mm had to be anticipated during the 3D printing and so the same Python code used
to modify the GCODE in Chapter 5 was again used here to account for this distance and cut the

Mg wires with 43 mm of anticipation from the end of the projected wire path.

The printing parameters for the Mg and Mg-PEO coupons are displayed in Tables 6.2 and 6.3.
It is important to note that PEG was included to process the PLDL polymer in all materials in

Table 6.3 in order to improve processability, as outlined in Chapter 4.

One of the main restrictions to print the Mg wires was the minimum bending radius. Initially,
the path of the Mg and Mg-PEO wires followed a rectilinear pattern (Figure 6.2 (a)), similarly to
the one used for Al in Chapter 5. However, it soon became clear that the bending radius of 1 mm
when the wire turned following the rectilinear pattern led to fracture of the wire. Thus, a different
deposition path for the Mg wire, following a concentric pattern, was designed to avoid the fracture
of the wire with each turn during printing. The skeleton for this path geometry was provided by
the slicing software (Figure 6.2 (b)) but it was not continuous. So the GCODE had to be edited
to make a concentric continuous path that is depicted in Figure 6.2(c). The minimum bending
radius was 2 mm, large enough to deposit the Mg wires without inducing fracture. It should be
noted that the volume fraction of Mg wires parallel to the coupon axis was constant in the central

gauge length of 60 mm of the coupon.

The printing parameters, in terms of the temperature, speed, and babystep distance, were first

optimised to deposit the Mg wires, as they were different from the parameters used in Chapter 5 for
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Table 6.2: Printing parameters for manufacturing PLDL+Mg and PLDL+Mg+PEO wire-
reinforced composites. The explanation of the parameters is indicated in Chapter 5 in Figures
5.9 and 5.8.

Parameters Values

Nozzle Diameter Polymer 0.4 mm

Nozzle Diameter Wire 0.7 mm
Polymer layer height 0.1 mm
Wire layer height 0.4 mm
Line width 0.8 mm
Infill angle polymer +45°
Infill angle wire 90°
Wire Spacing 0.9 mm

Table 6.3: Printing parameters for manufacturing PLDL+Mg and PLDL+Mg+PEO wire-
reinforced composites. PEG was included in all materials to aid in processability.

Material Printing Print Speed Fan Speed Infill Density
Temperature (°C) (mm/s) (%) (%)

PLDL 200 40 0 100

PLDL+15% vol. Mg wires 155 5 50 40

PLDL+15% vol. Mg-PEO wires 185 5 100 40

Al wires. The same printing parameters were required to be modified further to print the Mg-PEO
wires but it was soon noticed that the Mg-PEO wire deposited with the concentric patters broke
after the first turn in the first layer deposited (Figure 6.3 (a)). It was discovered that the fracture
of the Mg wire was not associated with the printing parameters of the bending radius, but with
wear damage induced in the soft brass by the hard PEO coating on the Mg wire at the deposition
temperature. The erosion groove in the brass nozzle is clearly visible in Figure 6.3 (b). The wire
was stuck in the groove and broke under tension while the print head was turning. Thus, fracture
of the wire occurred in the same location at the same layer every time. New nozzles were bought
to avoid this problem, but it should be noted that deposition of Mg-PEO wires continued to erode

the nozzles after relatively short time.

Another issue with the deposition of the Mg-PEO wire was the high friction exerted by the wire
on the polymer when deposited at 160°C. The polymer and the wire lifted from the build plate
at both ends of the coupon during the printing process (Figure 6.4), very likely because of the
high adhesion between the polymer and the oxide layer on the wire surface, in combination with a
recoil effect of the Mg-PEO wires caused by the spooling after wire processing. This problem was
overcome by increasing the printing temperature to 185°C to reduce friction between the wire and

the polymer by reducing the viscosity of the latter during printing.

119



6.3. Methods

(a) (b) (c)
|T o _End

- End
I Bending
Radius
Bending =2mm |||
Radius E
=1mm
Star‘E T
Start

Figure 6.2: (a) Rectilinear deposition path used to deposit Al wires in Chapter 5 (b) Concentric
infill geometry provided by the slicing software (¢) New deposition path following a continuous
concentric pattern suitable to deposit Mg wires with a minimum bending radius of 2 mm. Notice
that these images are not to scale.
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Figure 6.3: (a) Schematic diagram of the point at which the Mg-PEO wire broke during deposition
using the concentric path. (b) The groove created into the brass nozzle by Mg-PEO wire is
indicated by the red arrows.

Finally, a total of 20 coupons with dimensions of 120 x 10 x 2.1 mm? of both PLDL+ 15% vol.
Mg and PLDL+15% vol. Mg-PEO were printed. Images of these coupons are depicted in Figures
6.5(a) and (b), respectively. The printing time of each tensile coupon was 45 minutes. The volume
fraction of Mg wires in the coupons was limited to 15% due to processing difficulties and a lack of

reproducibility at higher volumes, but this limitation should be overcome with more time to find
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Decohesion
from build plate

Figure 6.4: Decohesion of the ends of the printer coupon made up of Mg-PEO wire and PLDL

from the build plate as a result of the residual stresses in the wire and of the high adhesion between
the wire and polymer.

the accurate printing parameters.

Figure 6.5: (a) 3D printed PLDL+Mg coupon. (b) 3D printed PLDL+Mg-PEO coupon.

6.3.2 In vitro degradation tests

In vitro degradation tests were carried out following the ISO 13781 standard as a guideline [151].
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Parallelepipedic specimens 10 x 10 x 2.1 mm? were cut with a precision punch from the 3D printed
wire reinforced coupons of PLDL+Mg and PLDL+Mg-PEO. The ends of the cut sections were
coated in a waterproof vinyl spray paint to avoid pipeline corrosion in the form of diffusion along
the wire/matrix interface as outlined by Ali et al. [85] and to ensure that degradation occurred
through the PLDL matrix.

The samples were immersed in PBS solution (Life Technologies Europe B.V., Bleiswijk, Nether-
lands) at 37°C in a sealed polypropylene container. The PBS solution had a composition of 140
mM NaCl, 10 mM phosphate buffer, and 3 mM KCI per litre. The volume ratio of the PBS to
the mass of the sample was greater than 30 ml/g, following the ISO 13781 standard [151]. The
evolution of the mass, pH , and the hydrogen were measured as a function of time following the ex-
perimental procedures detailed in Chapters 2 and 4. In the case of the mass/pH, the samples were
monitored weekly over a 3-week period. In the case of the hydrogen evolution study, measurements

were taken daily. All experiments were carried out in triplicate (n=3).

6.3.3 Mechanical tests

Tensile tests

The coupons manufactured by FFF were deformed in uniaxial tension in an Instron 5966 me-
chanical testing machine and the applied load was measured with a 10 kN load cell. Prior to testing,
the samples were prepared by placing tabs of 30 mm in length on both ends of the coupons, fixed
with epoxy resin. Thus, the central gauge length was 60 mm. The specimens were deformed at
a displacement rate was 2 mm/min and the average strain was measured in this region by means
of DIC. To this end, the coupons were painted white, and black dots were sputtered on the white
paint before testing and the position of the dots was recorded every 0.5 s with a high-resolution
camera. The displacement of the dots during deformation was correlated with the Vic 2009 2-D
DIC software (Correlated Solutions Inc., South Carolina, USA) to obtain the average strain of
the coupon (Figure 6.6). PLDL coupons were not tested during this study as the material was
already subjected to tensile testing in Chapter 4, and therefore the comparison with the mechanical

properties will be using those from that chapter.

Tensile tests were carried out under three different conditions. The first group of samples was
tested in air at room temperature (dry as-printed condition). The second group of samples was
tested under the as-printed condition in a water bath at 37°C. The experimental setup for the
immersed test is the one described in chapter 2 and 4. The samples were left immersed in the

water bath for ~ 1 minute before the test commenced.

In the case of the dry as-printed condition, the theoretical elastic modulus of the composite

along the wires, F;, was calculated according to Equation 6.1, following the rule of mixtures,

E; = fEf + (1 - .f)Em (61)

where E¢ and E,, stand for elastic modulus of the Mg wires and PLDL matrix, respectively

and the wire volume fraction is f.
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(a) (b)
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Figure 6.6: (a) Schematic of the Mg wire-reinforced coupons prepared for tensile testing. (b)
PLDL+Mg coupons with tabs fixed at the ends and the black/white paint applied. Note the
numbers on the tabs correspond to the coupon number and 't’ means top while ’b’ means bottom.
The letters were placed to keep track of the geometry of the coupon after the fracture took place.

Finally, the third group of samples was tested in a water bath at 37°C after three weeks of
degradation in PBS at 37°C, following the procedure indicated for the degradation tests in the
previous section. Once the degradation period was finished, the coupons were stored in an oven
at 37°C for a period of 3 weeks. The black and white speckle pattern for DIC was applied before

the tests. At least 3 specimens of each group were tested (n=3).

Wire push-out tests

Wire push-out tests were carried out to evaluate the interfacial shear strength between the
PLDL matrix and the Mg wires (without and with PEO surface modification), following previous
investigations [86, 142, 143]. To this end, samples with the same dimensions as those for the
degradation tests (10 x 10 x 2.1 mm?®) were cut from tensile coupons perpendicular to the wires
and subsequently embedded in an epoxy resin (SpeciFix resin system, Struers, Denmark). The
samples were then ground using a manual grinding machine (Vector-Metaserv 250, Buehler, IL,
USA) with SiC paper ranging from P320 to P2500 up to a thickness of 0.6 + 0.03 mm, because the
thickness of the sample should be approximately twice the diameter of the wires. Samples were
then polished with a diamond paste of 3 and 1 um grain size (ATM Qness GmbH, Mammelzen,
Germany) using MD-Nap polishing plates (Struers, Denmark).

Samples of the same dimensions (10 x 10 x 2.1 mm?®) were cut from coupons and both ends
of the samples were coated with black vinyl paint, impermeable to water to cover the exposed
ends of the wires and ensure that degradation occurred through the PLDL, as opposed to pipeline

123



6.3. Methods

corrosion as outlined by Ali et al. [86]. The samples were then placed in PBS at 37°C for a
period of 3 weeks. Afterwards, they were removed from the solution, dried, and thin slices for the

push-out tests were prepared following the sample preparation method indicated above.

The thin slices of the composite were mounted on a stainless steel support with a groove of 500
pm in width to perform the wire push-out test (Figure 6.7). The wire to be tested was positioned
manually at the center of groove with the help of an optical microscope and the slice was fixed with
a tape. The support was attached to a stage capable of moving in X and Y directions to position
the indenter punch over the desired wire. An indenter with a stainless steel flat tip of &~ 250 ym
in diameter was mounted on an Instron 5966 mechanical testing machine with a 100 N load cell.
The compressive load was applied on the wire under displacement control at 20 ym/min until the
wires were pushed-out from the matrix, which was indicated by a significant drop in load. At least

3 wires were pushed out for each condition (n=3).

Printed
Coupon

Indenter P
l PLDL W
NI
—_— T
[;;;-’ ==

Push Out Testing

Figure 6.7: Diagram of the wire push-out experimental set up. First, the sample is cut from the
coupon and then ground down to a thickness ¢, twice the diameter of the wire, and a force P is
applied perpendicular to the wire until a push-out is achieved.

The shear strength of the PLDL+Mg and PLDL+Mg-PEO interfaces, 7, were calculated as

Pmaa;
T =
2w Rt

(6.2)
where P4, is the maximum load, R is the radius of the wire, and ¢ is the thickness of the slice.

6.3.4 Microstructural Characterisation

The microstructure of the printed coupons was analysed by X-ray tomography. Samples of 10 x 10

3

x 2.1 mm® were cut from the central section of the coupons and characterised by X-ray computed

micro-tomography. A Phoenix Nanotom 160 NF tomograph (General Electric, MA, USA) was
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used with a W target with a Cu filter and 0-mode nanofocus at 120 kV. The current was 80 pA
and the voxel size was 5.4 ym. Subsequently, porosity was calculated using the Fiji (ImageJ, NTH,
Maryland, USA) programme. A reference area of 3 x 2 mm? in the central region of the sample
was isolated. This region was selected to exclude other regions where it was more difficult for the
computer programme to distinguish air voids from bulk material. A threshold was used to separate
the bulk (polymer and wires) from the air voids in ~ 1500 slices of the composite, and the average

area fraction of voids was assumed to be the porosity.

The fracture surfaces of the samples tested in tension as well as of those subjected to the wire
push-out test were analysed in the SEM. They were gold sputtered for 60 seconds with a sputtering
current of 40 mA (Quorum Q150T ES, Quorum Technologies Ltd., East Sussex, England) to ensure
electrical conductivity and studied in an Apreo 2S LoVac (Thermo Scientific, MA, USA) SEM using

secondary electrons at a voltage of 5 kV and with currents in the range 40 to 80 pA.

Cross sections of degraded coupons in PBS after a period of 3 weeks were also analysed in
the SEM using secondary electron as well as energy dispersive X-ray spectroscopy (EDS) to as-
certain the degradation mechanisms. In particular, the wire/polymer interfaces were analysed to

understand the formation of corrosion products during degradation in PBS.

In the case of the area loss studies carried out to analyse the degradation of the wires the
SZX10 and BX51 optical microscopes (Olympus Corp., Tokyo, Japan) were used to monitor the
cross sections of the composite materials. In the case of the multi-material composite material the

same microscopes were used to analyse the cross-section of the coupon.

6.4 Results and Discussion

6.4.1 Microstructure of PLDL+Mg and PLDL+Mg-PEO composites

The microstructure of the PLDL+Mg and PLDL+Mg-PEO composites were analysed by means of
X-ray tomography. 2D tomograms of sections of the PLDL+Mg and PLDL+Mg-PEO composites
are shown in Figure 6.8. Mg wires are white, PLDL polymer grey and the porosity (indicated by
red arrows is black. The vertical alignment of the Mg wires was reasonable but not perfect, as
opposed to the composite with Al wires seen in Figure 5.13 in Chapter 5. The worse alignment of
the Mg wires was associated to the higher bending stiffness because the yield strength of the Al
wire was approximately 65 MPa while that of the Mg wires reached approximately 250 MPa [251].
Additionally, the ductility of the Al wires (25%) was approximately 3 times higher than that of
the Mg wires (8%). Hence, the Mg wires recoiled much more than the Al wires during deposition,

leading to worse alignment of the wires.

The porosity measured in the PLDL+Mg composite (Figure 6.8 (a)) was 2%, much lower than
the 4.1% determined in the PLDL+Mg-PEO composite. The porosity in both materials was lower
than the one reported in the PLA/Al composites with the same wire volume fraction (7.4%).
The higher porosity observed in the PLDL+Mg-PEO material is very likely due to the increased
adhesion between the PEO coating and the PLDL matrix, in comparison to Mg wires without
PEO surface treatment coating. Although it appears to be counter-intuitive, the increased friction
between the oxide coating and the PLDL matrix tore/pulled the polymer matrix during deposition

leading to an increased porosity.

125



6.4. Results and Discussion

Figure 6.8: (a) X-ray tomography section of the PLDL+Mg composite perpendicular to the wires.
(b) X-ray tomography section of the PLDL+Mg-PEO composite perpendicular to the wires. The
Mg wires appear as white circles in both samples, while the PLDL is grey. The dark grey/black
regions correspond to the porosity within the samples. They are indicated by red arrows in both
(a) and (b). The oxide coating on the Mg wires is too thin to appear in the tomograms of (b).

In the case of the PLDL+Mg coupon there is no clear pattern to the porosity and its loca-
tion within the coupon. However, the porosity in the PLDL+Mg-PEO composite appears to be
concentrated towards the top of the coupon. A very similar behaviour was noticed in the case of
the PLA/AI coupons in Chapter 5, and it is likely a result of decreased compression forces being
exerted in the upper layers of the coupon compared to the lower part. The decreased compression
forces at the top were due to the babystep distance which in general deposits the new layer of
wire 30 microns into the depth of the previous polymer layer. However, the babystep distance was
relaxed in the upper layers to prevent nozzle blockages. This in turn led to a higher concentration

of porosity to be observed at the top of the coupon in comparison with the bottom region.

Furthermore, there are indications of some porosity at the interface between the polymer and
Mg-PEO wires. Nevertheless, their contribution to the overall porosity of the coupon is negligible.
The porosity at the interface between the Mg-PEO wire and the PLDL is likely attributed to
variations in babystep distances during the process, in addition to the high adhesion between
the PEO coating and the polymer resulting in the polymer being pulled/torn during the printing

process.

6.4.2 In vitro degradation of PLDL+Mg and PLDL+Mg-PEO composites

The evolution of the mass of the composites and of the pH of the solution are plotted in Figure
6.9(a) and (b), respectively, during 3 weeks of immersion in PBS at 37°. The mass increases
rapidly in both composites during the first week because of the water adsorption through the

PLDL but the mass gain rate in slows down afterwards following the typical behaviour observed in
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diffusion-controlled processes. The mass increase in the composite reinforced with Mg-PEO wires
is slightly higher than that measured in PLDL+Mg and this difference can be attributed to the

higher porosity in the former, which facilitates water diffusion throughout the bulk.

18 ; . ; 8.0 . . .
1@ = PLDL+Mg 1 ;oL (0) = PLDL+Mg ]
e PLDL+Mg-PEO ’ e PLDL+Mg-PEO
1al i 7.8} 1
S - r * ]
[0 ) é | 761k i
210} 1 . ¢
o - L 75 i - o- T
c . [oX -3 -®
O 8¢t . - 1 ezl ®- R
pt . 744" 1
2 sl ‘m
- ‘ 7.3} 1
4+ 72} 1
2 - 1 74+ 1
oL : : : 7.0 : : :
0 1 2 3 0 1 2 3
Time (Weeks) Time (Weeks)

Figure 6.9: (a) Mass change in the composites as a function of immersion time in PBS at 37°C.
(b) Idem for pH in the solution.

With respect to the pH in the solution, a slight increase is observed with immersion time for
both composites, indicating that the degradation of Mg is dominant with respect to the formation
of acidic products associated with the degradation of PLDL. Obviously, the increase in the pH of
the solution is higher in the PLDL+Mg composite because the oxide layer reduced the corrosion
rate in the Mg wires in the case of the PLDL+Mg-PEO composite [86]. However, it should be noted
that the variation in pH during the first weeks is very limited in both cases and this behaviour
favours biocompatibility [252, 253].

The actual corrosion rate of the Mg wires within the PLDL matrix could be assessed in both
composites through the hydrogen evolution tests. The amount of hydrogen released (divided from
the nominal wire surface area, which is obtained from the wire volume fraction and the wire
diameter in the sample) is plotted in Figure 6.10 (a) for both composites. The hydrogen release
rate increases linearly with time in both cases but the rate in the PLDL+Mg composite is 5 times
faster than in the PLDL+Mg-PEO composite, showing the effect of the oxide layer on the corrosion
rate of Mg.

The hydrogen released divided for the area of the Mg wires in similar composites manufactured
by compression moulding in [86] is also plotted in Figure 6.10 (a). The compression moulded
composites released less hydrogen than those processed by FFF in the case of the PLDL+Mg.
This behaviour is very likely triggered by the porosity in the latter coupons, which facilitates the
ingress of water, while the coupons processed by compression moulding were fully dense. The
differences between both composites in the case of the PLDL+Mg-PEO materials were, however,

negligible, indicating that oxide layer introduced by PEO is very effective protecting the Mg wires
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Figure 6.10: (a) Volume of hydrogen released (normalised with respect to the nominal surface area
of the Mg wires) as a function of immersion tnne in PBS at 37°C for both composite materials.
The results from Ali et al. [86] are also plotted for comparision. (b) Optical micrographs of the
cross-section of the Mg wires in PLDL+Mg and PLDL+Mg-PEO composites after 3 weeks of
immersion. The dashed-circles in blue and green show the original cross-section of the wire before
degradation.

within the PLDL from corrosion.

The effect of the oxide layer on the corrosion of the Mg wires within the PLDL matrix is clearly
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shown in the optical images of the cross-section of the Mg wires after 3 weeks of immersion in PBS
at 37°C (Figure 6.10 (b)). The bare Mg wires show a large reduction in the cross-section, which
is also associated with pitting corrosion. Pitting corrosion dramatically reduces the cross section
of the wire in particular locations along the wire, and thus the strength of the wire [80, 86]. In
contrast, the presence of the oxide layer not only reduced the corrosion rate but also inhibited
pitting, leading to a uniform corrosion of the Mg wire that limits the reduction of mechanical

properties with immersion time.

The cross-sections of 3 different wires from both of the composites were used to study the
reduction in area of the wires due to corrosion. Average area reductions after 3 weeks in PBS
were 29% and 6.9% for the PLDL+Mg and PLDL+Mg-PEO composites, respectively. This area
loss can be directly related to the mass loss and hydrogen evolution if one atom of Mg is assumed
to release one molecule of hydrogen upon degradation. The estimates for hydrogen release using
the area/mass loss images from Figure 6.10 (b) are in good agreement with the actual hydrogen
evolution results. From the hydrogen evolution, graph as stated previously the PLDL+Mg material
was responsible for the emission of 5 times more hydrogen than the PLDL+Mg-PEO material,
which is a similar ratio to that of the area loss study (4 times faster). This discrepancy is consistent
with previous reports [204, 205] and has been attributed to oxygen reduction reactions that are
likely to occur during slow corrosion of Mg [206, 207, 254] or that hydrogen bubbles were trapped
below the sample or in the funnel, or that air bubbles entered the system giving a higher value of
hydrogen [204].

Previous investigations [80] have concluded that the reduced degradation rate of the PEO
surface-modified wires is associated with the appearance of an external protective and dense corro-
sion layer containing O, Ca and P. This dense layer is located beneath the PEO but on top of the
typical porous oxide layer resulting from the progressive oxidation of Mg to form Mg(OH)s, which
is found between the external Ca-P dense layer and the Mg core of the wire. Even though the
diffusion process is not fully inhibited, the presence of this dense Ca-P layers seems to slow down
migration of Cl~ and other corrosive ions which in turn decreases the elimination of the Mg(OH)s

layer. As a result, the corrosion rate of the Mg wire is reduced, and pitting corrosion is suppressed.

In vitro interface degradation in PLDL+Mg and PLDL+Mg-PEO composites

The wire/matrix interface is a critical element from the point of view of the mechanical behaviour
of the composite, and thus, the local corrosion mechanisms at the interface were analysed in detail
in the SEM. The Mg wires are fully embedded in the PLDL matrix in the as-printed condition

(Figure 6.11(a)) and no porosity is found around the interface.

Nevertheless, high magnification images show a small gap (indicated with a red arrow) between
the matrix and the wire. It is worth noting that this gap was not found in the PLDL+Mg
composites manufactured by compression moulding [86] very likely because the higher pressure
exerted facilitated the intimate contact between wire and matrix. However, this is not the case
during matrix extrusion in FFF and, thus, it is not possible to obtain a perfect adhesion between
the matrix and wires. Moreover, this lack of pressure can also lead to the formation of pores around
the wires, as shown in Figure 6.8. Further analysis by EDS in order showed the presence of Mg in

the wire and O in the PLDL, with a clean interface between them.
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Figure 6.11: (a) Low magnification and (b) high magnification SEM images of the wire/matrix
interface in as-printed PLDL+Mg composite. The small gap at the interface between the matrix
and wire is indicated with a red arrow. The images at the bottom show the distribution of Mg (in
the wire) and of O (in the PLDL) in (b) obtained by energy dispersive X-ray spectroscopy.

The morphology of the wire/polymer interface after 3 weeks of immersion in PBS at 37°C is
depicted in Figure 6.12. An oxide layer has formed on the outside of the wire, while there is also
a large void around the whole wire, as it shows a receding of the PLDL matrix from the Mg wire
(Figure 6.12 (a)). It is also very possible that the void around the wire is more likely a combination
of the receding of PLDL from around the wire and the removal of the Mg(OH)s corrosion products
that filled the gap during the sample preparation process, as indicated by Ali et al. [86]. This is
confirmed in Figure 6.13, where it is clear to see that the oxide layer (given by the EDS analysis)
is much thicker (=30 pm) than that observed in Figure 6.12.

As previously discussed in this thesis, the degradation of PLDL (a type of PLA) takes place
via hydrolysis through the cleavage of ester bonds. This process is accelerated in the alkaline
environment created by the oxidation of the Mg wires and PLDL degrades much faster at the
interface, as noted by Vaid et al. [215]. Additionally, it should be noted that the local pH at
the PLDL+Mg interface can be significantly higher (around 10) than the one in the bulk of the
solution that only reached of ~7.7 after 3 weeks [255].
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PLDL has
receded
around the
Mg wire

Figure 6.12: (a) Low magnification and (b) high magnification SEM images of the wire/matrix
interface in PLDL+Mg composite after 3 weeks of immersion in PBS at 37°C. The images at
the bottom show the distribution of Mg, O and C in (b) obtained by energy dispersive X-ray
spectroscopy.

Figure 6.13: SEM image of the oxide layer around the Mg wire after 3 weeks of immersion in
PBS at 37°C. The corresponding Mg and O distribution maps obtained by energy dispersive X-ray
spectroscopy are also included.

The PLDL+Mg-PEO composite in the as-printed condition is shown in Figures 6.14 (a) and
(b). The oxide layer of a few pm in thickness is clearly indicated with the green arrows (b) and its
presence is also revealed by the presence of P and O in the composition maps obtained by EDS.
Red arrows in (a) indicate porosity regions introduced during the 3D printing process, which was
confirmed also by X-ray tomography analysis (Figure 6.8). The interfacial region after 3 weeks
of immersion in PBS at 37°C is depicted in Figure 6.15. As indicated previously, the oxide layer
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PLDL Matrix

Figure 6.14: (a) Low magnification and (b) high magnification SEM images of the wire/matrix
interface in the as-printed PLDL+Mg-PEO composite. The images at the bottom show the dis-
tribution of P, Mg, O and C in (b) obtained by energy dispersive X-ray spectroscopy. The PEO
coating has been highlighted with green arrows in (b) and its presence is confirmed by the elemen-
tal mapping showing the presence of P and O.

formed during PEO (that is characterised by the presence of P and O) has protected the Mg wire
from pitting corrosion. Moreover, recession of the PLDL matrix is not observed around the oxide

layer (Figure 6.15(b)), indicating that it has hindered the oxidation of Mg and the acceleration
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C

Figure 6.15: (a) Low magnification and (b) high magnification SEM images of the PLDL+Mg-PEO
interface after degradation for a period of 3 weeks in PBS at 37°C. The images at the bottom show
the distribution of P, Mg, O and C in (b) obtained by energy dispersive X-ray spectroscopy. The
presence of Mg identifies the wire, while the combination of O and C stands for the PLDL matrix.
P can be found in the oxide layer.

of the PLDL degradation by the combined effect of alkaline pH and Mg(OH)s. The large voids
around the interface in the PLDL+Mg-PEO composite ((Figure 6.15(a), indicated with red arrows,
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should not be attributed to the recession of the PLDL during degradation but they were introduced
during the printing process, as confirmed by the X-ray tomography sections in Figure 6.8, where

pores with very similar geometries to those seen in (a) can be seen.

Finally, it should be mentioned that the degradation rate in PBS of the PLDL+Mg and
PLDL+Mg-PEO composites manufactured by FFF is much faster than that reported in the same
composites manufactured by compression moulding [86, 251]. These differences may be attributed
to the higher porosity of the former because very limited pressure was applied to consolidate the

composite during FFF, as compared with compression moulded materials.

6.4.3 Interface strength of PLDL+Mg and PLDL+Mg-PEO composites

The load-displacement curves of the wire push-out tests carried out in the as-printed and degraded
conditions are plotted in Figure 6.16 (a) and (b), respectively, for PLDL+Mg and PLDL+Mg-PEO
composites. After an initial accommodation zone, all curves exhibit a linear region with constant
slope, which corresponds to the elastic deformation of the wire within the composite, until a peak
load is reached. Wire push-out begins at this maximum load, which is used to calculate the
interface strength according to eq. 6.2. Afterwards, the load decreases as the wire is pushed out

from the matrix.
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Figure 6.16: Load vs. displacement curves of the wire push-out tests. (a) PLDL+Mg composites
in the as-printed and degraded condition. (b) PLDL+Mg-PEO composites in the as-printed and
degraded condition.

The load-displacement curves of the as-printed PLDL+Mg composite in Figure 6.16 (a) shows a
very large accommodation region, which is attributed to the bending of the composite plate, before
the elastic deformation of the wire. This large displacement before elastic deformation of the wire
is likely due to bending of the specimen during the sample preparation step. This bending then
causes an imperfect contact with the stage and so the initial displacement and loading observed
in the curves, actually corresponds to the specimen being straightened by the indenter to achieve

perfect contact with the stage. After this initial zone is ended, the actual wire push-out test begins.
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Table 6.4: Interface strength shear of the PLDL+Mg and PLDL+Mg-PEO composites in the
as-printed (AsP) and degraded conditions.

Material Shear Strength, 7 (MPa)
PLDL+Mg (AsP) 4.840.7
PLDL+MgPEO (AsP) 1041
PLDL+Mg (Degraded) 7.2£0.5
PLDL+Mg-PEO (Degraded) 4.14+0.3

This is a specimen dependent phenomenon which is why the same behaviour was not observed in

the other samples.

Afterwards, the elastic regions for both the PLDL+Mg and PLDL+Mg-PEO show similar
slopes, indicating an adequate load transfer from the wire to the matrix, but there are large
differences in the the maximum load and, thus, in the interface strength, that improves from
4.840.7 MPa to 10£1 MPa as a result of the presence of the oxide layer. The strengthening effect
of the oxide layer at the interface was also reported by Ali et al. [86] in the same composites
manufactured by compression moulding, although the interfaces strengths were higher (10.9 £+ 1.6
MPa and 26.3 + 1.3 MPa for the PLDL+Mg and PLDL+Mg-PEO) because of better consolidation
of the composite obtained by compression moulding. The SEM images of the pushed-wires of both
composites in the as-printed condition are shown in Figure 6.17. The Mg wire pushed-out from the
PLDL matrix is clean from PLDL, as a result of the limited adhesion between them (Figure 6.17
(a) and (b)). Interface fracture in the case of the PLDL+Mg-PEO composite took place between
the PLDL and the oxide layer (Figure 6.17 (c) and (d)). The higher interface shear strength can
be attributed to the penetration of PLA into the pores of the oxide layer, providing a mechanical

interlock effect, indicated by the red arrows in Figure 6.17 (d).

The load-displacement curves of the composites degraded in vitro for a period of 3 weeks are
plotted in Figure 6.16 (b). Interestingly, the interfacial shear strength of the PLDL+Mg composite
increases with degradation while that of the PLDL+Mg-PEO decreases. As a result, the interface
strength of the PLDL+Mg composite after degradation reaches 7.2 & 0.5 MPa while the one of the
PLDL+Mg-PEO decreases to 4.1 + 0.3 MPa. In the case of the same composites manufactured
by compression moulding, immersion in PBS led to a marked reduction of the interface strength
in the PLDL+Mg-PEO composite while it increased slightly at short degradation times and then
also decreased slightly in the case of PLDL+Mg [86]. The SEM images of the wires pushed-out
from the PLDL matrix in both composite materials in the degraded condition are shown in Figure
6.18. Pitting corrosion is clearly observed in the Mg wire of the PLDL+Mg composite (Figure 6.18
(a) and (b)). The recession of the PLDL matrix (which should reduce the interface strength) is
balanced by the wedge effect of the corrosion products associated with pitting corrosion, leading
to a slight increase in the interface shear strength with degradation. In the case of the degraded
PLDL+Mg-PEO composite, the PEO layer is still intact after the wire push-out test (Figure 6.18
(c) and (d)). However, corrosion reduced the interlocking effect between the PLDL and the oxide

layer and the lack of corrosion products between them led to a reduction of the interface shear
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Figure 6.17: SEM images of the wire push-out test of both composite materials in the as-printed
condition. (a-b) PLDL+Mg and (c-d) PLDL+Mg-PEO.

strength with degradation.

6.4.4 Tensile properties of PLDL, Mg and Mg-PEO wires

The tensile mechanical properties of the PLDL, Mg and Mg wires surface-modified by PEO are
depicted in Table 6.5. The mechanical properties are taken from Chapter 4 [232], while the

mechanical properties of the wires are taken from Ali et al. [251].

The properties of the PLDL were very similar to those reported for PLA in the literature, but
the strain-to-failure (3.7%) is greater than that reported for PLA (in the range of 1.5-2% [256]).
This difference can be attributed to the plasticiser effect induced by the addition of PEG, which

is known to increase chain mobility and improve PLA ductility [257].

The properties of the Mg and Mg-PEO wires are extremely similar, and PEO surface modifica-
tion induces only a small reduction in strength and ductility. The tensile strength is on the order
of 300 MPa and the strain-to-failure around 8% for both wires.
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Figure 6.18: SEM images of the wire push-out test of both composite materials in the degraded
condition. (a-b) PLDL+Mg, and (c-d) PLDL+Mg-PEO.

Table 6.5: Elastic modulus, E, tensile strength, o, and train-to-failure, e¢; of PLDL and of the Mg
wires with and without PEO surface modification.

E Ou €f
(GPa) (MPa) (%)
PLDL7038 + 5 wt % PEG [232] 3.0+0.1 38.6+2.2 3.7+04
Mg Wires [251] 44 30544 941
Mg-PEO Wires [251] 44 285+15  7.5+1.3

Material

6.4.5 Tensile properties of PLDL+Mg and PLDL+Mg-PEO composites

The tensile stress-strain curves of the PLDL+Mg composites are plotted in Figure 6.19 (a). They

include the results for the as-printed composite tested in air at room temperature (dry) and tested in
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water at 37°C (immersed) and after three weeks of in vitro degradation in PBS at 37°C (degraded).
The average values and standard deviation of the elastic modulus, E, the tensile strength, o, and

the strain-to-failure, €, are detailed in Table 6.6.

Table 6.6: Mechanical properties for the PLDL+Mg material. Elastic modulus and theoretical
modulus values are represented by (E), and E}, respectively. The tensile strength is represented
by (0w), while the strain to failure is represented by ;.

Material E Ei Tu “f
(GPa) (GPa) (MPa) (%)
Dry 8.1£0.5  9.15 67+3.3 1.910.6
Immersed  7.2+1 - 46.2+4.1 9.2243.1
Degraded  440.7 - 40.1+£6.7  3.3£0.5
PLDL+Mg
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Figure 6.19: Tensile stress-strain curves of the PLDL+Mg composite tested in ”dry”, "immersed”
and "degraded” conditions. (AP means As Printed, while Deg means Degraded)

The elastic modulus of the PLDL+Mg composite in the dry condition is very similar to theo-
retical one, Fy, predicted by the rule of mixtures eq. 4.1, indicating a good load transfer from the
polymer matrix to the wires across the interface. The presence of the wires increases the elastic
modulus and the strength of the composite up to 8.1 + 0.5 GPa, and 67 + 3.3 MPa, respectively.
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The optical images of the broken samples showed that the specimens broke through the propa-
gation of a single crack, indicating that the ductility was controlled by the brittle fracture of the
PLDL matrix (Figure 6.20) (a). The analysis of the fracture surfaces around the crack in the SEM
(Figure 6.19 (a)) showed extensive wire pull-out, which is associated with a low interface strength
of the material. The wire pull-out lengths reached several mm (Figure 6.19 (b) and the fracture
surface of the wires (Figure 6.19 (c) showed the cup-cone shape, typical of a ductile fracture mode.
The fracture surface of the PLDL matrix was flat and featureless, indicating a brittle behaviour

that controlled the ductility of the composite.

Immersion of the PLDL+Mg composite in water at 37°C caused a dramatic change in the
deformation and fracture mechanisms, which should be mainly attributed to influence of water on
the PLDL. In particular, the elastic modulus and the tensile strength were reduced by 11% and
31%, respectively, while the strain-to-failure increased by 450%. The optical images of the broken
samples show that the damage spread in a region whose length (= 10 mm) was similar to the width
of the sample Figure 6.20 (b). Delamination cracks were observed in the polymer matrix, parallel
to the wires, along the gauge length. The analysis of the fracture region in the SEM also showed
extensive wire pull-out but the fracture surface of the matrix was completely different (Figure
6.21 (d-f). Ligaments of the matrix were also observed, indicating that water promoted plastic
deformation of the PLDL, which deformed like a "chewing gum” and no longer contributes to the
strength of the composite. Thus, the PLDL matrix underwent plastic deformation and failed by
gradual necking, leading to tearing of the polymer and it can be concluded that PLDL effectively
stops contributing to the strength of the composite once immersed in water at 37°C. The overall

ductility of the composite was dictated in this case by the ductile failure of the pulled-out wires.

These observations are in agreement with similar studies in the literature. The reduction in the
elastic modulus and strength of 3D printed PLA in a water bath at 37°C in comparison to those
at room temperature in air has been reported in other investigations. For example, Chandran et
al. measured a reduction in tensile strength and elastic modulus of 28% and 7%, respectively.
Another investigation [258] has shown a decrease of 50% and 20% in the tensile strength and
elastic modulus, respectively, as a result of the immersion of 3D printed PLA specimens in water
at 37°C for 48 hours. The same research group also carried out a water absorption study and found
that the PLA absorbed water within a few minutes, leading to swelling. In addition, increasing
the temperature from room temperature to 37°C in air increases chain mobility by allowing more
molecular segment motions, which is a potential cause for the increase in strain and reduction
in strength [259, 260]. Our results suggest that the water molecules disrupted the intermolecular
interactions during the test leading to the plasticisation of the polymer. Then, the synergistic
effect of the water and temperature led to a more dramatic decrease in the mechanical properties
caused by the plasticising effect of the water and an increase in the strain caused by the increased
temperature [261, 262].

Finally, the deformation and fracture the PLDL+Mg composites after 3 weeks of in witro
degradation followed the trends observed in the samples deformed in water but include the effect
of the corrosion of the Mg wires. Thus, the elastic modulus and the ductility were reduced because
of pitting corrosion, that led to the premature failure of the wires at strains around 2%. Damage

was localised in wide zones along the gauge length (Figure 6.20 (¢) in which wires were pulled-

139



6.4. Results and Discussion

Al

2ngingy

Figure 6.20: Optical images of the broken tensile specimens PLDL+Mg in the (a) ’dry’ condition
(b)’ immersed’ condition and (c) ’degraded’ condition.
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Figure 6.21: Colour coded SEM images of the fracture surfaces of the PLDL+Mg coupons under
various loading conditions. (a-c) 'Dry’ condition highlighted in light blue. (d-f) Tmmersed’ condi-
tion highlighted in red. (g-i) 'Degraded’ condition highlighted in black.

out from the matrix. The analysis of the fracture surfaces (Figure 6.19 (g-i)) indicated that the
contribution of the matrix to the strength was negligible because of the substantial degradation
during immersion and the wires showed flat fracture surfaces. So, they underwent brittle fracture

in sections in which pitting corrosion was localised.

The tensile stress-strain curves of the PLDL+Mg-PEO samples tested under different conditions
are plotted in Figure 6.22 (a). The average values and standard deviation of the elastic modulus,
E, the tensile strength, o, and the strain-to-failure, €, are detailed in Table 6.7. Overall, they
follow the same trends observed for the PLDL+Mg composites but the PEO surface-treatment led

to a slight improvement in the mechanical properties of the composite material.
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Table 6.7: Mechanical properties for the PLDL+Mg-PEO material. Elastic modulus and theoreti-
cal modulus values are represented by (F), and E}, respectively. The tensile strength is represented
by (o4), while the strain to failure is represented by €y.

Material B Er Tu €
(GPa) (GPa)  (MPa) (%)
Dry 8.3+0.2 9.15 73+3.2 1.940.3
Immersed 6.2+1.1 - 49.243.7 8.7£1.7
Degraded 4.64+0.5 - 50.5+3.2 2.11+£0.5
PLDL+Mg-PEO
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Figure 6.22: Tensile stress-strain curves of the PLDL+Mg composite tested in ”dry”, ”"immersed”
and ”degraded” conditions.

The elastic modulus of the PLDL+Mg-PEO composite in the dry condition is also very similar
to theoretical one, Ej, predicted by the rule of mixtures eq. 4.1. It is also slightly higher than
that of the PLDL+Mg composite because the oxide layer enhances the adhesion between the
polymer and the wire and, thus, the load transfer. Similarly, the strength of the composite is
slightly improved with respect to the PLDL+Mg composite but the ductility remains low (1.9%
+ 0.3%). The optical images of the fractured samples show that the specimens broke through the
propagation of a single crack, indicating that the ductility was controlled by the brittle fracture of
the PLDL matrix. Moreover, the analysis of the fracture surfaces in the SEM (Figure 6.24 (a)),
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show that the Mg-PEO wires were broken with very little pull-out, and this behavior is associated
with the high interface strength (Figure 6.24 (b)). Figure 6.24 (c) shows that PLDL is still stuck
to the one of the Mg-PEQO wires slightly protruding from the fracture surface. This result supports
the hypothesis that the oxide layer promoted by PEO enhanced the adhesion between the PLDL
matrix and the wire. The fracture surface of the PLDL matrix was flat and featureless, indicating
a brittle behavior that controlled the ductility of the composite.

Figure 6.23: Optical images of the post-tensile test specimens for the PLDL+Mg-PEO material in
the (a) ’dry’ condition (b) 'immersed’ condition and (c) 'degraded’ condition.
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Immersion of the PLDL+Mg-PEO composite in water at 37°C led to a dramatic change in
the deformation and fracture mechanisms, mainly attributed to influence of water on the PLDL
matrix. In particular, the elastic modulus and the tensile strength were reduced by 25% and
33%, respectively, while the strain-to-failure increased by 460%. Thus, the effect of immersion on
the PLDL+Mg-PEO composites is very similar to the one observed in the PLDL+Mg composite
above. The optical images of the broken samples (Figure 6.23 (b) show damage was spread over a
length of ~ 10-40 mm along the coupon and delamination cracks in the polymer matrix, parallel
to the wires, were observed along the gauge length, as in the PLDL+Mg composite. The analysis
of the fracture region in the SEM also showed extensive wire pull-out but the fracture surface of
the matrix was completely different (Figure 6.24 (d-f). Wire pull-out in the immersed condition
came about a result of the lack of mechanical properties of the PLDL matrix rather than to the
reduction of the interface strength. The plasticising effect induced by the water on the polymer,
in addition to the higher temperature, led to the disruption to the intermolecular bonds and to
the substantial reductions in tensile strength and elastic modulus of the polymer, while increasing
the strain-to-failure by over a factor of four [258, 261, 262, 263]. Thus, it can be concluded that
PLDL effectively stops contributing to the strength of the composite once immersed in water at
37°C, as observed in the PLDL+Mg material.

Finally, the deformation and fracture of the PLDL+Mg-PEO composites after 3 weeks of in vitro
degradation followed the trends observed in the samples immersed in water in terms of the tensile
strength and modulus, but the effect of pitting corrosion on the wires was minimised because of
the oxide layer induced by PEO. Thus, the strength of the composite after degradation was similar
to that in the immersed condition and was controlled by the strength of the Mg wires. Failure
occurred near the tabs in nearly all of the samples (Figure 6.23 (c)) and one of the samples shows
wire-pull out in one of five rows of wires distributed throughout the polymer matrix. The SEM
analysis of the fracture surfaces (Figure 6.24 (g-i)) indicated that the matrix underwent brittle
fracture and showed negligible corrosion of the Mg-PEO wires, that were able to contribute to the
strength, ultimately leading to improved mechanical properties in comparison to the PLDL+Mg

composite after degradation.

144



6. Additively Manufactured Continuous Wire-Reinforced PLDL/Mg Composites
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under various loading conditions. (a-c) 'Dry’ condition highlighted in light blue. (d-f) 'Tmmersed’
condition highlighted in red. (g-i) 'Degraded’ condition highlighted in black.

6.5 3D printing of a multi-material coupon

Finally, a proof-of-concept multimaterial coupon was manufactured by FFF to demonstrate the
capabilities of the multimaterial printer developed in this thesis. The dimensions of the coupon
were 120 x 10 x 2 mm?, and a schematic of the coupon can be seen in Figure 6.25 which shows a
cross-section of the coupon with the various material layers. They were made up of PLA, PLA +
4 vol. % Mg particles + 5 wt. % PEG as well as Mg wires and the coupon was designed to have
alternating layers of PLA and PLA+Mg+PEG with the deposition of a layer of Mg wires also. In
order to print this coupon the same conditions were used as those within this chapter in terms of

the printing path and the sequential printing process with the added exception of the additional
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print head, meaning 3 out of the 4 available print heads were used to fabricate this coupon. The
PLA layers were 0.1 mm in height and the printing temperature was 200°C. The PLA4+Mg+PEG
material was also printed with a 0.1 mm layer height and the printing temperature used was 190°C.
Finally, the Mg wire was deposited at a temperature of 160°C and at a layer height of 0.4 mm.
Only one layer of Mg wire was deposited, so as to not complicate the printing of the piece further
and risk a failed print, as the only objective was to demonstrate the proof-of-concept multimaterial
composite. The sequential pattern was then printed as 4 layers of PLA, followed by the layer of Mg
wire, followed by 4 PLA+Mg+PEG layers, then PLA, PLA+Mg+PEG, and finally PLA again.
The printing speed was maintained as 40 mm/s for the polymer print heads and 5 mm/s for the

deposition of the wire.

PLA + Mg Powder Reinforcement

Tensile Coupon

Cross-Section

Mg Wire Reinforcement

Figure 6.25: Schematic of the multi-material coupon designed to be printed with layers consisting
of standard PLA, powder reinforcement, and continuous wire reinforcement.

Two optical images of the top and bottom surfaces of the coupon are shown in Figure 6.26.
The Mg wires follow the concentric pattern detailed earlier in this chapter. The red rectangles
and arrows in these images represent the cross section and direction in which the distribution of
the material layers was analysed under optical microscopy and SEM in Figures 6.27 and 6.28,
respectively. The same cross-section of the coupon is shown in Figures 6.27 (a-c), but the different
images display the combination of the different layers from PLA, PLA+Mg particles composite,
and the Mg wires. Each of the three different materials is labelled and they show that a layered
structure was achieved with the multi-material FFF printer. The high-contrast image of the cross
section of the coupon in Figure 6.27 (d) shows the presence of porosity resulting from the lack of
adhesion between the polymer layers. Obviously, this limitation can be overcome through a careful

optimisation of printing parameters.

An SEM image is displayed in Figure 6.28, where the Mg wire, and PLA matrix are labelled
accordingly, while red arrows indicate the Mg powder particles from the PLA4+Mg+PEG layers.
The accompanying EDS analysis clearly indicates the presence of Mg wires and particles, embedded

in the PLA matrix that is characterised by the presence of C and O.

146



6. Additively Manufactured Continuous Wire-Reinforced PLDL/Mg Composites

Figure 6.26: Top and bottom surfaces of the multi-material coupon manufactured by FFF.
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Mg
Wires

Figure 6.27: (a-c) Optical microscope images of a cross-section of the multi-material composite,
showing the different material layers. The scale bar in (a) was the same that in (b) and (c¢). (d)
High-contrast optical microscope image showing the various layers of materials in the cross-section
of the multi-material composite.
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Figure 6.28: SEM and EDS images of the cross-section of the multi-material composite. The SEM
image has been labelled to identify the different layers. EDS images confirm the location of the Mg
wires as well as of the Mg particles, while the O and C indicated the location of the PLA matrix.
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6.6 Conclusions

Manufacturing of coupons of a medical-grade PLDL polymer matrix uniaxially reinforced with a
15% volume fraction of Mg wires was demonstrated for the first time. Two different types of Mg
wires, without and with a surface treatment by PEO, were used to manufacture the composites.
The composites presented some porosity, particularly in the case of the Mg-PEO wires, that could

be reduced by optimisation of the printing parameters.

The PLDL+Mg composites showed a clean interface between the PLDL matrix and the Mg
wires and the interface shear strength in the as-printed conditions was relatively low. The PLDL
matrix absorbed water rapidly during immersion at 37°C in PBS, leading to the pitting corrosion
of Mg wires in the PLDL+Mg composites. Moreover, the alkaline environment induced by the
corrosion of the Mg wires accelerated the hydrolysis of the PLDL near the interface with the wires
after 3 weeks of immersion in PBS. Curiously, the presence of corrosion products at the wire/matrix
interface after 3 weeks of degradation increased the interfacial shear strength, as compared with

the as-printed condition.

On the contrary, a strong interface bonding between the oxide layer and the PLDL matrix was
found at the interface of the PLDL+Mg-PEO composites because of the interlocking of the polymer
that entered the pores of the oxide layer. The PLDL absorbed water rapidly during immersion at
37°C in PBS but pitting corrosion of the Mg wires was hindered by the presence of the oxide layer
on the wires and the recession of the PLDL matrix near the interface was also reduced. Overall,
the interface shear strength decreased after 3 weeks of immersion in PBS because of the reduced

interlocking effect as a result of the degradation of the PLDL.

The elastic modulus and the tensile strength of the PLDL matrix in air at ambient temperature
were improved by up to 3 times and up to 80%, respectively, by the addition of 15% volume of Mg
or Mg-PEO wires. However, the ductility remained small and was controlled by the brittle fracture
of PLDL matrix within the composites. Immersion in water at 37°C led to a marked reduction
in both elastic modulus and strength for both composites due to the transformation of the PLDL
matrix, which lost most of its load carrying capabilities as a result of the increased chain mobility
very likely because the disruption of the intermolecular interactions by the synergistic contribution
of water and temperature. Fracture in water at 37°C was controlled by the ductile fracture of the
Mg wires and 3 weeks of degradation in PBS at 37°C further reduced the mechanical properties

of the composite due to the pitting corrosion of the wires.

The mechanical properties in tension of the PLDL+Mg-PEO composites in air at ambient
temperature were slightly better than those of the PLDL+Mg composite because of the enhanced
interface adhesion. Nevertheless, fracture was also triggered at low strain because of the brittle
fracture of PLDL. Immersion in water at 37°C also modified the mechanical response of the matrix
and only the Mg-PEO wires contributed carry the load. The effect of degradation during 3 weeks
in PBS at 37°C on the mechanical properties was less marked than in the PLDL+Mg composite

because the pitting corrosion of the wires was hindered by the oxide layer.

Finally, a multi-material coupon was manufactured by FFF to demonstrate the capabilities of
the multimaterial printer developed in this thesis. The coupon was designed to have alternating

layers of PLA and PLA reinforced with Mg particles and a layer of Mg wires. This proof-of-concept
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demonstrated the possibility to create multilayer scaffolds by FFF in which the properties of each
layer can be tailored to meet specific requirements in terms of mechanical properties, degradation
rate and cytocompatibility, opening the path to manufacture 3D printed, multimaterial biomedical

devices.
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7.1 Conclusions

This doctoral thesis has focused on the development of medical-grade bioabsorbable composites
manufactured by 3D printing for orthopaedic devices. In line with the primary objective of this
thesis which was to produce a new generation of composite materials with the required mechanical
properties, tailorable degradation times, and excellent biocompatibility for use in orthopaedic
applications, a significant contribution to the research field has been made. The main conclusions

are the following:

o A two-step extrusion method (standard extrusion followed by precision extrusion) has been
developed to manufacture filaments of PLA matrix reinforced with different volume fractions
of um-sized Mg or Zn particles. The filaments were free of voids, had a constant diameter and
the metallic particles were homogeneously distributed within the filament. They could be
used to manufacture coupons as well as porous scaffolds with high dimensional accuracy by
fused filament fabrication. Moreover, manufacturing of filaments and scaffolds from medical-
grade PLDL was demonstrated for the first time. This technique is easily scaled and can be

used for the industrial production of composite filaments for fused filament fabrication.

e The presence of metallic particles into the thermoplastic matrix accelerated the degradation
during immersion in phosphate buffer solution at 37°C of samples manufactured by fused
filament fabrication. This behaviour was associated with the reduction of the molecular
weight of the polymer during the dual-extrusion process and also with the catalytic action
of the metallic particles on the hydrolysis of the polymer. The acidification of the pH in the
solution was reduced in the composites with Mg particles, as compared with the thermoplastic
polymer. The presence of 4 vol. % of Mg or Zn particles led to a slight increase in the
elastic modulus and to a reduction in tensile strength due to the early fracture associated
with the stress concentrations around the particles. Finally, the biocompatibility of the
composites manufactured with medical-grade polymers was outstanding and cell adhesion
and proliferation processes were unaffected by the presence of metallic particles. These
results demonstrate that addition of metallic particles to thermoplastic polymers can be used
to tailor the degradation rate, without compromising biocompatibility, but not to improve

the mechanical response.
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A novel and reproducible technique was developed to manufacture continuous metallic-wire
reinforced thermoplastic matrix composites by filament fusion fabrication. To this end, a
multimaterial printer was designed and manufactured. The printer contained two types of
print heads. One of the them could be used to extrude standard filaments of thermoplastic
polymers that may be reinforced with metallic particles. The other print head was specifically
designed to print metallic wires through deposition within the polymer matrix. The wire
print head was equipped with a cutting system to cut the wire after each wire layer had been
deposited. The printer was operated via a computer interface, affording control over key
parameters including temperature, speed, and babystep distance in real-time. Additionally,
the slicing software provided the capability to predefine wire volume fractions and orientations

for each layer before initiating the printing process.

The capabilities of the new print head to manufactured wire-reinforced composites were
demonstrated in uniaxially reinforced Al-wire PLA-matrix composite containing up to 25 vol
% of Al wires of 300 um in diameter. The presence of the Al wires dramatically increased the
elastic modulus in the wire direction (up to a factor of 6 in the composite with 25% volume
fraction of Al wires) while the strength improvement was also noticeable (up to 63%). Further
improvements could be envisaged by optimisation of the processing parameters to reduce the

porosity and improve the interface strength.

The novel print head was use to manufacture medical-grade PLDL matrix composites uni-
axially reinforced with up to 15 vol. % of Mg wires. The Mg wires existed in two different
conditions: surface modified wires through plasma electrolytic oxidation, and unmodified,
bare Mg wires. The oxide layer on the Mg wires introduced by plasma electrolytic oxidation
improved the wire/matrix adhesion and suppressed pitting corrosion in the Mg wires during
degradation in phosphate buffer solution at 37°C. The presence of the Mg wires led to al-
most a 3-fold increase in the elastic modulus and to an 80% increase in the tensile strength in
comparison with of the thermoplastic polymer in air at ambient temperature. However, the
mechanical properties of PLDL matrix were dramatically reduced in the presence of water
at 37°C, compromising the mechanical properties of the composite in these circumstances.
This degradation was likely due to the increased chain mobility induced by the disruption of
the intermolecular interactions by the synergistic contribution of water and temperature.

Finally, a multi-material coupon was manufactured by fused filament fabrication to demon-
strate the capabilities of the multimaterial printer developed in this thesis. The coupon was
designed to have alternating layers of PLA and PLA reinforced with Mg particles and a layer
of Mg wires. This proof-of-concept demonstrates the possibility to create 3D printed multi-
layer scaffolds in which the properties of each layer can be tailor to meet specific requirements
in terms of mechanical properties, degradation rate, and cytocompatibility, opening the path

to manufacture 3D printed, multimaterial biomedical devices.
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7.2 Future Work

The results in this thesis suggest the following topics for future work:

o The maximum volume fraction achieved in the PLDL/Mg wire was 15%. This magnitude is
well below the theoretical limit of 42% that can be achieved with the printer head. Therefore,
optimisation of the 3D printing process should be carried out to increase the wire volume

fraction and reduce the porosity.

e The proof of concept multimaterial scaffold should be extended to print multilayers in which
the wires are aligned in different orientations to achieve implants with quasi-isotropic in-plane

mechanical properties.

e A more detailed characterisation of the mechanical properties of the medical-grade PLDL
reinforced with metallic particles should be carried out, with particular emphasis on the
behaviour in phosphate buffer solution at 37°C. Taking into account the behaviour of the
PLDL matrix in the case of wire-reinforced composites, it is possible that this polymer
undergoes excessive degradation during dual-extrusion and 3D printing by fused filament
fabrication. If this is the case, other medical-grade PLA-based polymers should be explored

to manufacture both metallic particle and wire-reinforced composites by 3D printing.

e Prior to carrying out in vivo tests in animal models, the biological performance of particle
and wire-reinforced composites should be analysed in more detail. In particular, cell differen-
tiation, gene expression and other tests should be performed to assess the potential of these

materials in orthopaedic tissue engineering applications.

¢ 3D printed multimaterial scaffolds and implants provide a unique opportunity to manufacture
implant with complex shape in which different regions mimic the trabecular and cortical
bone microstructure (Figure 7.1), the former through polymers or polymers reinforced with
metallic particles and the latter through wire-reinforced polymers. Moreover, the degradation
rates and, perhaps, the biological response can be tailored through the use of different types

of metallic particles or surface treatment of the Mg wires by plasma electrolytic oxidation.
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Wire Reinforcement

/ Cortical Bone

Powder Reinforced
Scaffold

Trabecular Bone

Figure 7.1: Multi-material implant comprised of wire-reinforced layers in the area of the cortical
bone and a powder reinforced scaffold to aid in the regeneration of the trabecular bone.
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