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ABSTRACT

This doctoral thesis deals with the development of radically new composites for biodegradable
and biocompatible implants of interest in bone repair, overcoming the disadvantages implicit in
the use of permanent implants. The material consists of a polymeric matrix (Poly-L-lactic acid,
Poly-L,D-lactic acid) reinforced with Mg or Mg5Zn particles, profiting advantages of both
materials. The research of the feasibility of processing these composites by processes used in
industry, and their suitability in osteosynthesis applications is the focus of this thesis. The
project addresses the optimization of manufacturing techniques, design of PLA/Mg composites
and their assessment for medical applications by means of physico-chemical, mechanical

characterization and in vitro degradation tests.

Processability has been demonstrated by high temperature processing techniques such as
extrusion/compression and injection moulding. Thermal stability characterization has
demonstrated that Mg decreases the thermal degradation of the composite, being the effect
more detrimental when increasing the volume fraction of Mg. In all cases, however, the upper
limit of the processing window is well above 200 °C, which enables the use of industrial
processes for manufacturing PLA/Mg composites. The scaling up of the extrusion process using
a mid-size extruder enabled the reduction of the thermal degradation of the material and

allowed the incorporation of Mg particles up to a 15 wt.% within both polymeric matrices.

Mechanical characterization has been performed through compression/tensile tests and micro-
indentation instrumented experiments, obtaining information on Young's modulus and hardness
over a wide range of strain rates. Mg particles have an effect during the elastic and post yield
regimes but do not affect the yield point, as they increase the compressive Young’'s modulus
and the compressive strength at plateau of polymers but do not increase the compressive
strength at yield. Instrumented indentation results show that addition of Mg particles increases

the resistance of the polymer to plastic flow and hardness.

The in vitro studies demonstrate that the degradation rate of these materials depend in great
extent on crystalline degree, Mg content and Mg particle shape. All the composites release
hydrogen at rates that could be tolerated by human body and, when immersed in PBS, they did
not surpass the buffer capacity of the solution. In vitro studies performed on composites with 10
wt.% of particles, show that the material composed by an amorphous PLDA matrix reinforced
with spherical particles of Mg exhibits the best degradation behaviour. PLDA10Mg-SPH

underwent a loss of compressive resistance of 4% after 7 days, and 40% after 28 days.

Novel PLA/Mg composites have a great potential as resorbable and biocompatible materials for

osteosynthesis, due to their controllable degradation rate and adequate mechanical properties.
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Abbreviations and symbols Aa - Ec

Abbreviations and symbols Ef - Hc

A Arrhenius pre-exponential constant

A Projected contact area (indentation
tests)

Al Aluminium

Ag Silver

ATR Attenuated Total Reflectance

AZ31 Mg alloy containing Al 3% and Zn 1%

AZ91 Mg alloy containing Al 9% and Zn ~1%

c Concentration (g/dl)

Ce Cerium

National Centre for Metallurgical

CENIM Research

CLSM  Confocal Laser Scanning Microscopy
Co Specific heat capacity
CR Cooling Rate

CR10 Cooling at a rate of 10 °C/min

Heating at 10°C/min after cooling at
CR10F10 10°C/min
CSsiC Spanish National Research Council

Cu Copper
Dry(t) = Sample weight after drying

DSC Differential Scanning Calorimetry

DSl Depth Sensing Indentation

E Young’s modulus
E Elastic modulus at plane strain
conditions
Ea Activation energy
E Compressive Young's Modulus
C .
(Compression tests)
E Corrected Young’'s Modulus
c

(Indentation tests)

ECAP  Equal Channel Angular Pressing

Elower Composite elastic modulus predicted
© by a series (Reuss) arrangement

Eupper Composite elastic modulus predicted
© by a parallel (Voigt) arrangement

Ef Elastic modulus of the particulate filler
E; Diamond indenter Young’s modulus
Em Elastic modulus of the matrix
Reduced elastic modulus (indentation
E;
tests)
E Corrected reduced Young’'s modulus
e (indentation tests)
ETSII Escuela Técnica Superior de
Ingenieros Industriales - UPM
€ Strain
c Strain rate
n Apparent viscosity of the melt
No Zero viscosity
T Viscosity and retardation time
T2 (time dependent properties)
n* Complex viscosity
[n] Intrinsic viscosity
Ninh Inherent viscosity
Dred Reduced viscosity
f Corrective factor in

Hoffman Lauritzen equation

F10 First heating at 10°C /min

fc Crystallinity degree
Fe Iron
FTIR Fourier Transform Infrared
Spectroscopy

G Radial growth of the spherulite

G Pre-exponential factor in Hoffmann
0 Lauritzen equation

’ Shear rate

Y

h Depth (indentation tests)

H Berkovich Hardness

Displacement rate (indentation tests)
HA Hydroxyapatite

he Contact depth (indentation tests)
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Abbreviations and symbols Hcc - Nd

Abbreviations and symbols Ni - Sc

AHcc Enthalpy of cold crystallization

. Indenter displacement rate recorded at
h, the end of the load hold (indentation
tests)

AHn Enthalpy of melting
AH,° Enthalpy of 100% crystalline PLLA

HPT High Pressure Torsion
Normalized depth with respect to the

hrea initial depth (indentation tests)
ICTP Institute of Polymer Science and
Technology
IR Infrared
IRR Irregular shape particles
K Thermal degradation rate constant
(Chapter 4)
Nucleation constant related to the
Ky energy needed to form nuclei of critical
size (Chapter 3)
LAE442 Mg alloy containing Li, Al and Rare

earths
L/D Length/Diameter ratio

Li Lithium

LSHR Large Strain Hot Rolling

Lu Lutetium

Modified Cross mathematical model

m, k constants (Chapter 5)

m, K(T) Ozawa kinetic parameters (Chapter 3)
Mass(0) Initial weight of the sample
MFI Melt Flow Index
Mg Magnesium
Mn Manganese
MSCs  Mesenchymal stem cells

M, Viscosity average molecular weight

Order of thermal degradation reaction
(Chapter 4)

National Centre for Advanced

nCATS Tribology - Southampton

n, k Avrami contants (Chapter 3)

Nd Neodymium

Ni Nickel

1% Poisson’s ratio (Chapter 6)

Vi Diamond indenter Poisson’s ratio
P Load (indentation tests)

}') Loading rate (indentation tests)

PBS Phosphate Buffered Saline
PCL Polycaprolactone
PDLA Poly-D-lactic acid

PDLLA  Racemic poly-D,L-lactic acid

PEC Polymer Engineering Center

PGA Polyglycolic acid

PIM Powder Injection Moulding

PLA Polylactic acid

Polylactic acid provided by

PLDA Natureworks PLA 2002D

PLDLA  Poly-L,D-lactic acid

PLDLLA Poly-L-lactide-co-D,L-lactide
PLGA Poly lactic-co-glycolic acid

PLLA Poly-L-lactic acid

Pr Praseodymium
PSD Position Sensitive Device
Q Quenching thermal treatment
R Gas constant (8.3143 kJ/mol)
RE Rare Elements

ROP Ring Opening Polymerization

Thermal treatment consisting on slow
cooling from the melt at 3 °C/min

S Stiffness (indentation tests)

SBF Simulated Body Fluid

Corrected contact stiffness

Se (indentation tests)
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Abbreviations and symbols Se - To

Abbreviations and symbols Tp - Zr

Se

SEM
Si
SPD

SPH

SSA

Oc
ti2

Tso

Te

TCP

Te

TGA
Ti

Tinf

Tm

T
TMP

To

Selenium

Scanning Electrom Microscopy

Silicon

Severe Plastic Deformation

Spherical particles
Strain softening amplitude

Stress

Compressive strength at Yield

Half crystallization time

Temperature of 50% weight loss in
thermal degradation

Crystallization temperature

Cold crystallization temperature
Tricalcium Phosphates

Final thermal degradation
temperature

Glass transition temperature

Thermogravimetric analysis

Titanium

Temperature where the mobility of
the viscous flow stop

Melting temperature

The equilibrium melting temperature

Thermomechanical processes

Onset temperature of thermal
degradation

Tp

tred

TT

Wo

WAXD

WE43

WES54

Wet(t)

Wi

wt.%
Xc(t)
Xs

Y
ZEK100
ZM21
Zn

Zr

Temperature of greatest rate of
change on the weight loss curve in
thermal degradation

Normalized time with respect to the
total hold time (indentation tests)

Thermal treatment at 125 °C during
one hour

Threshold shear stress

The energy required for the transport
of macromolecules in the melt
(Chapter 3)

University of Wisconsin — Madison
Cooling rate

Particle volume fraction

Initial weight of sample during TGA
experiments

Wide-angle X-ray diffraction

Mg alloy containing Y and RE

Mg alloy containing Y and RE

Sample weight after immersion time t

Weight of the sample at any time
during the thermal degradation
process

Weight fraction

Relative crystallinity

Filler strengthening factor

Yttrium

Mg alloy containing Zn, RE and Zr
Mg alloy containing Zn and Mn
Zinc

Zirconium
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1. INTRODUCTION

Society is facing great challenges in medicine due to the increasing world population and the
inherent desire of mankind to maximize life expectancy. The demand for orthopaedic implants is
closely linked to an aging population and also related to the increasing number of bone
fractures that result from sports injuries and accidents. According to data from the Orthopaedic
Industry (Report 2009 — 2010), more than 50 million fractures occur worldwide every year, and
more than 8 million fracture repair procedures were performed globally in 2009 [1]. Based on
population demographics, statistics show that in the next decade the incidence of fractures will
likely not slow. More than seven thousand millions inhabitants of the world will continue to be

active and grow old.

The overall concern for healthcare spending makes hospitals adopt some strategies to
decrease costs, but without neglecting their active involvement in improving the quality of life of
patients. This situation makes palpable the need of gathering efforts to provide patients with
osteosynthesis implants that satisfy their requirements and simultaneously reduce costs of

medical devices, surgical procedures and recovery treatments to a minimum.

1.1 Osteosynthesis implants

The objective of an osteosynthesis implant is the anatomical repair together with the functional
restoration. This means that plates and screws that are used for bone fixation have to support
and join the bone fragments and with this induce the healing of the tissue. To accomplish their
function, the implants have to combine excellent biocompatibility with long-term biomechanical
behaviour. They have to be strong but flexible in order to resist pressurized load and also

deformation [2, 3].

Titanium alloys (Ti-6Al-4V among others) have been since the 1980’s the key materials for this
application, due to their chemical passivity, excellent biocompatibility and because they have a
good long-term biomechanical performance [2]. However, permanent implants present some
disadvantages, which represent serious nuisances for the patients. After the tissue has
sufficiently healed a second surgical procedure is often required to remove the implant to avoid
detrimental side effects associated with the ion release or inhomogeneous stress transfer
(stress shielding) due to the higher Young’s modulus of Ti in comparison with cortical bone.
These effects can reduce the stimulation of new bone growth and remodeling [4]. Complications
related to thermal conductivity, metal hypersensitivity, chemical carcinogenesis, and/or infection
can also occur and make it necessary to remove the implant [5]. The procedure of removing the

implant may be challenging and lead to complications, such as neurovascular injury, refracture,
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or recurrence of deformity [6] (Figure 1.1). Moreover, the use of permanent implants is restricted

for young patients, because they would inhibit the bone growth [7, 8].

Figure 1.1. Titanium plate fracture (a) and removal of a miniplate with bone neoformation over it
(b) (Figures modified from Acero et al. [2])

The development of biodegradable and bioresorbable materials seeks to overcome the
disadvantages implicit in the use of permanent implants. New materials for osteosynthesis must
fulfill an additional requirement: to be metabolized by the human body without leaving trace, and
gradually lose their mechanical strength while the bone tissue is regenerated. In that way, the
system bone + implant can maintain its mechanical strength (Figure 1.2). To accomplish this,
there are three challenges to be addressed: good mechanical properties, control of degradation

times and the biocompatibility of degradation products [9].

In this regard many materials have appeared as potential candidates for the development of
bioresorbable implants. Within the polymers, the poly (a-hydroxy acids) are the most studied
and the ones that are currently used for surgical implants [10, 11] . Among the metals,
magnesium (Mg) and its alloys have emerged as a possible solution [12]. On the side of the
ceramic materials, studies emphasize on calcium phosphates, hydroxyapatite and bioglasses,
but have mainly been used as bone graft substitutes rather than bone fixation implants [13].

Implant Bone +Implant

Bone

Mechanical Resistance

Time st

Figure 1.2 Ideal behaviour of the system bone + implant
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1.1.1 Poly (a-hydroxyacids) as biodegradable materials for osteosynthesis

implants

The preferred materials for biodegradable implants come from the poly (a-hydroxy acids) family.
These materials are polyesters with aliphatic ester linkages in their backbone that are
susceptible to hydrolysis. The most commonly used in surgical applications are polyglycolic
acid (PGA) and polylactic acid (PLA) (Figure 1.3).

PGA PLA
0 [ CH,
[ |

0 Gyl CH (@]

No N AN

2
W U
(0]

Figure 1.3 Structural formulas of polyglycolic acid (PGA) and polylactic acid (PLA)

PGA presents excellent mechanical properties, being stiffer than PLA. Its Young’s modulus can
reach values of approximately 7 GPa. Therefore, the first generation of biodegradable implants
was made out of PGA [14]. However, it degrades rapidly forming glycolic acid and releasing
debris out from the implant causing inflammation from a foreign body reaction to the
surrounding tissue [15, 16]. Pure PGA is no longer considered to be suitable for orthopaedic
implants, but it is used for surgical sutures. PLA degrades at a much slower rate, and has
become the next widely utilized material for osteosynthesis. Copolymers combining PLA with
PGA, poly lactic-co-glycolic acid (PLGA), are being developed to overcome the drawbacks of
PGA in bone fixation [17].

The idea of using PLA for orthopaedic implants was proposed by Kulkarni et al. in 1966, almost
50 years ago [18] and significance advances have been made since then. In the 1970’s,
Cutright et al. performed the first experimental study that used polylactic acid for osteosynthesis
[19]. During the 1980’s, the suitability of PLA plates and screws was tested in animals with
promising results that led to various clinical trials [20-23]. Osteosynthesis implants made of
polylactic acid have gained US Food and Drug Administration (FDA) approval for clinical use
[24], and they are currently commercially available. They have demonstrated to be
biocompatible and to degrade into non-toxic components with controllable rates. In paediatric

cranio-maxillofacial surgery, biodegradable polymers have totally replaced titanium alloys [25].

Unlike PGA, PLA is constituted by chiral molecules that exist in two optically active forms: L-
and D-. PLA can be produced by condensation polymerization from the basic building block
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lactic acid or via ring-opening polymerization (ROP) that converts lactide — the cyclic dimer of
lactic acid (Figure 1.4) — to PLA. ROP has been the preferred route to produce PLA for
biomedical applications [26]. Polymerization of L-lactide produces poly-L-lactic acid, also named
poly-L-lactide (PLLA). Copolymerization of mixtures of L-lactide with D-lactide in equal
proportions leads to the synthesis of the racemic polylactide (PDLLA). Copolymerization of L-
lactide and D,L-lactide in different proportions produce non-racemic copolymers poly(L-lactide-
co-D,L-lactide) (PLDLLA). The ratio of L- to the D-isomer influences the ultimate properties of
the material. The ability to control the stereochemical architecture allows control over the
degree of crystallinity, mechanical properties, degradation rate, and the processing
temperatures of the material. Therefore a great variety of products are offered that are
specifically tailored to each processing and application. The most common L-lactide : D-lactide
mixtures in the orthopaedic literature are 70:30, 80:20, 85:15 and 96:4 [27].

L - lactide D, L - lactide D - lactide

Figure 1.4 Cyclic dimmers of lactic acid: L-lactide, D-lactide and D,L-lactide

1.1.1.1 Processing of polylactic acid

PLA can be processed similar to any engineering thermoplastic. The material can be melted to
form fibers, rods or moulded parts. PLA can be extruded, injection moulded, compression
moulded, or solvent spun or cast. Processed material can also be machined into final parts
[28].

Special care should be taken due to the sensitivity of polymer bonds to hydrolysis and to
depolymerization induced by temperature [26]. To avoid hydrolytic degradation during melt
processing, the contact of the polymer with moisture should be prevented and/or the polymer
should be dried before thermally processing. Processing temperature, shear rate, residence
time, and their interactions have a strong effect on PLA degradation. The main consequence of
thermal degradation and degradation by hydrolysis is the loss of molecular weight that implies a
reduction on the mechanical properties of the material. The effect of several processing
parameters on polymer’s degradation during processing has been reported by Oepen &
Michaeli [29, 30].
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Oepen & Michaeli concluded that among the parameters that influence the molecular weight

reduction during the process, temperature is the one that shows the greatest effect. Thermally
initiated chemical degradation can occur at temperatures above 180 °C. In extrusion the
process temperature must be greater than the melting temperature T, to form a homogeneous
melt, but it must be also low enough to minimize the reduction of molecular weight. As
processing temperature increases, molecular reduction grows increasingly sensitive to longer

residence times [30].

Therefore, during melt processing, polylactic acid can suffer changes on its chain structure
either by thermal degradation or by hydrolysis. PLA undergoes thermal degradation at
temperatures above 200 °C [31]. It proceeds initially by hydrolysis (Figure 1.5) and it is followed
by oxidative main-chain scission and inter or intramolecular transesterification reaction [32-34].
Intermolecular transesterification reactions lead to the formation of monomers and oligomeric
esters (Figure 1.6), intramolecular transesterification produces monomers and oligomeric

lactides of low molecular weight [35-37].

O\)\o/\[(o\)\ OH + HOH
0

HOf(iOH s oo o

Figure 1.5 Hydrolysis of PLA [38, 39]
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Figure 1.6 Intermolecular transesterification of PLA [26, 39]

Zipper-like depolimerization can also occur at temperatures above 200 °C (Figure 1.7); this
reaction is catalyzed by residual metals from polymerization catalysts (Figure 1.8). Common
polymerization catalysts are Sn, Zn or Al compounds. The only catalyst approved by the FDA is
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the Sn 2-ethylhexanoate (Sn(Oct),) [26]. The residual catalysts effect on thermal degradation of
PLA has been reported to exhibit the following order: Al > Zn > Sn [40].

Unzipping reaction @] 0
.Y
0] O 0 (0] ? 9 &g
) |' — 5 }\F 0
(0] O
O\HLOWOW)-LO%OW)Jx)jJ\H,O ‘])LOH \g)\ o
o] o] n O

Lactide

Figure 1.7 Unzipping depolymerization of PLA [39]

Unzipping depolymerization

Selective lactide elimination

Figure 1.8 Unzipping depolimerization of PLA catalyzed by residual Sn catalyst [26]

1.1.1.2 Mechanical properties of polylactic acid

Mechanical properties of polylactic acid depend on the molecular weight, distribution of the
stereoisomers L- and D-, and crystallinity degree. The later depends on thermal history. PLLA is
a semi-crystalline polymer that can acquire high crystallinity degrees ranging from 45% to 75%
after annealing treatments [41]. The initial crystallinity of PLLA can be minimized by the
manufacturing process by subjecting the material to fast cooling after moulding or by
incorporating D-isomer units in the chain. PLA’s with D-isomer content greater than ~8 - 15 %
(depending on the molecular weight) are amorphous [42-44]. Processing conditions can be
adjusted to obtain a desired crystallinity degree. This allows tailoring of mechanical properties

as they depend on the crystalline fraction (Figure 1.9) [45].

10
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Amorphous

"
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Figure 1.9 Tensile test stress vs strain curves of amorphous PLLA and PLLA crystallized under

isothermal treatments [45]

Given its stereoregularity PLLA exhibits better mechanical properties than PLDLLA, it has
higher elastic modulus, tensile and flexural strength (Table 1.1). PLLA and the copolymers
having a high composition ratio of L-lactide have found applications in orthopaedic surgery, drug

control / release devices, materials for suture and surgical meshes [46].

In Table 1.1 it is observed that the mechanical strength of polymers is significantly smaller than
that of Ti. This implies that polymeric implants need to be designed thicker and wider than the
corresponding metallic implant to provide sufficient fixation stability. Moreover they are not
suitable for high-load bearing applications and are preferred for the treatment of fractures of
small bones [47, 48]. The bulkiness of the implants results in an uncomfortable state for the
patient who complains regarding the postoperative palpability of the device [49-52]. Additionally,

implants of large volume are associated with higher risk of postoperative tissue reactions [53].

Table 1.1 Mechanical properties of some materials used for osteosynthesis implants in

comparison with cortical bone [54, 55]

Tensile Strength

Material Modulus (GPa) (MPa) Elongation (%)
PLLA 27-51 40 - 140 5-10
PLDLLA 1.0-27 42 - 51 3-10
Ti 110 - 117 620 18
Cortical bone 3.3-20.0 50-190 1

Another drawback of polymeric implants in comparison with metallic ones is that, while metals

can endure any static load below the yield strength up to relative high temperatures (half the

11
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melting temperature), polymers are prone to creep under relative low stresses at ambient
temperature. Creep is the principal cause of loosening of biodegradable polymeric fixations [56].
Loosening and failure of an implant is attributed to the molecular mobility that leads to plastic

flow due to an external stress [27].

Table 1.2 Mechanical properties of PLA/ceramic composites under compression (Comp) bending

Bend) or tensile ™ tests.

Filler content Young’s Modulus
Ref. Material (WE%) (GPa) Strength (MPa)
WL. 7% a
PLLA 0 4.8 (Comp) 123 (Comp)
(62]
PLLA/HA 20 - 50 5.3-6.5 ™ 107 — 115 (™)
PLLA 0 2 5 (Bend) 35 Bend)
(64] .
PLCLA; Caltczlum 10-70 25-6 (Bend) 20 — 50 (Bend)
arbonates
PLDLLA 0 3.7 73 (ens)
(6]
PLDLLA/a-TCP 25 46-49 52 _ 54 (Tens)
[66] PLLA/HA 50 — 85 3-10 ®n9 60 — 125 ©end)
[67] PLLA/HA - 4 — 10 (©ome) 100 — 140 (©omP)
PLLA 0 3.1 (Beng) 131 ©end)
[68] PLLA/HA 10 - 30 3.2 455" 91 — 123 ©")
PLLA/B-TCP 20 3.6 (Beno) 123 Bend)

HA: Hydroxyapatite TCP: Tricalcium phosphates

In order to overcome these weaknesses, strategies to improve mechanical performance have
gained interest. Tormala et al. [57-59] have enhanced the mechanical properties of PLLA by a
self-reinforcing strategy of the polymer matrix with oriented fibers or fibrils of the same material.
These materials present bending modulus that range from 3 to 10 GPa and have been clinically
used since 1984 [60].

Another approach to strengthen polymer materials is the reinforcement of polymer matrix with

bone-analogue inorganic phases (bioglasses, hydroxiapatite) [61-69]. Table 1.2 shows some

12
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mechanical properties of PLA reinforced with ceramics. It is observed that initial mechanical

stiffness (modulus) is always improved with high reinforcement contents. However, despite the
initial higher stiffness, it has been found that compression and tensile strength decrease with
the addition of ceramic particles [62, 65, 67] and bending strength is improved only in some

cases [64].

1.1.1.3 Degradation of polylactic acid

The ester groups of PLA can be hydrolytically degraded in the presence of water. Degradation
proceeds by the diffusion of water within the bulk which causes hydrolysis of polymer chains.
Hydrolytic scission leads to the decrease of molecular weight, loss of strength and subsequently
loss of implant mass and diffusion of by-products into the surroundings [10, 26, 60]. The main
product of PLA degradation is lactic acid which is metabolized by the human body through the

citric acid cycle and converted to carbon dioxide and water [60].

Osteosynthesis devices based on PLA should have an appropriate hydrolytic degradation rate
in accordance with the healing rate of the bone. The hydrolytic degradation rate of poly lactic
acid depends on material factors such as the molecular weight, crystallinity, or L-D- ratio, and
medium factors such as temperature, pH or the presence of enzymes [10, 26].

Degradation of implants in the human body occurs at 37 °C and neutral pH (7.4). In vitro studies
of PLA for biomedical applications are performed trying to replicate these conditions [70-75].
Immersion media are buffer solutions that keep pH within the physiological range and simulate
the ions concentration of body fluids. Although degradation rate of a material implanted in the
body usually is lower than that obtained under in vitro conditions [76], in vivo degradation

behaviour can be predicted by means of in vitro studies to some extent [77].

Degradation behaviour of PLA can be controlled by the manipulation of material parameters.
Molecular weight is a crucial factor. High molecular weight polymers have slow degradation
rates. The longer the polymer chain the more hydrolytic chain scissions are necessary to
produce erosion and mass loss in the implant [78]. The addition of D-units in PLA increases the
rate of degradation. While complete degradation of a PLLA implant can take as long as ten
years [79, 80], racemic PDLLA degrades over in only 60 days [11]. The incorporation of D-lactyl
units within L-configured lactyl units reduces the chain regularity and causes disordered chain
packing that leads to a higher supply rate of water through the matrix which increases the

hydrolytic degradation rate of the polymer [78].

The crystallinity degree is another important factor to take into account when talking about PLA
hydrolytic degradation. It is unclear the effect of PLA crystalline fraction on its degradation rate.
While some studies indicate that hydrolytic degradation rate decreases with increasing

crystalline fraction [75, 81-83], others have demonstrated the opposite [71, 72, 74]. The first

13
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behaviour is attributed to the higher stability of crystals in comparison with amorphous domains.
Water diffuses easier in amorphous polymers than in semi-crystalline polymers. Crystalline
regions in semi-crystalline polymers are more resistant to hydrolysis than amorphous and
therefore amorphous polymers degrade faster than semi-crystalline [81, 82]. However, the
opposite behavior, the enhanced hydrolysis with the increasing crystallinity degree, is explained
by the higher density of terminal groups in the amorphous domains of the semi-crystalline
polymer. Hydrophilic terminal groups increase the diffusion of water within the matrix which
accelerates hydrolysis and causes a faster hydrolytic degradation in a semi-crystalline polymer
[26, 71, 74].

The addition of fillers has a dramatic effect on the degradation kinetics of PLA. Hydrolytic
degradation of PLA is enhanced by the presence of ceramic reinforcements. Mechanical
performance of samples deteriorates quickly with immersion in simulated body fluids solutions
and specimens loss nearly the 80% of the strength in only 20 days [66]. An additional
complication regarding in vitro degradation of polymer/ceramic composites is that HA and
calcium phosphates hardly dissolve under physiological conditions [84, 85]. Approaches with
soluble calcium phosphates have appeared [86, 87] but due to the fast loss of strength, this type
of composites is preferred for non-load bearing applications like bone grafts substitutes rather

than for bone fixation.

1.1.1.4 Biocompatibility of polylactic acid

Bioresorbable devices based on PLA have demonstrated to be suitable for the treatment of
bone fractures and have gained an excellent patients’ and surgeons’ acceptance [88-90].
However, some long-term studies regarding PLLA implants report the appearance of mild
foreign body reactions in animals [91] and severe foreign body reactions in the treatment of
fractures in humans [92]. The response is attributed to stable PLLA particles that are still
detected at the implantation site after almost complete reabsorption of the implant. The particles
remain in the tissue for long periods accompanied with inflammatory cells and encapsulated in a
fibrous tissue [60]. Although foreign body reactions are more severe with bulky or large volume
implants, it seems that all biodegradable implants induce foreign body reactions. They also
appear at the time of implant’s terminal degradation [60, 92, 93]. Nevertheless, this is not
considered a problem as long as it does not cause any clinical symptoms and do not influence

the functional result of the treatment [93].

The ideal behaviour of a biodegradable osteosynthesis device implies that the implant
completely disappears being replaced by bone. There are studies that confirm this behaviour
[80, 94-96] but, unfortunately, there are several others that have concluded that the polymer is
not replaced by bone [80, 96-99]. This situation leads to seek solutions that could improve the
biocompatibility of biodegradable polymers. The incorporation of bioactive ceramic substances

(HA, TCP) within the polymeric matrix is an approach that enhances the osseointegration [86,

14
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96, 100] but, as explained in the previous section of this chapter, the polymer/ceramic approach

is preferred for non-load bearing applications due to the fast lost of mechanical performance.

1.1.2 Magnesium as a biodegradable material for osteosynthesis implants

Magnesium (Mg) is an exceptional lightweight alkaline metal which finds extensive applications
in the automotive industry [101]. In the human body, Mg is naturally found in bone tissue and is
a key mineral for bone health. It is essential for many biochemical reactions and plays an
important role in the absorption and metabolism of calcium [102, 103]. For this reason, Mg is a

material with great potential to be used for bone repair.

Mg and its alloys are presented as an interesting alternative option to develop biodegradable
osteosynthesis materials for load bearing applications due to their appropriate mechanical
properties and physiological features. From the perspective of mechanical features this metal
has good compatibility with human bone since Mg density of 1.74 g/cm3, Young’s modulus of
41 — 45 GPa and compressive yield strength between 65 — 100 MPa are close to those of
natural bone (1.8 — 2.1 g/cm3, 3 -20 GPa and 130 — 180 MPa) [104].

The first surgical attempt at using Mg to fix a fracture was performed in the year 1907 by
Lambotte [104]. The result was disappointing as pure Mg implant corroded too rapidly in vivo,
releasing a high amount of hydrogen gas that compromised the mechanical stability of the
implant. Even today, more than a century after that, the fast degradation rate in physiological

environment and the evolution of hydrogen hinders Mg successful application for bone repair.

During the last decade, the scientific community has gathered many efforts on the improvement
of Mg corrosion resistance. This intensive research has led in 2013 to the first results of a
controlled clinical pilot study with a Mg-based alloy [105]. Currently, the company Syntellix offer
biodegradable Mg screws which are used in foot surgery. This implant has a licensing for

medical use in Europe.

1.1.2.1 Processing of Mg and its alloys

Primary fabrication processes for Mg and Mg alloys include casting process and powder
metallurgy. Ingots can be converted into products of different shape by thermo-mechanical
processes (TMP) that also improve the mechanical properties of the initial material by grain
refinement and the production of a more uniform microstructure. The quality of the part can be
improved by severe plastic deformation processes like ECAP (Equal Channel Angular Pressing)
or HPT (High Pressure Torsion) [106, 107].

Magnesium Powder Injection Moulding (PIM) is a technique that offers the opportunity for
manufacturing parts that are complex in shape. This process enables the economic fabrication

of parts in an industrial scale and with high automation level. Given the importance and
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versatility of this technique, breakthrough research is focused on the improvement of the
process chain of Mg powder injection moulding for manufacturing biodegradable Mg and Mg
alloys implants [108, 109].

1.1.2.2 Mechanical properties of Mg and its alloys

The limitations of Mg mechanical performance reside basically on its poor cold-forming
properties. There are mainly two approaches that seek the improvement of the mechanical
properties (1) alloying and (2) plastic deformation. Both focus on the grain refinement as a

strategy to enhance Mg ductility at room temperature and improve its formability.

Mg-based alloys which impart a fine grain structure, enhanced mechanical properties and ease
the manufacturing process can be enclosed in two groups. Those that contain 2 — 10% Al with
trace additions of Zn and Mn and those that contain rare earth elements in combination with Zn,
Y or Ag and a small amount of Zr [110]. Examples of Mg-Al-Zn alloys are AZ31 and AZ91.
Incorporation of Al not only improves mechanical properties but also the corrosion resistance.
Incorporation of Mn increases the yield strength slightly and enhances ductility. Rare earth
elements improve the creep resistance of Mg alloys at high temperature and can strengthen the
material by solid solution [12, 111]. These Mg-based alloys have been originally designed as
solutions that solve the requirements of the automobile industry. Due to their commercial
availability, they have been useful starting points for the research of suitable Mg alloys for
biomedical applications. Therefore, during the last decade their biological behaviour has been
investigated in vitro and in vivo [112-115]. The best results have been obtained with Mg-Al and
Mg-RE alloy systems, however, some concern exists since once degraded the implant these
elements might challenge the biocompatibility [116-118]. Moreover, RE elements are
considered “critical raw materials” and, therefore, their replacement is strongly suggested by the

newest European regulations [119].

The specific design of alloys intended to repair bone fractures includes the incorporation of
biologically important elements like Ca and Zn. Calcium is a refining agent and contributes to
grain boundary and precipitate strengthening. Zn improves the strength of Mg by solid solution
strengthening [12]. Fully crystalline or amorphous (i.e. metallic glasses) compositions of binary
alloys Mg-Ca, Mg-Zn and ternary alloys Mg-Zn-Ca, have been thoroughly studied and show
also improvements on mechanical strength [120-125]. Due to the lack of dislocations of metallic
glasses they exhibit better mechanical strength and modulus than those of their crystalline
counterparts, whereas they present lower ductility and hence limited forming ability [126].
Various mechanical properties of Mg alloys are listed in Table 1.3 and compared with those of

pure Mg and cortical bone.

Severe plastic deformation techniques (SPD) like equal channel angular pressing (ECAP),

large-strain hot rolling (LSHR) or high pressure torsion (HPT) have proven to be effective for
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achieving grain refinement down to the sub-micrometer range. The grain refinement leads to

enhanced hardness and superplastic elongations that allow processing of commercial
magnesium alloys at low temperatures [127-129].

Table 1.3 Mechanical properties of Mg alloys compared with those of pure Mg and cortical bone
Ref: [120, 130-132]

Compressive Tensile
Material Density E (GPa) Elongation %
Strength (MPa)  Strength (MPa)

Cortical bone 1.8-21 90-120 35-283 3-23 1-21
Pure Mg (cast) 1.74 20-115 90 - 190 45 9
AZ31 (Extruded) 1.78 83 -97 241 - 260 45 7
AZ91 (pie cast) 1.81 160 230 45 3
WE43 1.84 280 44 10
LAE442 247 18
MgZnMn 280 22
Mg1Ca 273 233 - 257 11

MgZn 434 280 42 18- 20
MgZnCa (giass) 716 - 854 675 - 894 48 <2

E: Young's modulus WE43: Mg alloy with Y, Nd and Zr LAE442: Mg alloy with Li, Al, Se and Mn

1.1.2.3 Degradation of Mg and its alloys

With the contact of water, Mg forms hydroxides and release hydrogen according to the following
equation 1.1.

Mg +2H,0 — Mg™ +2(0H) +H, Equation 1.1

Mg exhibits a rapid initial corrosion rate until a protective layer of hydroxide is formed at high pH
(>11.5) on Mg surface and diminishes the corrosion kinetics. Unfortunately, in the presence of
solutions that contain chloride such the human physiological environment, Mg corrosion

behaviour is even worse. Chlorine ions present in human body fluids transform Mg(OH), into
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soluble MgCl, (Equation 1.2) decreasing the protected area and enhancing the dissolution of
the metal [111].

Mg(OH ), i) +2CI™ = MgCly 1+ 2(OH ) Equation 1.2

soluble

The main concerns regarding the applicability of Mg biodegradable implants rely on the
hydrogen release and the alkalization of the surface. One single gram of Mg produces 1 L of H,.
The danger of hydrogen generation depends on the rate of its production and the capacity of
the human body to metabolize the gas in the implantation site. If large volumes of hydrogen are
evolved from the implant at a rate difficult to deal with by the body, the gas can be accumulated
in bubbles at implant surroundings compromising its stability, or leading to necrosis of tissues.
Much more worrying is the possibility that bubbles can reach the blood circulatory system
causing an embolism that eventually could lead to the patient death [133]. Due to the important
risk that H, evolution implies in biomedical applications, it is determinant the measurement of
Mg corrosion kinetics through hydrogen collection experiments, in order to assess the

applicability of a Mg-based material as a biodegradable implant [134].

Studies of Mg corrosion behaviour have demonstrated the capacity of this metal to increase pH
of neutral buffered solutions — phosphate buffered saline (PBS), Hank solution, simulated body
fluid (SBF) or cell culture medium - over 10 in less than 24 hours [134, 135]. This behaviour
implies that a corroding Mg-based implant can exceed the buffer capacity of the physiological
environment leading to local alkalization. As several physiological reactions are pH dependent,
the local alkalization increases the risk of an alkaline poisoning effect if the in vivo pH exceeds
7.8.[133].

The scientific community has gathered efforts to slow down Mg corrosion in order to reach
slower H; evolution and OH- ions generation rates suitable for the human body to deal with.
There are mainly three strategies to achieve this objective: (1) tailoring the composition, (2)

tailoring the microstructure, (3) surface treatments and coatings.

In pure Mg the presence of impurity elements such as Fe, Ni or Cu plays a detrimental role on
its corrosion behaviour. Guangling Song [133] has demonstrated that purification of Mg can be
employed to remarkably improve Mg corrosion resistance, as high purity Mg (HP-Mg) evolves
only 0.008 mI/cm2/day in comparison with 26 mI/cm2/day that commercial purity Mg (CP-Mg)
releases. Alloying is another approach used to control Mg corrosion rate. It is important to take
into account that none of the alloying elements improve the corrosion behaviour of HP-Mg [12,
133]. However, given the poorer mechanical properties of HP-Mg in comparison with CP-Mg,
there is a need to find strategies that slow down Mg corrosion rate maintaining or improving the

mechanical performance.
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Most alloying elements are less damaging than the impurity elements and can improve CP-Mg

corrosion behaviour without the detriment of the mechanical properties. Corrosion resistant
alloys designed for the needs in transportation industry, have been screened for their suitability
as temporary biomaterials. Al containing alloys — AZ31 and AZ91 — are the most studied [115,
136-138]). Also commercial alloys with rare elements (WE43, WE54, ZM21, ZEK100, LAE442)
were found to retard the biodegradation process [113, 115, 137, 139-141] . Nevertheless, in
vivo studies have demonstrated that the hydrogen evolution of these alloys is still too rapid as
gas pockets were generated around the implants [115] and the mechanical strength was lost at

early stages of implantation [131].

Lower hydrogen evolution rates have been reached by alloying Mg with Zn and Ca.
Investigations with binary alloys, have demonstrated that Mg-Ca [142-144] and Mg-Zn [120,
123, 145] can gradually degrade maintaining a good mechanical performance and releasing
lower volumes of H, than Mg. Ternary Mg-Ca-Zn [121, 122, 124, 125], Mg-Zn-Y [146] or Mg-
Mn-Zn [147, 148] alloys have also been proposed as candidates for biodegradable implants due

to their controllable degradation rates.

Further improvements on Mg corrosion resistance can be obtained by controlling the
microstructure of the alloy either by grain refinement or amorphization. In a fine microstructure
the grain boundaries can act as corrosion barriers that lead to enhance the corrosion
resistance. Severe plastic deformation processes like ECAP have been used to obtain fine grain
alloys that exhibit improved corrosion behaviour [149-152]. It has been found that amorphous
single-phase structures have significantly improved corrosion characteristics than crystalline
alloys [153]. This idea motivates research focused on obtaining glassy Mg alloys “without

clinically observable hydrogen evolution” [121, 122, 125, 132].

Amorphous alloys have made great progress in the development of Mg-based osteosynthesis
implants, however, an initially low degradation rate has not been reached yet and local
alkalization is still occurring. It is desirable to avoid high pH during the firsts degradation stages
in order to prevent further deterioration of the adjacent tissue and ensure proper tissue healing
and growth [154]. The way to mitigate degradation in the initial stage is by surface treatments or
coatings. Different coating processes are reviewed in the literature [155], but among these
processes, polymeric coatings showed a higher improvement in the initial corrosion protection

and a better initial cytocompatibility [112].

Polymeric coatings on Mg-based alloys are made of biodegradable polymers like PLLA [156-
161], PLGA [154, 162, 163] or polycaprolactone (PCL) [156, 159, 161, 162, 164-166]. They
retard the initial degradation rate of Mg alloys controlling the local alkalization due to OH- ions

liberation and delaying H, release. Corrosion behaviour can be tailored by the physical
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properties of the coating. It has been found that the polymer molecular weight [159], the film
porosity [164], thickness [154, 159, 165], and adhesion strength [158, 159] influence the
degradation kinetics of the bulk. However, concerns appear as polymer coatings can accelerate
Mg corrosion in a long term. Coating offers only a temporary protection. The film degrades at
some point exposing fresh reactive Mg surface that starts to corrode. Degradable polymers
degrade acidic and Mg corrodes faster in acids. Moreover, as polymer degrades, Mg reactive
area increases enhancing bulk corrosion rate. Polymer coated-Mg could achieve a faster
degradation rate than the bare alloy [154, 167] (Figure 1.10).

Bare alloy

Weight loss

Immersion time

b. coating C.
A A A A
Mg alloy

Mg alloy

Figure 1.10 Degradation model for polymer coated Mg according to Li et al [154]

1.1.2.4 Biocompatibility of Mg and its alloys

Physiologically, Mg is an essential mineral for bone formation and plays an important role in the
regulation of calcium homeostasis (regulation of the concentration of calcium ions in the
extracellular fluid) inducing the mineralization process of bone tissue [168]. Its beneficial role
enhancing the osteoblastic response and reducing bacterial adhesion has been also pointed out
[169, 170]. Although the biocompatibility of most of the Mg-alloys under study have been
demonstrated by new bone formation and the enhancement of the mineralized bone area in
comparison with degradable polymers [115, 171], the suitability of Mg alloys containing Al and
REs for biomedical applications opens a debate due to the potential toxicity of these elements.

Al is known to have adverse neurotoxic effects, it is linked to dementia and Alzheimers disease
[116, 172, 173]. Some rare earth elements (Pr, Ce, Y and Lu) have been found to be toxic for
humans [117]. Moreover, some of the alloys containing REs have shown pathological effects on
the host tissue [113]. The concern around Al and REs long term physiological effect have lead

to study the impact of RE on different cells. These studies performed by Feyerabend et al. [174]

20



INTRODUCTION 83 ETel (1|

have determined acceptable RE amounts on alloy compositions that may not compromise the

biocompatibility of Mg-based biodegradable implants. Consequently, under certain levels, REs
elements could be suitable for biomedical Mg materials.

Figure 1.11 A mouse is shown after one day implantation of RE containing Mg alloy disks.
Arrows indicate the development of clinically visible subcutaneous gas cavities around the
implants [175]

Despite the intensive research focused towards improvement of Mg corrosion resistance,
hydrogen evolution and subcutaneous gas bubbles formation keeps being an unresolved
problem inherent to Mg-based alloys (Figure 1.11). Animal studies in rabbits and dogs have
determined that large-volume Mg implants present incomplete resorption accompanied with gas
formation [114]. Witte et al. [115] have studied the in vivo corrosion of alloys containing Al and
REs and have found that all of the Mg alloys implanted exhibited clinically and radiographically
visible subcutaneous gas bubbles. Although glassy alloys have overcome to some extent the
problem of large volume hydrogen release, the main drawback of this approach is the early loss
of the implant mechanical strength and the limited formability. Additionally, in vivo studies have
demonstrated that bulk metallic glasses induce a pH value increase that lead to bone damage

and osteolysis [122].
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1.2 Motivation

Eliminating the need for permanent implants removal is the driving force that motivates the
research on the development of materials suitable for biodegradable implants. The second
surgery intended to remove Ti or stainless steel implants, not only is not exempt of risks and
complications for the patient, but also has important economic implications, including the costs
of the intervention by itself and the productive time that patients lose during their postoperative
recovery. If patients are provided with resorbable implants that can be metabolized by the
human body once the bone tissue has healed, their well-being together with the saving on

expenses for the healthcare system would be incremented.

The most common resorbable implants that are commercially available are based on
biodegradable polymers. Their main in vivo complications are associated with foreign body
reactions, osteolysis and weaker mechanical properties in comparison with permanent metallic
devices. These limitations hinder their commercialization for the treatment of long-bone
fractures. However, they have found a niche in low-load bearing applications such as ankle,
knee and hand surgery, or cranio-maxillofacial surgery [28]. Bioretec, Inion Oy, DePuy Synthes
(Johnson & Johnson), Zimmer are some of the most important global manufacturers of implants
that are committed to the growth of bioresorbable orthopaedic fixation market. Research &
Development in this field seeks to expand its range of applications, improve patient outcome

and user friendliness, and offer the patient and the surgeon, more comfort and confidence.

Biodegradable implants industry is conservative regarding the acceptance of new materials or
new designs. Although in the last decade research on Mg as a biomaterial for orthopaedic
applications has increased exponentially, there is currently only one company in Europe that
manufactures resorbable implants based on Mg alloys. This company, Syntellix, offers a
compression screw made out of an Al-free Mg alloy that contains rare elements. The application
is focused only on the treatment of hallux valgus [105]. Syntellix opens an alternative path in the
development of bone fixation implants as it proposes the replacement of resorbable polymers
by Mg-based alloys. In order to expand the application of these promising materials in the

biodegradable device arena, the main problem to be solved is their high corrosion rate.

The solution of the main drawbacks of biodegradable polymers and Mg is the objective that has
motivated scientists of AVANZA group at CENIM-CSIC to develop a new material that could
simultaneously address the lack of bioactivity and low mechanical properties of polymers and
the high degradation rate of Mg and its alloys. The pioneer proposal consists in the
incorporation of Mg particles within a matrix based on a biodegradable polymer that is currently

used for osteosynthesis applications.
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The polymeric matrix could benefit from Mg particles as they could provide mechanical

reinforcement and enhance bioactivity reducing polymer osteolytic and foreign body reactions.
The Mg in turn would benefit from the polymeric matrix as it would control the corrosion rate, by
reducing the alkalinization of the surface and hydrogen release. A synergistic effect would occur

in which the disadvantages of one material would be mitigated by the advantages of the other.

These ideas have boosted the birth of patents that focus on the development of a new
generation of polymer/Mg composite materials with enhanced mechanical properties, better
biocompatibility and adjustable degradation rate. The first patent that provided a proof of
concept was the Spanish patent WO 2011/161292A1 presented by Gonzalez-Carrasco et al.
[176]. The invention provides a composite based on a PLLA matrix reinforced with Mg micro-
particles meant for osteosynthesis and tissue engineering. The Chinese patent,
CN102764454A, proposes a composite based on a poly(lactic-co-glycolic acid) (PLGA) matrix
reinforced with wires of a Mg alloy that contains Al, Zn and Mn for bone tissue repair scaffolds
and fracture fixing [177]. The US patent WO 2010/101901A2 proposes self-buffering medical
implants that include a bioerodible polymer and a bioerodible metal mainly for applications in

stents, scaffolds and orthopaedic implants [178].

The first paper regarding novel PLLA/Mg composites for orthopaedic applications was published
by CENIM-CSIC researchers in 2012 [179]. Specimens of PLLA loaded with 30 wt. % of Mg
particles were fabricated by solvent casting and further compression moulding. Reinforcement
with Mg particles demonstrated to improve PLLA compressive mechanical properties (Figure
1.6). Other studies regarding PLLA/Mg composites have been performed by researchers from
the Institute of Metal Research of the Chinese Academy of Science [180]. They have
incorporated 3 — 7 wt. % of Mg and Mg fluoride particles within a PLLA matrix. Although these
composites showed lower mechanical properties than the neat PLLA, they exhibited better
cytocompatibility. Polymer/Mg composites appear, therefore, as materials with great potential

for use in biodegradable implants.

Patents and scientific articles consider the use of organic solvents for the production of the
composites. There are some concerns regarding the toxicity of residual solvents, especially
when chlorinated solvents (chloroform, dichloromethane) are used in the manufacturing process
of implants. Remnants of organic solvents can compromise the biocompatibility of implants and
can cause adverse outcomes as they decrease the activity of proteins [181-184]. Therefore, the
need of manufacturing these novel Polymer/Mg materials by solvent-free processes appears in

order to encourage and foster their successful development for biomedical applications.
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1.3 Objectives

The main objective of this thesis is to design and develop novel biodegradable and
bioresorbable biomaterials for osteosynthesis devices, eliminating the need of a second
surgery, which will yield a cost-effective approach even when the initial cost of the resorbable
implant could be higher than the permanent one. The material should have a controllable

degradation rate and adequate mechanical properties. It must also be biocompatible.

Specific objectives:

v" Design of novel polylactic acid/Mg composites: a proof of concept

v' Study the feasibility of processing by means of solvent-free common processes used in
industry, such as extrusion/compression and injection moulding

v Assessment of the material processability by means of physico-chemical
characterization and thermal degradation

v" Optimisation and scaling up of the manufacturing process

v' Study of crystallization kinetics of polymeric matrices to select optimal thermal
treatments to tailor the crystallinity degree of composites.

v' Study of the influence of Mg particles content, polymer matrix nature and crystallinity
degree on mechanical properties of the composite.

v' Study of the relevance of material parameters (polymer nature and crystallinity, Mg
particle content, shape and composition) on the in vitro degradation behaviour of

composites.
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1.4 Thesis Overview

The memory of this thesis is presented as detailed below. Chapters are organized to facilitate

reading and to track easily the information in each chapter.

Chapter 2 explains the materials and methods used to fulfil the objectives of this thesis.

Given that PLA crystalline degree plays an important role tailoring mechanical performance and
degradation rate, Chapter 3 consists on the study of the effect of processing and thermal
history on PLA crystallization kinetics. Optimal thermal treatments to tailor the crystallinity

degree of PLA are obtained.

The study of the suitability of processing PLA/Mg composites by extrusion is addressed in
Chapter 4. The effects of Mg particle content on the polymer thermal stability and melting
behaviour, as well as the effect on the mechanical properties are thoroughly analysed.

In Chapter 5 the processability of PLA/Mg composites by injection moulding is studied. This
chapter gathers the results from a research project carried out at the Polymer Engineering
Center in the University of Wisconsin Madison in United States. It shows the effect of Mg

particles on rheological properties and mechanical performance of PLA.

Chapter 6 is dedicated to the scale-up and optimization of the manufacturing process of
PLA/Mg composites by extrusion/compression. The sensitivity of mechanical properties to strain
rate together with the influence of magnesium content on the material response are thoroughly

analysed by means of compression and instrumented indentation tests.

The in vitro degradation behaviour of injection moulded composites manufactured in Chapter 5
is elucidated in Chapter 7. The effect on degradation kinetics of crystalline degree and Mg
content of composites is studied. The biocompatibility of the materials is assessed using human

messenchymal stem cells.

Chapter 8 is focused on the relevance of polymeric matrix properties — nature and crystallinity -
and Mg particles composition and shape, on the control of the degradation rate of novel PLA/Mg
composites. Materials studied in this chapter have been fabricated using the scaled-up

manufacturing process explained in Chapter 6.

Chapter 9 gathers the main conclusions of this doctoral thesis.
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2. MATERIALS AND METHODS

The materials and methods used to fulfill the objectives of this doctoral thesis are overviewed
and gathered in this chapter. Nonetheless, more detailed information regarding the materials
fabricated and characterization techniques is given in each specific chapter. Figure 2.1 shows
the methodology followed, indicating the three main stages in which this thesis consist of: raw

materials characterization, design and processing of composites and in vitro characterization of

composites.

Polymeric and
metallic materials

Design and Processing of
Composites

Polymers
=Poly-L- lactic acid
*Poly-L,D- lactic acid

Mg & MgZn alloy

«Irregular shape Mg

:

Processing

Extrusion, Inyection
Moulding (Lab scale).

Extrusion (Mid scale)

v

Potential Matenal

In vitro characterization of
Composites

In vitro
characterization

Mechanical
characterization

-Hydrogen release

'DH

*Water retention and
mass variation

Compression tests as
a function of
degradation time

=Spherical Mg Further
«Spherical Mg5Zn l Reseereh
Characterization
Characterization FTIR, TGA, DSC, Yes
Polymer XRD, OM, SEM, X Yes >
. Mechanical properties oK? 0K?
*Viscometry
*DSC, TGA
*Rheology YES— H
¥

Mg & MgZn alloy

No
No | Analysis | Analysis |

T nalysis
distribution
*SEM

*Chemical analysis

Design adjustment | Design adjustment ‘ | Design adjustment ‘

Figure 2.1 Scheme of the methodology followed during this doctoral thesis

Raw materials characterization is essential for a correct composite design and the adequate
determination of processing parameters. During design and processing stage, the assessment
of the processability of PLA/Mg composites is performed by means of their physico-chemical
characterization, thermal stability and mechanical properties evaluation. Once composites with
adequate mechanical properties are achieved, the in vitro characterization is performed by
means of immersion tests were the hydrogen release, pH, water retention and mass variation of
composites are studied. Composites that exhibit good in vitro performance are studied further to

evaluate their mechanical behaviour as a function of degradation time.
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2.1. Materials

Polymer/Mg composites were fabricated using for the matrix two types of commercial polylactic
acids: poly-L-lactic acid (PLLA) and poly-L,D-lactic acid (PLDLA). For simplicity and to facilitate
writing, the PLDLA will be named hereafter as PLDA.

PLLA was provided by Goodfellow as pellets of 5 mm of nominal size. PLDA was provided by
Natureworks® as PLA polymer 2002D in pellet form and has a D-isomer content of 4.25%. Both
polymers are specifically designed for conventional thermoplastic processes. Table 2.1

summarises some of their most relevant properties for melt processing.

Table 2.1 Properties of polylactic acid matrices

D-isomer content Density Melt Flow Index*
Material Tq (°C) Tm (°C)
(%) (glcm®) (210 °C/2.16Kg)
PLLA 0 1.25 35.8 g/ 10 min 61°C 170 °C
PLDA 4.25 1.24 35.4 g/ 10 min 58°C 160 °C

* Measured at ICTP in a Gottfert MP-E rheometer

Three different types of Mg particles of less than 50 ym were used as reinforcement: Irregular

flake-like Mg particles, spherical Mg and spherical Mg5Zn particles.

The irregular Mg particles were provided by Goodfellow, with a purity of 99.9% and a length to
width ratio of 1.6:1. The binary alloy Mg5Zn was prepared at CENIM by die casting of pure Mg
(99.9% Mg; 0.05% Cu, Fe, Si and Al; 0.001% Ni) and electrolytic zinc with a purity of 99.995%.
Mg and Mg5Zn spherical particles were obtained by centrifugal atomization (TLS Technik,
Germany) of cast ingots. The atomized powder was sieved to retain particles of less than 50

pm.

Figure 2.2 presents images of the three powders and their particle size distribution. The particle
size distribution was measured by a Malvern 2000 laser-scattering particle size analyser.
Irregular flake Mg particles had a median particle size of 24.6 um, spherical Mg showed a

particle diameter of 31.4 um and spherical Mg5Zn a median particle diameter of 32.5 ym.
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Figure 2.2 SEM images (left) and particle size distribution (right) of irregular flake like Mg particles (a),
spherical Mg particles (b) and spherical Mg5Zn particles (c)
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2.2. Processes
2.2.1. Lab scale extrusion/compression

A Haake Minilab extruder (Figure 2.3) with two conical co-rotating screws of small capacity
(max. 7 cms) was used to fabricate PLLA/Mg composites with Mg contents of 0.5, 1, 3, 5 and 7
wt.% (Chapter 4). Temperature was set at 180 °C, screw rotation speed at 80 rpm and

residence time at 10 minutes.

With the extruded material, in a Collin P200P press films or discs of 12 mm diameter and 4 mm
height were moulded. The material was first melted at 180°C and then cooled under a specific

thermal treatment.

Figure 2.3 Haake minilab extruder from ThermoScientific at the Institute of Polymer Science and
Technology (ICTP-CSIC, Madrid)

2.2.2. Injection moulding

A BOY XS Injection Moulding machine was used to fabricate PLDA/Mg composites with Mg
contents of 0.2, 0.5 and 1 wt.% (Chapter 5). Injection moulding parameters as melt processing
temperature, mould temperature, holding pressure, back pressure, screw speed and cooling
time were optimized to eliminate shrinkage, jetting, flash or incomplete injected parts. Table 2.2

shows the selected injection moulding parameters.
Dumbbell shaped specimens for tensile tests (Gage length: 14 mm, width and thickness: 3.2

mm) and cylinders for compression tests with a length/diameter ratio of 1.5 were fabricated by

injection moulding. Cylinders were cut from the runners of injection moulded dumbbell samples.
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Table 2.2 Injection Moulding parameters

Filling phase
250 bar

Pressure
Screw speed 5% (start) — 25% (end)

Injection time 2s
Holding Pressure phase
Pressure 250 bar
Time 6s
Plasticizing phase
Back pressure 5 bar
Time 99s
Screw speed 25%
Heating zones
T1 Barrel transition zone 190 °C
T2 Barrel metering zone 200°C
T3 Nozzle 200°C
Mould temperature 25°C
45 s

Cooling time

Figure 2.4 Boy XS injection moulding machine at the Polymer Engineering Center, University of Wisconsin
— Madison
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2.2.3. Scale Up

A Rondol co-rotating twin-screw continuous extruder (Figure 2.5), with a screw diameter 10 mm
and L/D= 20, was used to fabricate PLLA/Mg and PLDA/Mg composites with 1, 5, 10 and 15
wt.% of irregular shape Mg particles (Chapter 6) as well as composites with 10 wt.% of spherical
Mg and Mg5Zn (Chapter 8). Temperatures of the barrel from the nozzle to the feed zone were:
180 °C / 180 °C / 160 °C / 118 °C. Screw speed was set at 40 rpm. The estimated residence

time was 3 minutes.

Figure 2.5 Rondol twin-screw extruder at Escuela Técnica Superior de Ingenieros Industriales (ETSII),

Universidad Politécnica de Madrid

Extruded filaments were grinded into small pellets in a grinder machine at room temperature.
The material was then moulded into cylinders for mechanical tests (6 mm diameter and 9 mm
height) or discs for cell culture tests (12 mm diameter and 2 mm height) using an OPAL 460
automatic hot mounting press. The mould was placed into the press, filled with the pellets, and
then the material was heated at 190 °C during 20 minutes to ensure temperature
homogenization. The material is pressed at 130 bars and fast cooled afterwards. To
manufacture crystalline samples, after the fast cooling, a thermal treatment program is set, and
the sample is treated at 125 °C during 30 minutes. Moulded samples are taken out from the

mould using a special tool designed specifically for that task.
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Figure 2.6 Opal 460 Hot mounting press at National Centre for Metallurgical Research (CENIM-CSIC)

2.3. Characterization
2.3.1. Viscometry

The average molecular weight of polymeric matrices was estimated by means of viscometry.
Measurements were carried out by solving the samples in chloroform at 25°C, using a
Ubbelohde type or suspended level viscometer (Figure 2.7) according to ASTM D446 [1] the

intrinsic viscosity of polymer is obtained.

= Suction Pulls Fluid
— to Start Mark

=4 Start Mark

F=4—— Stop Mark

—— Capillary
Section

Seconds

Figure 2.7 Ubbelohde viscometer

The viscometer consists of a reservoir, and a measuring bulb connected trough a capillary
which is suspended above the reservoir. The polymer solution with a concentration of 1 g/dl is
introduced into the reservoir and then sucked through the capillary and transported to the

measuring bulb. The liquid travels back through the measuring bulb. The viscosity value is
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provided by measuring the time of flow of the solution through two reference points in the bulb.
A pressure-equalization tube extending from the end of the capillary and open to the
atmosphere ensures that the pressure difference only depends on the hydrostatic pressure and

no longer on the total volume of liquid.

The time it takes the polymer solution to flow from the start mark to the stop mark is compared
to the time for the solvent flow. The flow time for either is proportional to the viscosity, and

inversely proportional to the density, according to equations 2.1 and 2.2:

tsolvent = Mg Equation 2.1

solvent

tsolutinn = i Equation 2.2

solution

The reduced viscosity is defined, therefore, as:

_ nsolution

News =—— Equation 2.3
solvent
Considering that the ratio psoution/ Psovent = 1, the relative viscosity turns out to be a simple time
ratio:

t

solution

N = t— Equation 2.4

solvent

The increment in the solution viscosity with respect to that of the pure solvent is defined as the

specific viscosity:

— n,x‘olution B 773'01\)ent

My =1,y —1 Equation 2.5

n:olvent

Both, the specific viscosity and the relative viscosity depend on the polymer concentration “c”.

The intrinsic viscosity is defined as:

n, ..
—=]lim
C

c—>0

17, ~1

[77] = hm Equation 2.6

c—>0
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To determine the intrinsic viscosity it is necessary to measure the viscosities of solutions of

various concentrations and extrapolate ng/c to zero concentration. According to Huggins [2]
equation the dependence of the reduced viscosity, nq, With ¢ is linear and can be written as:

Ty _ [7]+k,[nfc Equation 2.7

c

nred =

where ky is the dimensionless Huggins constant and the intrinsic viscosity, [n], is the intercept in
a linear least-squares fit. Alternatively, the intrinsic viscosity can be obtained by linear
extrapolation of the inherent viscosity which is defined as follows according to the Kraemer

equation [3]:
Ninn = (ln_ﬂ,e;) = [U]_kk [77]26 Equation 2.8
c

where ky is the Kraemer constant. In a linear extrapolation of a plot of ny, vs c, the intercept is
the inherent viscosity. The inherent viscosity is then determined in a dual Huggins-Kraemer plot

where both plots, nweq vs ¢ and niny vs ¢ have the same intercept (Figure 2.8).

0.44 - .
0.42 - .
0.40 - _

0.38 4 [l B

0.36 -/ B

0.344 - T‘lred

nred or ninh

0.32- ® M |

0.30 T T T T
0.0 0.5 1.0 1.5 2.0

c (g/dl)

Figure 2.8 Calculation of the inherent viscosity by using the Huggins (nrd vs c) and the Kraemer (ninn vs ¢)

plots

The viscosity average molecular weight of the polymer can be determined from the intrinsic
viscosity using the Mark-Houwink equation, which gives the relationship between intrinsic
viscosity and molecular weight.

[77]:K1W ¢ Equation 2.9
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Table 2.3 summarises the Mark-Houwink constants for polylactic acid at the experimental

conditions.

Table 2.3 Mark-Houwink constants for polylactic acid in chloroform at 25 °C [4]

Material Mark-Houwink equation References
PLLA [7]=4.41x107 M7 [5116]
PLDA [n]=2.21x10" M7 51161

2.3.2. Microscopy

A NIKON SMZ 1500 stereoscopic microscope was used to take macroscopic images to study
the morphology of the samples. Microstructure was studied by optical microscopy and scanning
electron microscopy. Optical microscopy was performed using either an Olympus microscope
(CENIM) or an optical polarising Carl Zeiss Amplival microscope (ICTP). Scanning electron
microscopy was carried out in a cold-FEG Hitachi S4800 (CENIM).

Preparation of samples for microscopy consisted on cold mounting samples in epoxy resin,
followed by grinding with abrasive papers (320 = 1200) and final polishing with diamond
particles 9 um in diameter. For scanning electron microscopy, samples were made electrically
conductive by coating with a thin layer of carbon (for analysis) or gold-palladium alloy (for

imaging).

—
—
Figure 2.9 Prepared samples for microscopy

2.3.3. Fourier Transform Infrared Spectroscopy (FTIR)

The chemical functional groups of polylactic acids and their changes during processing were
identified by Fourier Transform Infrared Spectroscopy. A Perkin Elmer FTIR spectrometer
(ICTP) equipped with an Attenuated Total Reflectance (ATR) device was used to obtain the IR

spectra of samples scanning in the 4000 to 650 cm” region.

52



MATERIALS AND METHODS [#44F:1s1 -1

Functional groups are identified through the vibrations generated within bonds in the material.

Energy is absorbed differently depending on the vibrational transitions with different energy
within bonds. Peaks in the infrared spectra represent different absorptions of chemical bonds.

Some examples of molecular vibrations are shown in Figure 2.10.

™,
g Cg 5 %
Symmetric stretching Asymmetric stretching Rocking

Figure 2.10 Some molecular vibrational modes

Table 2.4 Polylactic acid IR bands (Adapted from [7])

Region Group or bond Symbol
3600 — 3200 cm”™ -OH stretching vibration (carboxyl acids and alcohols) v
2995 cm™ Stretching asymmetric vibration of CH from CH3 Vas
2944 cm Stretching symmetric vibration of CH from CH3 Vs
2922 cm” Stretching asymmetric vibration of CH> Vas
2879 cm’” Weak CH stretching vibration v
2850 cm’”’ Stretching symmetric vibration of CH» Vs
1754 cm’™” Stretching vibration of the carbonyl group C=0 v
1453 cm”™ Asymmetric bending of the CH3 Oas
1382 cm’” Symmetric bending of the CH3 5
1360 cm’™ CH bending (wagging) 5
1266 cm’” Symmetric stretching vibration of the C-CO-O and stretching of CH Vs
1208 cm’” Asymmetric stretching vibration of the C-CO-O Vas
1182 cm” Asymmetric rocking of CH3 las
1130 cm”™ Symmetric rocking of CHs rs
1087 cm’ Asymmetric stretching vibration of O-C-CO Vas
1045 cm™ Stretching of C-CH3 v
956 cm™ C-C backbone stretching of C-CO-O and the CH3 rocking v, r
868 cm™ O-C-C in phase stretch v
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The most characteristic IR bands of polylactic acid are summarised in Table 2.4 and shown in
Figure 2.11. The FTIR study is focused on the evolution of selected IR bands (carbonyl and
esters groups) related to some representative groups (CH bending) to monitor the changes that

PLA undergoes during processing [7].

Figure 2.11 Polylactic acid IR spectra: OH and C-H region (a), carbonyl peak (b) and 1650 — 800 cm”

54

0.2 15
a. ~ b.
— é > g
2 K >
[ - > -
3 5 e X 5
- L 88 1.0 3 i
© @ 3J s ~
— N 5 > I
3 e &
o >N
E 0.14 NS A
D G T
8 N g‘T>
c ®E
®© o 0.5 -
= g
] >3000 cm " v (OH)
2 —
<
00 T T T T 00 T T T
3400 3200 3000 2800 1800 1700 1600
-1 -1
Wavenumber (cm’) Wavenumber (cm™)
4.5
~ 4.0 -
2 ] ) o) T
C 7 Q o
5 35‘ 8 LI) -8 .
> 1 ¢ < 8
© 3.0 5 ¢ >~"’u = u
o ~ O 3 —~ — S
= | o o~ e 2 Q °©
S Q £ ~ [SIe) v
= 257 8esz2d 8 @
~ 1 ;m O 20 = 8 : Q Q
() 2.04 o ;q — A 5 (&) 4
= I - T T
e 1 268 St g 6 g ¢
® 1.54 o W - ; o uﬁ‘) < Ee -
el : I S 3 3 - ‘
= 1 € € E E A - £ £
o G © © S - - 8 g
g 0 8 8 1
0.5 1
0.0 1

Wavenumber (cm'1)

region (c). [7]

1600 1500 1400 1300 1200 1100 1000 900 800

1



MATERIALS AND METHODS [#44F:1s1 -1

2.3.4. X-Ray Diffraction

A Bruker D8 Advance diffractometer provided with a Goebel mirror and a PSD Vantec detector
was used to probe the crystal structure of polymers and composites. The spectra was recorded

in an angular range of 5° < 20 < 40° at room temperature by CuKa radiation.

X-ray diffraction is a valuable technique for structural characterization of semicrystalline
polymers such as polylactic acid, since it is able to distinguish between ordered and disordered
states. Directions of the diffracted X-rays are related to the shape and dimensions of the unit
cell of the crystal lattice and the intensity of the diffraction signals depends on the arrangement
of atoms in the unit cell. In amorphous zones, dispersion takes place in all directions, yielding a
constructive interference that leads to a very diffuse peak identified as “amorphous halo” (Figure
212 a).

Under normal conditions (melt, cold crystallization, thermal treatments), polylactic acid
crystallizes in the a-form. The a-form is characterized by two antiparallel chains in a left handed
103 helix conformation packed in an orthorhombic (or pseudo-orthorhombic) unit cell. Packing of
helices is nearly hexagonal [8]. The a-form has a limiting disordered modification, defined as
the a’-form. The crystal structure of PLA has been widely investigated by XRD [8]. WAXD
patterns of crystallized PLLA are shown in Figure 2.12 b. PLLA main diffractions are
(110)/(200), (203) and (015) which occur at 16.3 °, 18.6 ° and 22.3 ° respectively [9-12]. The
more orderly a form show new diffractions at 20.7 °, 22.9 °, 24.0 ° and 25 °. The crystallinity
degree of samples can be obtained by subtracting the amorphous halo, by comparison to the

diffraction pattern obtained from a quenched sample.

0.10 1.0
a. f’F\ b. (110)/(200) [
0.08 - 40.8- 1
|
0.06 4 ~0.6

18720 22 24 26
0.04 | +4 0.4 4 @9 -
| / | (010) (015) ]
0.02-/ oo 102 \. / |

177100+

5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40
20 20

Figure 2.12 WAXD patterns of amorphous PLLA (a) and crystalline PLLA (b)

Intensity (arbitrary units)

0.00
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Figure 2.13 shows the X-ray diffractogram of Mg. Identification of principal diffractions was
carried out following the patterns of the Joint Committee of Powder Diffraction Standards. The
three strongest Mg reflections that correspond to the (100), (002) and (101) planes appear
within 32° and 37°. This fact implies that these Mg peaks will be present in WAXD patterns of
PLA/Mg composites, which are recorded in an angular range of 5° < 26 < 40°. Mg content in
PLA/Mg composites can be, therefore, correlated with the area under the strongest Mg

reflection in the WAXD pattern of the composite.

Intensity (arbitrary units)

(002)
i (100) i
| (102)  (110) (103)

(112)
i (201) i
_ S R
20 30 40 50 60 70 80

26

Figure 2.13 X-ray diffractogram of Mg powder

2.3.5. Differential Scanning Calorimetry (DSC)

A TA Q100 DSC was used to study the thermal behaviour of polymers and composites and to
measure their crystalline fraction. Samples of 8 + 0.5 mg were placed in aluminium pans.
Experiments were performed under nitrogen atmosphere. Temperature and heat flow

calibrations were carried out with indium and zinc standards.

A differential calorimetric scan displays the heat flow as a function of temperature or time and
allows the observation of different thermal transitions. Figure 2.14 shows the glass transition,
aging, cold crystallization, melting and their corresponding temperatures for PLLA and PLDA
during heating at 10 °C/min. Glass transition temperature was determined as the midpoint of the
transformation (1/2 AC;) neglecting the aging peak. Crystallization and melting temperatures

were determined at the minimum or maximum point of the transformation peak [13].
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Figure 2.14 DSC scans at 10 °C/min for extruded PLLA and PLDA

In Chapter 3, DSC was used to study the kinetic crystallization behavior of polymeric matrices
by isothermal (hot and cold crystallization) and dynamic crystallization from the melt [14, 15]. A

new sample was used for each measurement to avoid degradation during thermal analysis.

For isothermal methods, each sample was melted at 220 °C for 2 min, in order to erase its
thermal history. Then, for hot-crystallization, the sample was cooled from the melt to the chosen
crystallization temperature, T, at a fast rate (50 °C/min) to avoid any nucleation of crystals
during cooling. For cold-crystallization, the sample was cooled to 25 °C at 50 °C/min and then
heated at the same rate to the desired crystallization temperature, T.. In both cases, the
sample is kept at T, until complete crystallization is reached and evidenced by the completion of
the exotherm in the thermogram when no noticeable change in the heat flow is detected. After

the isothermal step, the sample was heated to 220 °C at 10 °C/min.

Dynamic crystallization experiments were performed at various cooling rates (CR): 1, 3, 5, 10,
20, 30 and 40 °C/min. Before the crystallization protocol, the samples were melted at 220 °C
during 2 minutes to ensure complete melting and erase all the previous thermal history. Once
the sample was cooled down at determined CR, the sample was melted at a rate of 10 °C/min.

Thermal behaviour and crystalline degree of PLA/Mg composites were studied by means of
DSC. The experimental design was based on a first heating (F10) from 25 °C to 220 °C,
followed by a cooling (CR10) to 25 °C and a second heating to 220 °C (CR10F10). All the steps

were carried out at 10 °C/min.
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The crystalline fraction was calculated by measuring the enthalpy of melting AH,, and cold
crystallization AH.. from the heating curves using Equation 2.10, where AH, is the enthalpy of
100% crystalline PLLA (93.1 J/g) [16].

— (AHm _AHC‘E)

L Equation 2.10

f.

2.3.6. Thermogravimetric analysis (TGA)

A thermogravimetric analyser, TGA model TAQ500 was used to study the thermal stability and
the Mg content of PLA/Mg composites. Thermogravimetric analysis monitors the change in
mass of a sample, as it is heated, as a function of temperature or time. Two types of
experiments were carried out: Isothermal experiments at 180 °C during 16 hours, and dynamic
measurements at 10 °C/min from 30 °C to 650 °C. The experiments were carried out under
nitrogen atmosphere (90 ml /min). Three independent experiments were performed for each
material using 10 + 0.5 mg for each sample. Isothermal experiments allow the determination of
the kinetic parameters for thermal decomposition of PLLA as a function of Mg content (Chapter
4).

For dynamic conditions and for each material, the onset temperature (T,), the temperature of
greatest rate of change on the weight loss curve (T;), the temperature of 50% weight loss (Tsp)
and the final temperature (T.) were determined. T, and T, were calculated by finding the
intersection of the baseline and the extrapolated tangent at the inflection point of the weight loss
curve (Figure 2.15). T,, also known as the inflection point, was calculated from the first
derivative of the weight loss curve (Figure 2.16) [17].
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Figure 2.15 Determination of thermogravimetric parameters of PLA from TGA curve
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Figure 2.16 Determination of T, from the first derivative of TGA curve

2.3.7. Rheology

Parallel plate rheometer

A strain controlled ARES rheometer (TA Instruments) (PEC-U Wisc), equipped with a 25 mm
parallel plate flow geometry, was used to study the rheological behaviour of polymeric matrices
(PLLA and PLDA) and their viscosity temperature dependence. The polymer melt is sheared

between two parallel surfaces and the viscosity is determined by measuring the resistance to

P

Figure 2.17 Scheme of a parallel plate rheometer

the rotational force.
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The linear viscoelastic behaviour of polymer melts was determined by a strain sweep test at 0.1
Hz of frequency. The viscoelastic behaviour was further characterized by a frequency sweep
test at 10 % strain over a frequency range from 0.1 to 70 Hz (from high to low frequency) at 180
°C, 190 °C, 200 °C and 210 °C. The data is represented in a plot of complex viscosity (n*) vs

frequency.

The dependence of viscosity of polymer melts on temperature can be expressed in the

Arrhenius form,

*=Aex L&E“’ # Equation 2.11
n p/eRT}
In(n *)= 1n(A)+ E, Equation 2.12
RT

where n* is the complex viscosity, R is the gas constant, A is a constant and Ea is the flow
activation energy. The activation energy results from the slope of the plot In(n) vs 1/RT, and

indicates the viscosity dependence on the temperature [18].

Capillary rheometer

A HAAKE Rheoflixer high-pressure capillary rheometer (UC3M) was used to study the
rheological behaviour of polymer and composite melts. The rheometer is equipped with a
capillary die of 1 mm diameter and 30 mm in length. The pressure drop at the capillary entrance
was acquired by a transducer pressure sensor with maximum pressure of 1400 bar. The
relationships between the apparent viscosity and the shear rate, in a range from 10 to 10* s at
170, 180 and 190 °C, were obtained.

In capillary rheometry the material melt is extruded through a die at a controlled piston speed
while pressure is recorded. The conditions that polymers experience during injection moulding
are reproduced. The piston speed can be converted into a value for the shear rate, and the

pressure into a value for the shear stress.

The behaviour of the material is described by a modified Cross mathematical model (Equation
2.13).

T

>+

Ty
7./ 1+Liz(7./§(”

n= Equation 2.13
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The model describes the apparent viscosity of the melt (n) as a function of the shear rate (7). It

supposes the occurrence of a threshold shear stress (Ty) and a zero viscosity (no) considered

as the viscosity during the Newtonian plateau at low shear rates. Constants m and k are
parameters related to the shift in the melt flow from Newtonian to pseudoplastic behaviour [18,
19].

Load measurameant

I Load cell l,

Constant rate

Piston
Cylinder h—

¢4 Spaciman {mollen state)

Capillary B

—an

K Discharge

Figure 2.18 Scheme of a capillary rheometer

2.4. Mechanical characterization
2.4.1. Stress vs strain curves

Stress vs strain (o vs €) curves are obtained from tensile or compression tests where a
specimen is deformed under a constant strain rate, and the stress necessary to deform the
material is recorded. The evaluation of the mechanical behaviour of a sample provides
fundamental material property data that is critical for component design and for the assessment

of its performance in a given application.

For tensile tests an Instron 5969 testing machine was used according to ASTM D638M
Standard Test Method for Tensile Properties of Plastic. For each condition, five dumbbell-
shaped specimens (gage length: 14 mm, width and thickness: 3.2 mm) were tested at a strain

rate of 10 s and ambient conditions (Chapter 5).

The compressive mechanical behaviour was studied in a universal machine EM2/100/FR-10kN
Micro Tests at ambient conditions, using a strain rate of 10° s In Chapter 6 three different

strain rates were used: 0.5x107s™, 5x10°s™ and 50x10°s™ to study the viscoelastic behaviour
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of PLLA/Mg and PLDA/Mg composites. Five cylinders with L/D = 1.5 were tested for each

material.

From the stress-strain curves the Young’s modulus, the yield strength and the strength at the

strain-softening plateau were obtained (Figure 2.19) [20].
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Figure 2.19 Typical stress-strain curve and the determination of mechanical properties

2.4.2. Micro-indentation tests

Micro-indentation measurements were performed using a NanoTest Advantage from
Micromaterials at Southampton University in the National Center for Advanced Tribology
(nCATS). The elastic modulus and hardness of PLLA/Mg and PLDA/Mg composites with 1, 5,
10 and 15 wt.% of Mg content were determined at different strain rates (Chapter 6). Micro-
indentations were performed with a Berkovich (three-sided pyramidal) diamond indenter, using
a load of 2000 mN for three different loading-unloading rates (25, 50, 200, 400 and 800 mN/s).
A maximum hold time of 15 s was applied. In all cases at least 12 indentations have been

performed on different regions of the polymer surface.
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Figure 2.20 Berkovich indenter (a) and residual indentation print on a PLA/Mg composite (b)

Mechanical parameters are calculated from the projected contact area of the indentation print
(Figure 2.20). This area is determined from the load vs depth (P vs h) indentation curve and
from the geometry of the indenter. Figure 2.21 shows a typical indentation curve and the most
important parameters used to determine the contact area. The zone enclosed by the circle
corresponds to the dwell period during the hold at peak load. The measurement of depth as a
function of time (relaxation) during the “hold at peak period” allows the measurement of creep
response in visco-elastic materials. In Figure 2.16, h,q and t.q are the normalized parameters
with respect to the initial depth, hy, and the total hold time, tr. The values of the creep curve

result from the ratio of Ah/hgand t/tr.

Load, P (mN)

Depth, h (nm)

Figure 2.21 Load vs depth curve of an micro-indentation instrumented test
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Oliver and Pharr [21] found a relationship between the load, P, and the contact depth, h,
through the stiffness, S, that allows the determination of the Young’s modulus and hardness of
materials by indentation techniques. In viscoelastic materials the stiffness must be corrected
due to the creep effects during unloading [22]. Calculation of mechanical parameters and creep
studies are explained with further detail in Chapter 6.

2.5. In vitro biodegradation tests
2.5.1 Hydrogen release

Hydrogen collector set up consisted of an inverted funnel and a burette placed directly above
the sample (Figure 2.22 a). Samples were immersed in phosphate buffered saline (PBS) in a
beaker placed in a thermostatic bath at a constant temperature of 37 + 1 °C (Figure 2.22 c). The
burette (10 ml) was filled with PBS and hydrogen release was measured by the displacement of

PBS level in the burette as H, gas evolves (Figure 2.22 b).

Figure 2.22 Experimental set up for hydrogen release measurements

The ratio of the volume of dissolution media (ml) to the sample surface area (cm?) was 20:1.
The results correspond to average values of three specimens. The media was fully renovated

every seven days. For injection moulded materials (Chapter 7), samples with a rectangular
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prism shape (length: 9.7 + 0.2 mm, width: 3.3 £ 0.1 mm, height: 8.8 + 0.5 mm) were used and

hydrogen evolution was measured twice a day during 21 days. For materials fabricated by the
scale up process (Chapter 8), cylindrical shape specimens (height: 9 mm, diameter: 6 mm)

were used and experiments were performed during 7 days and during 28 days.

2.5.2 pH

For the study of pH evolution, specimens were individually introduced into a test tube containing
the media in a ratio of volume of media (ml) to specimen surface (cm2) of 20:1, and then closed
to avoid evaporation. Experiments were performed in parallel in a buffered media (PBS) and in
distilled water, to study the nature of degradation products by measuring pH changes also in a
non buffered media. The media were fully renovated every seven days. Experiments were run
at a constant temperature of 37 + 1 °C, by introducing the test tubes in a thermostatic bath. The
results correspond to average values of three specimens. pH was recorded with a Lazar
equipment. The electrode was calibrated every day with standard solutions. Measurements
were done after each hour for the first 10 h and then once a day until completion of the
experiment. For injection moulded materials (Chapter 7), samples with a cylindrical shape
(height: 7.3 £ 0.3 mm, diameter: 4.7 £ 0.1 mm) were used and measurements were performed
once a day during 21 days. For materials fabricated by the scale up process (Chapter 8),
cylindrical shape specimens (height: 9 mm, diameter: 6 mm) were used and two set of

experiments were performed: one lasting 7 days and a second during 28 days.

2.5.3 Water retention and mass variation

The weight of the samples was measured before beginning the experiments and after 7 and 28
days in PBS. Wet samples, Wet (t), were weighted immediately after removing from the solution
and drying their surface with a paper towel; dry samples, Dry (t), were measured after keeping
them for 8 h under vacuum and 2 weeks in a desiccator. A precision balance was employed to

weight all samples within an error of 0.00005 g (0.05mg).

Water accumulation was calculated from the wet mass, Wet (t), and the dried mass, Dry (t), as
follows [23]:

Wet(t) - Dry(t) ,, 100%

Water uptake =
Dry(t)

Equation 2.14

Mass variation was calculated from the dried sample, Dry(t), compared with its initial mass,

Mass(0), as follows:

Dry(t) - Mass(0)

*100% Equation 2.15
Mass(0)

Mass variation =
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3. CRYSTALLIZATION KINETICS OF POLYMERIC MATRICES

3.1 Introduction

Poly-L-lactic acid, and poly-L,D-lactic acid are semi-crystalline polymers; this implies that their
mechanical properties as well as their biodegradation rate are determined by the details of their
crystalline-amorphous structure, which strongly depends on the crystallization conditions.
Relevant for orthopaedic applications is that partially crystalline morphologies are appropriate to
systems requiring higher mechanical properties and slower biodegradation rates. Amorphous
materials are suited for drug delivery systems where a faster biodegradation is required [1]. The
crystalline fraction of these polymers can be tailored either by annealing treatments (isothermal
crystallization from the glassy state), dynamic crystallization or isothermal crystallization from
the melt.

PLLA and PLDA present polymorphism. According to the processing conditions they can
develop a, B and y crystal morphologies [2]. The form a grows during the cold crystallization,
crystallization from the melt or in solution [3]. The form B grows under simultaneous stretching
and rapid crystallization of the material [4] and y is obtained by crystallization from
hexamethylbenzene [5]. The form a has a modification, the a’, which occurs at low temperatures

during cold crystallization or crystallization from the melt [6, 7].

Some semi-crystalline polymers exhibit thermograms with multiple melting peaks whose
magnitude and temperatures depend on the crystallization conditions. This phenomenon can be
attributed to various causes such as polymorphisms, differences in crystal size and size

distribution or the existence of melting and re-crystallization processes [7-9].

The development of a specific crystal morphology, which influences the final properties of the
material, is determined by the control of the temperature during the thermal treatment at the
final stage of the process. The study of the crystallization kinetics is therefore of great

importance in polymer processing.

Crystallization kinetic studies can be performed either from the melt or from the solid state and
can be done isothermally (with a constant temperature of crystallization, T.) or non-isothermally
(with a constant heating rate or cooling rate). The treatment of experimental data in each of

these cases is different.

Two main processes take place during crystallization of polymers: nucleation and crystal
growth. Nucleation is the initial process where a new ordered phase is formed within an
amorphous matrix and crystal growth occurs at the expense of the other phase. The crystal
structures are formed during nucleation and are responsible for the final properties of the

material [10]. It is necessary to understand the processes of nucleation and growth to control
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the size of the crystal structures. These processes are highly influenced by the structural
characteristics of the polymer such as chemical structure, molecular weight and by the
crystallization conditions. The crystallization conditions have a very significant effect on the

mechanism involved and on the kinetics of the process.

It is known that poly-lactides have a low crystallization rate, and many efforts have been spent
in order to enhance PLA’s crystallization rate with nucleating agents [11]. However, the effect of
processing on crystallization kinetics is almost always ignored even when the polylactic acid is
extremely sensitive to processing conditions. The reduction of PLA molecular weight takes
place due to the thermo-mechanical history that the polymer undergoes during processing and

can affect the crystallization kinetics [12].

This chapter addresses the effect of processing and the effect of crystallization conditions on
PLA crystallization kinetics. For the study of the processing effect, isothermal crystallization
experiments are performed on virgin and processed PLLA and PLDA. For the study of the
crystallization conditions effect, isothermal experiments are carried out following two protocols:
cooling the samples from the melt (“hot-crystallization”) and heating the samples from the solid
(“cold-crystallization”). Analysis of crystallization mechanism is performed by Avrami’s theory.
The melting behaviour after isothermal crystallization is analysed by DSC heating scans and the
crystal morphology assessed by X-ray diffraction. Non-isothermal studies regarding the effect of
different cooling rates on the crystallization behaviour of processed PLLA and PLDA are also

addressed in this chapter. Dynamic crystallization kinetics is analysed by Ozawa’s method.

The objective of this chapter is to understand the effect of different thermal treatments on
crystallization kinetics and crystal morphology of polymeric matrices in order to choose the
adequate processing conditions to tailor the final properties of the polymer by controlling the
crystalline degree and/or the crystal morphology of the polymeric matrices.

3.2 Materials and methods

3.2.1 Materials

The materials used in this study were: commercial grade poly-L-lactic acid PLLA provided by
Goodfellow, and commercial grade PLDA produced by Natureworks (trade name PLA2002D)

with D content 4.25%. Studies were performed with virgin and processed materials.
Virgin materials: Pellets of PLLA and PLDA were pressed in a Collin P200P press at 190°C

and 30 bars (1 min) and then cooled under pressure between plates refrigerated with cold water

to form films.
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Processed materials: PLLA was extruded in a Haake Minilab extruder with two conical co-

rotating screws of small capacity (max. 7 cms). Temperature was set at 180 °C, screw rotation
speed at 80 rpm and residence time at 10 minutes. Extruded PLLA is named hereafter “PLLA

ext”. PLDA was processed by injection moulding in a BOY XS micro injection moulding
machine. The temperature at the metering zone and nozzle was 200 °C and the mould
temperature 25 °C. The holding pressure was 250 bar, the plasticizing time was 99 s, injection
time 2 s and holding pressure phase lasted 6 s. Injection moulded PLDA is named hereafter

“PLDA IM”.

A sample of 8 + 2 mg was used for each material, each condition and each temperature studied
to avoid degradation during thermal analysis. Crystallization behaviour was studied by DSC
using a TA Instruments, Q100 connected to a cooling system and calibrated with different

standards. Tests were performed in an inert atmosphere of nitrogen at a flow rate of 50 ml/min.

3.2.2 Isothermal crystallization theory

Kinetic behaviour analysis was performed by isothermal methods for two different crystallization
conditions: crystallization from the melt (“hot-crystallization”) and crystallization from the glassy

state (“cold-crystallization”).

Each sample was melted at 220 °C for 2 min, in order to erase its thermal history. Then, for hot-
crystallization, the sample was cooled from the melt to the chosen crystallization temperature,
T, at a fast rate (50 °C/min) to avoid any nucleation of crystals during cooling. For cold-
crystallization, the sample was cooled to 25 °C at 50 °C/min and then heated at the same rate to
the desired crystallization temperature, T.. In both cases, the sample is kept at T until
complete crystallization is reached and evidenced by the completion of the exotherm in the
thermogram when no noticeable change in the heat flow is detected. After the isothermal step,
the sample was heated to 220 °C at 10 °C/min.

X-ray scattering was used to probe the crystal structure of some thermal treatments. Samples
were analyzed using a Bruker D8 Advance diffractometer provided with a Goebel mirror and a
PSD Vantec detector by CuKa radiation. The spectra was recorded in an angular range of 5° <

20 < 40° at room temperature.

Under isothermal conditions, the evolution of crystallinity of a sample over time to a given
condition can be determined from experimental calorimetric results (equation 3.1). The advance
of crystallinity is represented by X. (t). The total crystallinity achieved under certain conditions
corresponds to the value X, (t) = 1 and is proportional to the energy involved in the process, that

is, the integral of the crystallization peak AH(«).
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The crystallinity evolved for a time t corresponds to the partial integral of the peak at that
particular time AH(t). Thus, the evolution of the crystallization process can be assessed from
calorimetric techniques by measuring the heat flow dH/dt of a sample. The relative crystallinity

was determined from the integration of the crystallization peaks according to equation 3.1:

j(dH/dt)dt
X. (=1 = AH(?) Equation 3.1
T AH ()
(dH | dt)dt

The crystallization rate can also be determined by monitoring the development of crystallinity.
The overall crystallization rate is determined directly from the necessary time to reach the 50%
of crystalline transformation, i.e. the half crystallization time, ti,. The crystallization rate is

therefore related to the reciprocal of the half crystallization time (1000/t4),).

The influence that crystallization temperature exerts on crystallization rate is very important. In
the case of crystallization from the melt the speed of the process depends on the difference
between the melting temperature and the crystallization temperature (T, — T;). At elevated
temperatures near the melting point, i.e. at low under-cooling, the crystallization rate is very
slow. In the case of crystallization from the solid state, the process depends on the difference
between crystallization temperature and glass transition temperature (T, — Tg), so that high

crystallization temperatures lead to high crystallization rates.

With the increment of the driven force of hot-crystallization (T, - T.) and cold-crystallization (T, —
Tg), crystallization rate reaches a maximum. From that point on, the crystallization rate
decreases. The relationship between the crystallization rate with T, responds to a Gaussian bell
curve. Crystallization rate is slower in the temperature ranges close to the melting point and the
glass transition. The existence of a maximum in the crystallization rate is inherent to a process

controlled by an initial nucleation stage and the subsequent growth process.

3.2.2.1 Isothermal kinetic analysis by Avrami theory

The theory of Avrami [13] explains the type of nucleation and describes the relationship

between the unconverted crystalline fraction, (1-X;), with time according to equation 3.2.

kt"

1- XC =¢ ! Equation 3.2
The constant k is related with the crystallization rate and n is related to the type of nucleation
together with the geometry of the crystal growth. These values are specific for every polymer.
Avrami constants k and n are calculated by plotting In(-In(1-X.)) vs In(t). The slope corresponds

to the Avrami exponent n, and the intercept to the constant In k, as explained in equation 3.3.
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In[-In(1- X, )]=n-In(¢)+ In(k) Equation 3.3

The Avrami exponent, n, depends on the mechanism of crystal nucleation and growth. If the
nucleation is homogeneous, n can take values 2, 3 and 4 corresponding to mono-, bi- and
three-dimensional growth respectively. If in-homogeneities are present in the system they can
act as crystallization nuclei and the nucleation is then heterogeneous. In such a case, values of
n can range between 1 -2, 2-3 and 3-4 for mono-, bi- and three-dimensional growth

respectively.

3.2.2.2 Kinetic regimes and nucleation constants (Hoffman-Lauritzen)

The Hoffman-Lauritzen methodology was performed to determine the crystallization regimes
during crystallization from the melt. The theory indicates that crystallization can take place

under three different regimes which rely on the crystallization temperature.

Regime |: Takes place at high temperatures (small under-cooling). Nucleation evolves
completely before the nucleation of the next layer appears. The lateral growth rate is much

faster than nucleation rate. It is associated with axialites.

Regime II: Takes place at lower temperatures. Many nuclei are formed and extend slowly. The
nucleation rate is faster than lateral growth rate, and multiple nucleations occur. It is associated

with spherulites.

Regime Ill: Occurs at lower temperatures than regime |l, the separation between the nuclei
reaches its minimum value, producing a multiple nucleation on the same layer. It is associated

with spherulites.

Hoffman-Lauritzen relates the radial growth rate of the spherulite, G, with the crystallization

temperature T, according to equation 3.4 [14]:

& # K, #
G=G, expL—L! X expL— £ (Equation 3.4)
% R -T)] % TATS ]
I,=T,-30°C (Equation 3.5)
AT = Tn? -T (Equation 3.6)
2T
=— Equation 3.7
A T 4T (Eq )
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Where Gy is the pre-exponential factor which includes those factors independent of
temperature, U represents the energy required for the transport of macromolecules in the melt,
is equal to 1500 cal/mol and is related with the growth process; T, is the crystallization
temperature; T;ys is the temperature where the mobility of the viscous flow stop, and is defined in
equation 3.5. The second exponential in the equation 3.4 accounts for the free energy
contribution for the growth of a critical size nucleus, which is inversely proportional to the
undercooling, AT, defined in equation 3.6; T is the equilibrium melting temperature; f is a
corrective factor defined in equation 3.7 and Ky is the nucleation constant related to the energy

needed to form nuclei of critical size [15, 16].

The study can also be performed from Avrami analysis results, if it is considered that the kinetic
constant, k, is proportional to the rate of radial growth of the spherulites, G. This approach is
valid when the process takes place through heterogeneous nucleation. A variant of equation

3.4 can be applied and proceed analogously [14]:

& U # & K, # ,
k=k, expL—7| X expL— £y (Equation 3.8)
% R -Tp)] 4 TATS |

3.2.2.3 Equilibrium melting temperature Tm®

The equilibrium melting temperature is an important parameter involved in the kinetic analysis. It
is defined as the melting temperature that a crystal with infinite size would have and it would

also correspond with the crystallization temperature of such crystal.

The method developed to obtain T.. relies on the fact that the thermodynamic equilibrium is
reversible, therefore the reverse processes of crystallization and melting should take place at
the equilibrium point where T,, = T, where T, is the crystallization temperature and T, the

experimental melting temperature.

T can be obtained by the Hoffman-Weeks [17] method. If polymer samples are crystallized at
different crystallization temperatures, T, and the melting temperature T, is determined for each
sample, T, is obtained as the intersect between the plot of the experimental T,, values vs T,

with the identity function T, = Te.

3.2.3 Dynamic crystallization theory

In non-isothermal experiments the crystallinity degree is developed with the increment or
decrement of temperature at a constant heating or cooling rate, respectively. The fact that the
crystalline degree can be calculated as a function of time makes it possible to also apply the

theory of Avrami in this type of experiments.
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Dynamic crystallization experiments have been performed for extruded PLLA and injection
moulded PLDA at various cooling rates (CR): 1, 3, 5, 10, 20, 30 and 40°C/min. A new sample
was used for each measurement to avoid degradation during thermal analysis. Before the

crystallization protocol, the samples were melted at 220 °C during 2 minutes to ensure complete
melting and erase all the previous thermal history. Once the sample was cooled down at

determined CR, the sample was melted at a rate of 10°C/min.

3.2.3.1 Non-isothermal kinetic analysis by Ozawa

Based on the Avrami method, several theories have been suggested to understand the
nucleation and growth during dynamic crystallization [18, 19]. Assuming that non-isothermal
crystallization process may be composed of infinitesimally small isothermal crystallization steps,
Ozawa extended the Avrami equation to the non-isothermal condition [18, 20], and obtained the

following equation:

1-X, = expﬁif)? (Equation 3.9)
o V

i

)

In[-1n(1- X, )]= an(T)—i-m*lnf/(al}— (Equation 3.10)

Where X, is the relative crystallinity at temperature T; m is Ozawa exponent, which is related to
the nucleation and growth process; K is a cooling function related to the overall crystallization

rate and indicates how fast crystallization occurs and v is the cooling rate.

Ozawa'’s crystallization parameters can be obtained from the plot of In(-In(1-X.)) versus In(1/v).

The kinetic parameters m and K(T) are determined from the slope and intercept, respectively.

3.2.3.2 Activation energy determined by Kissinger model

In order to calculate the activation energy of the amorphous to crystalline phase transformation
during the dynamic process, the Kissinger model has been used [21]. This model considers the
variation of the peak temperature of the crystallization exotherm (T;) with the cooling rate.
According to Kissinger's model, the activation energy AEa of phase transformation can be

determined using the following equation:

In&” 02_@4_(; (Equation 3.11)

Where T, is the crystallization peak temperature for a given cooling rate v; AEa is the activation
energy and R is the gas constant, 8,3143 kJ/mol. From the slope of the plot of In(v/TCZ) Vs
1000/T. the activation energy AEa can be determined.
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3.3 Results and discussion

3.3.1 Isothermal crystallization

3.3.1.1 Evolution of crystallization

The isothermal crystallization kinetics was studied in samples crystallized following two different
protocols: cooling from the melt and heating from the glassy state. The range of temperature is
selected depending on the nature of the samples. Figures 3.1 and 3.2 present the heat released
as a function of time during isothermal hot-crystallization (a, ¢) and cold-crystallization (b, d) for
virgin (a, b) and processed (c, d) PLLA and PLDA.

The fraction of converted material after a period of time t (X;) was calculated by the ratio of heat
evolved at time t and the total heat generated during the complete phase transformation
according to equation 3.1. Figures 3.3 and 3.4 plot the unconverted relative crystalline fraction

as a function of time (1-X; vs t).

The evolution of the unconverted crystalline fraction over time (Figures 3.3 and 3.4) follows a
sigmoidal curve, which consists of three distinct areas. Initially there is an initiation time, where
crystallization has not happened yet, and it is related to the difficulty of formation of stable
nuclei. Then crystallization evolves rapidly, as an autocatalytic process, and finally a state of
“pseudoequilibrium” is reached until 100% of the maximum crystallinity of each polymer is

reached.

The half crystallization time is obtained from Figures 3.3 and 3.4 as the time where 1-X; is equal
to 0.5. The reciprocal of half crystallization time (1000/ty;) is represented in Figure 3.5 and 3.6

as a function of isothermal crystallization temperature, T, for the different samples.

Materials that have been processed (PLLA ext and PLDA IM) present a much faster
crystallization rate than the virgin ones. This is evidenced in Figures 3.1 and 3.2 where
processed materials exotherms (c, d) are shifted to lower times in respect to virgin materials
exotherms (a, b). The same occurs in Figures 3.3 and 3.4 where processed materials integrals

(c, d) are shifted to the left side of the picture to lower values for In(t).
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Figure 3.1 Crystallization exotherms of virgin PLLA (a, b) and extruded PLLA (c, d) isothermally
crystallized from the melt (a, c) and from the glassy state (b, d) at the specified temperatures
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Figure 3.2 Crystallization exotherms of virgin PLDA (a, b) and PLDA processed by injection moulding (c,
d) isothermally crystallized from the melt (a, c) and from the glassy state (b, d) at the specified

temperatures

81



Chapter 3 CRYSTALLIZATION KINETICS OF POLYMERIC MATRICES

From the melt From the glassy state

1.0 SNk PLLA

3 ‘ 08 v —100°C T
T .8 —— 104°C
w ] \ 108°C 1
0.6 4 v —112°C |

] ' 116°C |

v ——120°C
04—- Y 124°C N

V= = 130°C 1

> T
A .
~ PLLA ext |
——100°C
——104°C |
108°C |
—112°C
) 116°C ]
y ——120°C
124°C A
L = =130°C
Ve 140°C |
T
4 5 6

Figure 3.3 Unconverted relative crystalline fraction as a function of time for the isothermal crystallization
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From the melt From the glassy state
o a. 1 1.04 -
el
0 = 0.8 1 PLDA .
1 1 —95°C
4 064 ——100°C B
i 105°C
—110°C
1 041 115°C ]
— 120°C
o 4 0.2 125°C T
1 - = 130°C
% . 0.0 +———
- c. 4 1.0 .

— 0.8 1 PLDAIM -

| PLDAIM —o5c

064 —9scC 4 06 —100°C |
| —100c | 105°C
105°C —_— 1100

044 foc 4 04 e A
1 115°C 1 ——120°C

024 —120C -4 0.2 125°C

L 125°C L 4 - =130°C 4

0.0 L L L L L L 0.0 — T T T -
4 0 1 2 3 4 5 6 -3 -2 -4 0 1 2 3 4
In(t(min)) In(t(min))

Figure 3.4 Unconverted relative crystalline fraction as a function of time for the isothermal crystallization
from the melt (a, c) and from the glassy state (b, d) at the specified temperatures of virgin PLDA (a, b) and
injection moulded PLDA (c, d)
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In Figures 3.5 and 3.6 the points for the reciprocal half time of processed materials are always

located above the values for virgin materials, which indicate that PLLA ext and PLDA IM have a
higher crystallization rate than their virgin homologous. This result can be explained by the
thermo-mechanical degradation that the materials underwent during processing. Probably the
smaller chains resulted from the reduction of polymers molecular weight, can enhance a faster

formation of stable nuclei.

The crystallization rate during crystallization from the glassy state (b) is much faster than the
rate during crystallization from the melt (a) (Figures 3.5 and 3.6). The difference in between
crystallization kinetics taking place at a given temperature during heating from the glass or
cooling from the melt relies on the nucleation density [22, 23]. The behaviour can be explained
in terms of formation of stable nuclei and the restrictions in the crystals surroundings. Taking
into account the protocol of crystallization from the glassy state, crystal nuclei can be formed
during the fast cooling from 220 °C to 25 °C and the fast heating from 25 °C to T.. Mobility of
polymeric chains is higher at higher T, and the polymer has more energy to organize its chains
in a crystalline structure. Therefore crystallization from the glassy state is much faster than

crystallization from the melt, given the easier formation of crystal nuclei.

When the sample is crystallized from the melt, crystallization takes longer induction times as the
crystallization temperature approaches the melting temperature. The driven force in
crystallization from the melt is the undercooling (T, — T;). Crystals nucleate easier at lower T..
Whereas, the driven force during crystallization from the glassy state depends on the difference
between T. and T4, which implies that higher T, induces higher crystallization rates. As T,
approaches T, the crystallization rate decreases and the common Gaussians behaviour that
describes the relationship between the crystallization rate and T, is observed. The maximum
peak of crystallization rate is explained by the nucleation and transport factors that affect the
kinetics.

According to Di Lorenzo studies on PLLA isothermal crystallization behaviour from the melt
within 80 °C and 150 °C [15], the fastest crystallization rate occurs at 108 °C. lannace and
Nicolais [16] observed a maximum in crystallization kinetics for PLLA around 105 °C. In our
study PLLA and extruded PLLA presented a maximum rate at 104 °C (Figure 3.5 a). Pantani et
al [23] found that virgin PLDA presents the fastest crystallization rate during isothermal
crystallization from the melt at 115 °C, and injected PLDA at 100 °C. In our studies PLDA and
PLDA IM evidence a maximum rate at 105 °C (Figure 3.6 a). Small divergences between the
results extracted from bibliography and ours can be explained in terms of the different molecular

weight of the polymers, and the different thermal history.
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Figure 3.5 Reciprocal of half crystallization time as a function of temperature for the isothermal

crystallization from the melt (a) and from the glassy state (b) of virgin PLLA and extruded PLLA
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Figure 3.6 Reciprocal of half crystallization time as a function of temperature for the isothermal
crystallization from the melt (a) and from the glassy state (b) of virgin PLDA and PLDA processed by

injection moulding
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The fastest crystallization rate during crystallization from the glassy state appears at 124 °C for
PLLA, 130 °C for PLLA ext (Figure 3.5 b), 115 °C for PLDA and 125 °C for PLDA IM (Figure 3.6
b). The results for virgin PLDA are in agreement with the findings of De Santis et al. [22] and

Pantani et al. [23] who also have found a maximum crystallization rate during isothermal
crystallization from the glassy state at 115 °C. A discontinuity is observed for PLDA IM within 95
°C and 105 °C (Figure 3.6 b). Discontinuities can be explained by changes in the crystallization
mechanism or the formation of different crystal morphology, but also they can be due to the
presence of heterogeneities. It is important to take into account that a new capsule was used for
each experiment, and discontinuities can be explained also due to small variations in the

samples.

3.3.1.2 Crystallization kinetics analysis (Avrami)

The analysis of isothermal crystallization kinetics was performed using the model described by
Avrami in equation 3.2. Figures 3.7 and 3.8 plots the straight lines obtained by representing
Avrami model according to equation 3.3. By plotting In (-In(1-X.)) vs In (t) the Avrami constant k
is obtained from the intercept In k, and the constant n corresponds to the slope of the straight

line.

Avrami constants values obtained at each crystallization temperature for each crystallization
protocol are listed in Table 3.1 for PLLA and PLLA ext, and in Table 3.2 for PLDA and PLDA IM.
The half time needed to achieve complete crystallization (t12) is also listed in Tables 3.1 and
3.2

Comparison between processed materials (c, d) and virgin materials (a, b) notes that, given the
same temperature of crystallization, the rate constant k is larger (i.e. faster) and the half
crystallization time is smaller for processed materials. The kinetic constant, k, of extruded PLLA
crystallized from the melt (Table 3.1 c) is about one order of magnitude faster if compared to the
virgin material (Table 3.1 a). At T, = 130 °C, extruded PLLA needs 6.3 minutes to achieve the
50% of complete crystallization with a k=3.07E-03 which is two orders of magnitude faster than
k value for virgin PLLA. Values for extruded PLLA crystallized from the solid (Table 3.1 d) are
one to two orders of magnitude faster than virgin PLLA k values (Table 3.1 b).
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Figure 3.7 Avrami analysis of virgin PLLA (a, b) and extruded PLLA (c, d) isothermally crystallized from
the melt (a, c) and from the glassy state (b, d) at the specified temperatures

Comparison between both crystallization protocols indicates that k constant is faster and ty; is
smaller for crystallization from the glassy state. At 130 °C, the half crystallization time of
extruded PLLA is only 0.5 minutes with a k=2.43 (Table 3.1 d), which is three orders of
magnitude higher than the value obtained in the protocol from the melt (Table 3.1 c) . In the
case of virgin PLLA, the kinetic constant, k, for the crystallization from the glassy state is one to
three orders of magnitude faster than k for the protocol from the melt. Virgin PLLA needs 39.7
minutes to achieve the 50% of complete crystallization from the melt at 130 °C (Table 3.1 a), but
if the protocol is from the glassy state, it takes only 7.5 minutes with a k three orders of

magnitude faster (Table 3.1 b).

During hot-crystallization, k values of injection moulded PLDA are one to three orders of
magnitude faster than k values for virgin PLDA. PLDA IM needs approximately the half of the
time that virgin PLDA takes to achieve the 50% of complete crystallization during crystallization
from the melt at 120 °C (Table 3.2 a, c). PLDA IM kinetic constant at that temperature (k=1.45E-
03) is three orders of magnitude faster than virgin PLDA k value (Table 3.2).
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Table 3.1 Avrami constants of virgin PLLA (a, b) and extruded PLLA (c, d) isothermally crystallized from

the melt (a, c) and from the glassy state (b, d) at the specified temperatures

PLLA
a. From the melt b. From the glassy state
T (°C) n k(s™) t 112 (min) Tc (°C) n k(s) t 112 (min)
130 2.8 2.08E-05 39.7 130 1.5 3.09E-02 7.5
125 2.3 4.31E-04 241 125 2.0 5.58E-02 3.6
120 21 1.73E-03 18.3 120 1.8 3.84E-02 4.8
116 2.3 5.42E-03 16.8 116 1.8 4.86E-02 42
112 21 6.40E-03 15.9 112 1.8 4.33E-02 45
108 23 6.83E-03 14.2 108 1.7 1.61E-02 8.6
104 24 1.24E-02 13.7 104 1.7 2.50E-02 6.9
100 2.3 1.22E-02 14.9 100 1.5 1.83E-02 11.9
PLLA ext
c. From the melt d. From the glassy state
T. (°C) n k(s™) t 12 (min) T. (°C) n k(s™) t 12 (min)

140 29 2.17E-05 35.0

130 3.0 3.07E-03 6.3 130 2.0 2.43E+00 0.5
125 2.9 9.29E-03 4.4 125 22 2.66E+00 0.5
120 2.9 2.09E-02 3.3 120 23 2.38E+00 0.6
116 2.9 3.73E-02 2.7 116 24 1.87E+00 0.7
112 3.0 5.31E-02 24 112 25 1.32E+00 0.8
108 3.0 8.56E-02 2.0 108 3.0 6.07E-01 1.0
104 3.3 8.12E-02 1.9 104 3.2 2.42E-01 1.3
100 3.0 9.50E-02 1.9 100 2.8 1.78E-01 1.5

PLDA crystallization from the glassy state is one to five orders of magnitude faster than the
crystallization from the melt. At 120 °C for example, the value of k for virgin PLDA crystallized
from the melt is 2.46E-06, and it takes 41.2 minutes for the material to achieve the half of

complete crystallization. If the protocol from the solid is applied, k value increases five orders of
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magnitude (k=1.39E-01), and PLDA needs only 1.8 minutes to achieve the 50% of complete
crystallization. Kinetic constants of PLDA IM for the protocol from the glassy state are one to
two orders of magnitude faster than the protocol from the melt. At 120 °C, injected PLDA takes
less than a minute to achieve the half of the complete crystallization, with a k which is two
orders of magnitude faster than the k obtained when PLDA IM is crystallized from the melt
(Table 3.2).
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Figure 3.8 Avrami analysis of virgin PLDA (a, b) and PLDA processed by injection moulding (c, d)

isothermally crystallized from the melt (a, c) and from the glassy state (b, d) at the specified temperatures

It can be concluded, that the fastest rates are obtained during crystallization from the glassy
state with the processed materials. The optimal temperature for PLLA ext is T, = 130 °C and for
PLDA IM is T, = 125 °C. The faster crystallization from the glassy state can be explained due to
the easier thermal activation that induces a faster organization of polymer chains. Crystallization
mechanisms are also different, during hot-crystallization nucleation dominates, however during
cold-crystallization diffusion and kinetic factors related to molecular mobility dominate. The
faster crystallization of processed materials was explained before and it was attributed to the
smaller chains resulted from the molecular weight reduction induced by thermo-mechanical

degradation that the materials underwent during processing.

During crystallization from the melt, virgin PLLA and extruded PLLA exhibit n values between
the ranges 2.1 — 2.8 and 2.9 — 3.3 respectively. The Avrami exponent values indicate that PLLA
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has a trend from two- to three dimensional crystal growth. Values of n found in this research are

similar to Avrami exponents reported for neat PLLA by other authors. Zhou et al. [24] reported n
values within 2.6 and 2.9 in the isothermal temperature range of 90 — 140 °C; Tsuiji et al. [25]
found Avrami exponents ranging from 2.3 and 3.2 at T.= 90 — 125 °C; Kolstad [26] calculated n
values from 2.5 to 3.3 at T,= 90 — 130 °C and lannace and Nicolais [16] from 2.8 and 3.2 at
T,=90-130 °C.

Table 3.2 Avrami constants of virgin PLDA and PLDA processed by injection moulding (IM) isothermally

crystallized from the melt and from the glassy state at the specified temperatures

PLDA
a. From the melt b. From the glassy state

T. (°C) n k(s™) t 12 (min) T. (°C) n k(s™) t 12 (min)
130 2.5 4.89E-02 2.8
125 2.1 5.27E-05 93.7 125 2.6 8.57E-02 2.2
120 34 2.46E-06 41.2 120 2.6 1.39E-01 1.8
115 3.9 2.61E-06 24.1 115 25 1.59E-01 1.8
110 4.2 4.62E-06 17.4 110 25 1.05E-01 2.2
105 35 6.68E-05 13.7 105 2.3 6.46E-02 2.7
100 2.0 2.43E-03 15.5 100 2.4 2.50E-02 4.0
95 1.9 2.53E-03 21.4 95 3.1 1.39E-03 7.7

PLDA IM
c. From the melt d. From the glassy state

T. (°C) n k(s™) t 12 (min) T. (°C) n k(s™) t 12 (min)
130 1.7 7.11E-01 1.0
125 15 1.34E-03 56.0 125 2.1 8.32E-01 0.9
120 2.0 1.45E-03 22.6 120 2.3 8.41E-01 0.9
115 2.3 2.23E-03 11.2 115 2.4 5.07E-01 1.1
110 2.6 3.22E-03 7.6 110 2.3 2.01E-01 1.7
105 2.5 2.08E-03 10.3 105 2.4 7.73E-02 2.6
100 2.3 1.16E-02 5.8 100 25 2.22E-01 1.6
95 2.2 8.51E-03 7.4 95 2.3 1.03E-01 2.3
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Virgin PLDA and injection moulded PLDA show n values between the ranges 1.9 — 4.2, and 1.5
— 2.7 when they are isothermally crystallized from the melt. These indicate a mixture of bi- and
three-dimensional heterogeneous growth. These results are in agreement with Tsuji et al. [25]
who found that Avrami exponent ranges between 2.04 and 4.66 for PLLA with different contents
of poly-D-lactic acid (PDLA), which is an indication of three-dimensional growth of crystallites.
However, our findings deviate from the Avrami index reported by Pantani et al. [23] who found a
single value for PLDA and injected PLDA exponents at T, = 90 — 130 °C : n=2.8 for virgin PLDA
and n=2.9 for injected PLDA. Nonetheless, Pantani et al. determined a similar conclusion, that
PLDA n values confirm a spherical (three dimensional) growth of heterogeneously nucleated

crystals.

The differences between calculated data and values reported in references can be attributed to
divergences during the parameters used for Avrami fitting like the determination of the onset of
crystallization or induction time, the range of relative degree of crystallinity, or the establishment

of a base line [27].

During isothermal crystallization by heating from the solid state, n for virgin PLLA exhibits
considerably lower values than those obtained with the “from the melt” protocol. Avrami index
ranging from 1.5 and 2 suggests a heterogeneous bi-dimensional growth (Table 3.1 b). These
lower values for n probably can be explained due to a large nucleation density, as the presence
of heterogeneities, like stable nuclei, could interfere with the radial growth of the spherulites. On
the contrary, Avrami index for PLLA during the protocol from the melt ranges from 2.1 to 2.8
indicating a mixture of bi- and three-dimensional heterogeneous growth. This type of growth and
crystal geometry is also exhibited by PLLA ext, PLDA and PLDA IM.

3.3.1.3 Melting behaviour after isothermal crystallization

Figure 3.9 and 3.10 report the DSC heating scans after isothermal crystallization from the melt

and from the glassy state for virgin and processed PLLA and PLDA respectively.

Melting curves for PLLA show two endothermic peaks at T.<120 °C for both protocols and both
materials (virgin and extruded) (Figure 3.9). No evident differences are noticed depending on
the effect of processing or crystallization protocol, the melting behaviour is similar for all the
conditions. On increasing T, the height of the lower temperature peak increases with respect to
the higher temperature peak, and it is also shifted toward higher melting temperatures. For T,
>120 °C only one peak is detected, and a progressive shift of the melting temperature toward

higher temperatures is noticed on increasing the crystallization temperature.

Melting curves for PLDA show a similar behaviour (Figure 3.10). At lower crystallization
temperatures two peaks are detected, that progressively turn into one peak at certain critical T..

That critical crystallization temperature seems to have a correlation with both the crystallization
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protocol and the nature of the material. Virgin PLDA crystallized from the melt evidenced the

lowest critical T, at 115 °C (Figure 3.10 a). Injected PLDA crystallized from the glassy state
evidenced the highest critical T, at 130 °C (Figure 3.10 d).

The presence of two melting peaks can be attributed either to melt-recrystallization
phenomenon or changes in crystal morphology. To analyze in detail this phenomenon, and
understand what is occurring, X-ray scattering was used to probe the crystal structure of some

thermal treatments at crystallization temperatures lower and higher than critical T.
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Figure 3.9 Subsequent melting endotherms of virgin PLLA (a, b) and extruded PLLA (c, d) after

isothermal crystallization from the melt (a, ¢) and from the glassy state (b, d) at the specified temperatures

As commented in the introduction, PLLA and PLDA can crystallize into three forms (a, f and y),
generally referred to as polymorphism. The three structural modifications are characterized by
different helix conformation and cell symmetries. The o’ form is the most common crystalline
form, it grows upon melt or cold crystallization. Its main diffractions are (110)/(200), (203) and
(015) which occur at 16.3 °, 18.6 °© and 22.3 ° respectively [6, 9, 28, 29]. The a’ form can evolve
into a more orderly form which is called a. WAXD patterns of the a-form show new diffractions
at20.7°,22.9°,24.0°and 25°[2].
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The materials subjected under X-ray studies were the processed polymers thermal treated

under the protocol from the glassy state (annealed). PLLA ext crystal structure was studied at

100 °C and 124 °C and PLDA IM at 95 °C, 115 °C and 130 °C.
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Figure 3.10 Subsequent melting endotherms of virgin PLDA (a, b) and PLDA processed by

injection moulding (c, d) after isothermal crystallization from the melt (a, c) and from the glassy

state (b, d) at the specified temperatures

Figure 3.11 shows WAXD patterns of PLLA ext crystallized from the glassy state at 100 °C and
124 °C. At 100 °C the WAXD pattern shows the reflections reported for o’-form crystals [6, 9, 28,
29]. It is observed that at 124 °C the two strong reflections, (110)/(200) and (203) planes, shift to
higher 26 than at 100 °C. The diffraction at 22.3° gains intensity at high T,. WAXD patterns at

124 °C show the new diffractions that characterize the a-form [2]. The multiple melting

behaviour of PLLA can be explained therefore by the recognition of the existence of these two
different crystal forms. At T.<124 °C the disordered a’-form is produced, but at T, > 124 °C the

order a-form is predominantly developed.
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Figure 3.11 WAXD patterns of extruded PLLA isothermally crystallyzed from the glassy state at 100 °C
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Figure 3.12 WAXD patterns of injected PLDA isothermally crystallyzed from the glassy state at 95, 115
and 130 °C.
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Figure 3.12 shows WAXD patterns of PLDA IM crystallized at 95 °C, 115 °C and 130 °C.
Diffractograms at all the three temperatures are very similar between them. There are no
significant differences that could indicate the presence of a different crystal form. As T,
increases, the peaks intensity grows which means that the crystals formed gain more order. At

all temperatures the reflections are characteristics of the a-form.

Figure 3.13 shows the WAXD patterns of extruded PLLA isothermally crystallized at 100 °C
recorded upon heating. During the heating process the major peak (110/200) at 16.3° and the
peak (015) at 18.6° begin to appear at higher 26 from 158 °C. From that temperature on also
the peak at 22° gains intensity and a new peak is visible at 23 °. The peak that appears at 24.4°
at T<158°C, appears at higher 26 at T>158 °C. These results revealed that o’-form crystals
generated by annealing PLLA at 100 °C, transform into their a-counterparts upon heating above
158 °C.

It has been revealed that at low T, the melting behavior of PLLA corresponds to a polymorphic
phase transition, at intermediate T. it is changed to the usual melt-recrystallization mechanism
evidenced by two endothermic peaks [9] and at high T, perfect a-form crystals are generated

and they melt directly evidenced by a single melting peak [8] .
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Figure 3.13 WAXD patterns of extruded PLLA annealed at 100 °C recorded upon heating
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Figure 3.14 WAXD patterns of injected PLDA annealed at 95 °C recorded upon heating

Figure 3.14 shows the WAXD patterns of injected PLDA annealed at 95°C recorded upon
heating. During heating smaller peaks at 18.7°, 21.9°, 23.5° and 24.7° lose intensity from 142
°C. Intensity of the major peak at 16.4° begins to decrease from 150 °C until it completely
disappears at the melting temperature (158 °C). This behavior evidences the melt-

recrystallization phenomenon.

3.3.1.4 Enthalpy of melting

The total heat absorbed during melting AH,, is obtained from the integrals of the endotherms of
Figures 3.9 and 3.10. Enthalpy of melting is reported as a function of the crystallization
temperature in Figure 3.15 for virgin and processed PLLA crystallized from the melt (a) and
from the glassy state (b). For all materials and conditions, the enthalpy of fusion shows and
increasing trend with T.. There is only an exception for crystallization from the glassy state at
130 °C, where AH, decreases in respect with the enthalpy at 122 °C. At each T, the enthalpy of
fusion is always larger when the annealing protocol is applied, for both, virgin and extruded
PLLA. This occurs except for the case at 130 °C, where the value of enthalpy of fusion is
smaller than that obtained when the material is crystallized from the melt. Values for extruded
PLLA AHq, are very similar or in some cases slightly higher than virgin PLLA. This suggests that
extruded PLLA can acquire a higher degree of crystallinity and has more packaging ability than

virgin PLLA, probably due to its shorter molecular weight.
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Figure 3.15 Enthalpy of melting as a function of crystallization temperature for virgin PLLA and extruded

PLLA isothermally crystallized from the melt (a) and from the glassy state (b)
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Figure 3.16 Enthalpy of melting as a function of crystallization temperature for virgin PLDA and PLDA

processed by injection moulding isothermally crystallized from the melt (a) and from the glassy state (b)
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Figure 3.16 plots the enthalpy of melting as a function of T, for virgin PLDA and injected PLDA

isothermally crystallized from the melt (a) and from the glassy state (b). PLDA and PLDA IM
enthalpy of fusion increases with T, when the protocol “from the melt” is applied. The same
trend is observed in the case of virgin PLDA crystallized from the glassy state, but PLDA IM
presents a different behaviour. Enthalpy of fusion of annealed PLDA IM starts increasing with
T, it shows a maximum at 125 °C and then starts decreasing with T.. This behaviour is related
with the shorter polymer chains of PLDA IM that can induce a larger density of stable nuclei at
high crystallization temperature, which could impede the progress of the crystallization degree

within that condition.

Enthalpy of fusion of PLDA IM is always higher than values of PLDA, for both protocols. The
only exceptions occur for crystallization from the solid state at the highest and lowest
temperatures. This evidences that the injected material can acquire a higher crystalline fraction
than its virgin homologous, probably due to easier packaging ability given its shorter molecular
weight. The exceptions can be explained in terms of mobility and formation of nuclei. At 95 °C
probably the mobility is not enough to allow an efficient crystal growth. At T;>125 °C probably a

larger density of nuclei hinders the diffusion and the progress of the crystallization.

In the case of virgin PLDA, the heat absorbed during crystallization from the melt is similar to
the heat absorbed during the protocol from the solid state. In the case of injected PLDA, the
enthalpy of fusion during crystallization from the solid state is higher than the calculated during

crystallization from the melt at T.<125 °C.

Findings obtained in this section of the chapter have a tremendous practical and industrial
importance. It has been demonstrated that similar crystallinity degrees can be obtained with
both protocols, therefore the decision of the suitable protocol to tailor the crystallinity of the
material lies in its efficiency and kinetics. Taking into account that the protocol from the glassy
state is one to two orders faster than the protocol from the melt, it seems that the most suitable
processing step in order to effectively control the crystallinity degree of the material is

crystallization from the solid state.

In injection moulding this means, for example, that the same crystallinity degree could be
obtained either by keeping the sample inside the mould at 105 °C during 20 minutes or by
adopting a post-processing step by heating an amorphous injected sample in an oven at 105 °C
during 5 minutes (Table 3.2 ¢, d). The first option sounds unfeasible to be performed in an

industry, whereas the second one evidently is more affordable.
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3.3.1.5 Hoffman-Lauritzen analysis of spherulite growth rate

As already indicated, for the calculations of the nucleation constant K, for a heterogeneous
nucleation process the modified Hoffman-Lauritzen equation can be applied (Equation 3.8).
The equilibrium melting temperature is an important parameter in this equation and was
determined by the Hoffman-Weeks [17] linear extrapolation method (Figure 3.17 for virgin (a)
and extruded PLLA (b) and Figure 3.18 for virgin (a) and injected (b) PLDA). From Figures 3.9
and 3.10 the melting temperature is determined at each T.. The equilibrium melting temperature
is obtained by the extrapolation of the experimental results to the identity function Tp, = T, as
shown in Figures 3.17 and 3.18.

Only data above 108 °C was used in order to obtain a good linear regression evidenced by a
correlation coefficient close to 1. The equilibrium melting temperature obtained for processed
materials is very close to the values obtained for virgin materials. T values calculated in this
research are lower to those reported in references which are close to 207 °C for PLLA [16, 30].
Divergences can be related to differences in molecular weight and also to the variation of

equilibrium temperature with the range of temperatures selected for the extrapolation.

Values for Kg can be obtained from the slopes of the plot In(k)+U/R(T¢-Tins) versus 1/TATF
(Figure 3.19). T4=60.8 °C and T4 = 59.8 °C were used for PLLA and PLDA respectively. Figure
3.19 shows the results of Hoffman Lauritzen treatment for virgin and processed PLLA and
PLDA crystallized from the melt.
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Figure 3.17 Determination of the equilibrium melting temperature T’ by Hoffman-Weeks linear
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Figure 3.18 Determination of the equilibrium melting temperature Tr" by Hoffman-Weeks linear
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Figure 3.19 Hoffman-Lauritzen analysis of spherulite growth rate data of virgin and processed PLLA and
PLDA

Two regions with different slopes are evidenced for PLLA and PLLA ext, indicating a change of
regime around 112 °C. For 112 °C < T, < 130 °C, Kg is equal to 4.65E5 K? for PLLA, and
5.00E5 K? for extruded PLLA (Table 3.3). For T,< 112 °C, Kg acquires the value around 3.00E5
for both materials. Values for Kg are close to those obtained in literature [15, 16, 30]. The

presence of two regions is considered as an indication of a transition from regime Il to regime 11|

[15, 16].

Hoffman Lauritzen analysis for PLDA and PLDA IM only shows one region with one slope.

Kg=3.67E5 for PLDA and Kg=4.04E5 for PLDA IM. This indicates that PLDA does not undergo

a regime transition.

Table 3.3 Hoffman Lauritzen Kg values obtained for virgin and processed PLLA and PLDA

PLLA PLLA ext PLDA PLDA IM

Kgll 2.99E+05 3.02E+05
Kg 3.67E+05 4.04E+05

Kg lll 4.65E+05 5.00E+05
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3.3.2 Dynamic crystallization

Studies of dynamic crystallization are particularly interesting because they are close to the
conditions of polymer processing on an industrial scale, where crystallization occurs under non-
isothermal conditions. Dynamic hot-crystallization studies were performed on processed
materials (PLLA ext and PLDA IM) at different cooling rates (CR): 1, 3, 5, 10, 20, 30 and
40°C/min.

3.3.2.1 Crystallization dependence with the cooling rate (Ozawa analysis)

The non-isothermal crystallization curves for both materials are presented in Figure 3.20. It is
observed that for PLLA ext is easier to form crystals under dynamic conditions from the melt
than for PLDA IM. Extruded PLLA crystallizes at crystallization rates lower than 10 °C/min and
injected PLDA at CR lower than 5 °C/min. PLLA ext exothermic peaks are more evident than
PLDA IM peaks. A decrease in the crystallization temperature and a smaller exothermic trace is

mainly observed with the increment of the cooling rate.
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CR3 _ cR3 |
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Figure 3.20 DSC thermograms of non-isothermal melt crystallization of extruded PLLA (a) and injection
moulded PLDA (b)

This trend can be clearly observed in Figure 3.21, by plotting the temperature of crystallization
versus the cooling rate. An exponential decay is reflected, more evident for PLLA ext than for
PLDA IM which shows lower values for T.. This behaviour is explained because the
incorporation of D-lactyl units in PLDA chains affects markedly the crystallization ability [31].

The presence of D-lactyl units could introduce more disorder in the chain, thus producing a
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higher crystalline imperfection, and with this decreasing the crystallization temperature values
for PLDA.

The fraction of converted material after a period of time t (X.) was calculated by the ratio of heat
evolved at temperature T and the total heat generated during the complete phase
transformation (AH(T) / AH(=)). Figure 3.22 plots the unconverted relative crystalline fraction as
a function of temperature (1-X; vs T). The resulting curves have a sigmoidal shape, where the

inflection point corresponds to the minimum of the exotherms shown in Figure 3.20.
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Figure 3.21 Crystallization temperature evolution with the cooling rate for extruded PLLA and injection
moulded PLDA

Ozawa’s crystallization parameters can be obtained from the plot of In(-In(1-X;)) versus In(1/v)
(Figure 3.23). The kinetic parameters m and K(T) are determined from the slope and intercept,
respectively (Table 3.4). Points at the upper right correspond to the last stages of crystallization
process; points at the lower left correspond to the beginning of the crystallization process. The
lines appear to be almost parallel for PLDA IM up to 104 °C, giving similar slopes or Ozawa
exponent m between 0.2 and 0.4. At higher temperatures than 104 °C Ozawa exponent
increases and reaches the value 2.8 at 110 °C. The similar behavior can indicate that the
mechanism of nucleation and growth is not modified during the non-isothermal crystallization at

temperatures lower than 104 °C.
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Figure 3.9 Variation of the relative degree of crystallinity as a function of temperature at indicated cooling

rates during dynamic crystallization of extruded PLLA (a) and injection moulded PLDA (b)
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Figure 3.23 Ozawa plots of In(-In(1-Xc)) versus In(1/v) for dynamic crystallization of extruded PLLA (a)
and injection moulded PLDA (b)
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In the case of PLLA ext a more irregular behavior is observed. Exponents, m, range from 1.0 to
2.9, indicating a continuous change in the mechanism of nucleation and growth. Ozawa
exponent m increases with temperature. Other authors have found a unique value close to three
for PLLA’s Ozawa exponent, which implies a three-dimensional spherical growth crystallization
[31-34]. The different results obtained could be related with the different molecular weight of the
PLLA studied. References used virgin PLLA and we are studying a processed PLLA, which has
undergone a thermo-mechanical history. Crystallization kinetics are strongly dependent on the

molecular weight of PLLA [8].

The cooling function K(T) determined for each temperature, shows a decrease with increasing
temperature, as shown in Figure 3.24. This exponential dependence of the cooling constant
K(T) has also been found for other polymers [35, 36]. It is of particular interest the behavior of
extruded PLLA. Three different abrupt changes in InK(T) behaviour clearly differentiate three
stages with temperature: 90-96 °C, 98-106 °C and 108-120 °C. These could be related with
changes in polymer crystallization mechanisms, or changes in crystal morphologies. Abrupt
changes in DSC thermograms during dynamic crystallization of PLLA have been reported in
literature [15]. This anomalous result may be due to the implication of different crystalline
morphologies occurring during the crystallization process, as seen in the subsequent melting

behaviour for slow crystallization (Section 3.3.2.2).

In order to calculate the activation energy of the amorphous to crystalline phase transformation
during the dynamic process, the Kissinger model has been used [21] and results are shown in
Figure 3.25 for both materials. According to Figure 3.25, the activation energy for PLDA non-
isothermal crystallization is 407 kJ/mol, 3.5 times larger than the activation energy for PLLA
(116 kd/mol). This indicates that the presence of D-lactyl units in PLDA increases the energy
barrier for non-isothermal crystallization and causes the reduction of PLDA crystallization ability.
However, other authors have found that the activation energy for PLLA and PLDA (2% D-lactyl
units) have the same activation energy for dynamic crystallization [31]. It is possible that the
effect of D-lactyl units becomes evident in crystallization kinetics at contents higher than 2%.

The value for the activation energy is close to others reported in the literature [31, 37].
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Table 3.4 Dynamic crystallization kinetic parameters based on Ozawa method for extruded PLLA and

injection moulded PLDA

PLLA ext PLDA IM
T (°C) In k(T) m T (°C) In k(T) m
90 2.39 1.0 80 1.14 0.2
92 2.29 1.1 82 1.02 0.2
94 2.13 1.1 84 0.89 0.2
9 2.06 1.2 86 0.76 0.2
98 3.04 1.8 88 0.60 0.3
100 2.74 1.8 90 0.42 0.3
102 2.32 1.7 92 0.22 0.3
104 1.73 16 94 0.00 0.3
106 -0.30 14 96 -0.27 0.3
108 2.12 2.6 98 -0.57 0.4
110 1.80 2.7 100 -0.93 0.4
112 1.49 2.8 102 -1.35 0.4
114 1.08 2.9 104 -1.80 0.6
116 0.55 2.9 106 -2.35 0.8
118 -0.19 2.8 108 -2.96 1.2
120 -0.70 2.8 110 -3.60 2.8
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Figure 3.24 Behaviour of the function InK(T) with temperature for extruded PLLA (a) and injected PLDA
(b)
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Figure 3.25 Kissinger plots for evaluating the activation energy for dynamic crystallization of extruded
PLLA and injected PLDA
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3.3.2.2 Melting behaviour after dynamic crystallization

The melting behaviour after the non-isothermal crystallization process at determined cooling

rates for extruded PLLA and injected PLDA is presented in Figure 3.26.

At the fastest cooling rates (CR40, CR30 and CR20), extruded PLLA shows the typical
thermogram for amorphous polymers, the glass transition temperature followed by a cold
crystallization exotherm and a subsequent melting endotherm. At a cooling rate of 10 °C/min
(CR10) and 5 °C/min (CR5) two cold crystallization processes appear. The first cold
crystallization exotherm is followed by a little exotherm peak prior to the dominant melting peak.
This peak corresponds to a’-form crystals transforming to their a-counterparts upon heating [2].
The first cold crystallization exotherm practically disappears at CR 5 indicating that an almost

complete crystallization is achieved when cooling PLLA at 5 °C/min.

The subsequent endotherm of the sample crystallized at CR10 presents a double melting peak
which corresponds to melt-recrystallization mechanisms. At CR5 only one melting peak appears
due to the fusion of a-form crystals. However, samples crystallized at CR3 do not present cold
crystallization processes and during the melting endotherm a small shoulder is observed at low
temperature close to 155 °C. The shoulder could be ascribed to the transformation of the a’-
form to a-form. At T > 155 °C the endotherm shows two peaks, which correspond to melt-
recrystallization phenomena [2, 9]. At CR1 a single melting peak is evidenced, indicating that
perfect a-form crystals are generated and they melt directly without melt-recrystallization [8].

At cooling rates higher than 1 °C/min, PLDA IM exhibits characteristic DSC curves of
amorphous materials (Figure 3.26 b). The thermogram is composed by a cold crystallization
exotherm followed by a multiple melting peak, which is indicative of melt-recrystallization
behaviour. At CR1 PLDA IM crystallizes without achieving complete crystallization. This is

evidenced by the small cold crystallization peak that appears during heating.

The difference between the total heat absorbed during melting AH,, and the total heat released
during cold crystallization AH is reported as the enthalpy of the material during the
crystallization process. The enthalpy of processed PLLA and PLDA crystallized at different
cooling rates as a function of the cooling rate is presented in Figure 3.27. It is observed that the

enthalpy of melting increases with decreasing cooling rates.
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Figure 3.26 Subsequent melting endotherms of extruded PLLA (a) and PLDA processed by injection

moulding (b) after dynamic crystallization at the specified cooling rates (CR)
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PLLA ext shows higher enthalpy values than PLDA IM at all cooling rates. This result is in

agreement with previous conclusions of this chapter that indicate the greater difficulty of PLDA
IM in terms of its ability to form crystals. At CR3 and CR5, PLDA IM exhibits very low enthalpy
values, which indicates that at this crystallization rates the material does not have enough time
to acquire enough energy to effectively crystallize during cooling. At CR1 the enthalpy increases
exponentially, and the material has enough time to acquire the enough energy to organize its
chains. However, as seen in Figure 3.26, the material does not crystallize completely. PLLA ext
crystallizes completely at CR < 5°C/min and partially at CR10. Values of enthalpy grow
moderately with the decrement of the cooling rate ranging from 40 J/g at CR10 to 52 J/g at
CR1.

Comparing the enthalpy obtained during dynamic crystallization (Figure 3.27) with the enthalpy
obtained during isothermal treatments (Figures 3.15 and 3.16) an analysis of the optimal
process to tailor the material properties can be performed. For PLDA IM it is noted that
isothermal treatments are more efficient developing crystalline domains than non-isothermal
ones. For PLLA ext, although both treatments can tailor the crystallinity of the material and the
maximum enthalpy achieved is similar in both cases (~ 52 J/g) isothermal treatments appear to

be more efficient as well.

In the case of PLDA IM, for example, to develop a crystallinity fraction of 0.37 (correlated with
an enthalpy of 34 J/g) with dynamic conditions it is necessary to cool the material from the melt
at a very low rate of 1°C/min. This process takes almost 200 minutes, if we are talking about
cooling the polymer from 220 °C to ambient temperature. On the contrary, during an isothermal
process from the glassy state at 125 °C (See Table 3.2 and Figure 3.18) only two minutes are

needed to develop a higher crystallinity fraction (f.=0.50, correlated with an enthalpy of 46 J/g).

In the case of crystallization under dynamic conditions of extruded PLLA, a crystalline fraction of
0.43 (correlated with an enthalpy of 40 J/g) can be obtained by cooling the material at 10
°C/min. This process would take around 20 minutes, if the material is cooled from 220 °C to
ambient temperature. The same crystalline fraction can be evolved during an isothermal
treatment at 100 °C during 3 minutes (See Table 3.1 d and Figure 3.17 d).

3.4 Conclusions

The effect of processing on crystallization kinetics of PLLA and PLDA has been elucidated by
the Avrami analysis of isothermal crystallization from the melt and from the glassy state.
Processed materials have a higher crystallization rate than their virgin homologous. This is
evidenced by a larger rate constant k and smaller half crystallization times. The thermo-
mechanical degradation that the processed materials underwent during processing reduces

their molecular weight and induces a faster crystallization.
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The crystallization rate during crystallization from the glassy state is much faster than the rate
during crystallization from the melt. This is due to the easier formation of stable nuclei during the
crystallization from the solid.

Avrami constant n values show that PLLA and PLDA present a heterogeneous nucleation and
bi-dimensional to three-dimensional spherulitic growth when they are crystallized from the solid

state and from the melt.

When polymers are crystallized from the melt or from the glassy state they present a maximum
crystallization rate at certain temperature, which is correlated with the temperature range where

the lowest activation energy is reached.

The double melting behaviour of PLLA is explained at low crystallization temperatures by a
polymorphic phase transition, at intermediate T, corresponds to the usual melt-recrystallization
mechanism, and at high T, corresponds to the melting of perfect a-form crystals. The melting

behavior of PLDA is explained by melt-recrystallization phenomenon.

For all materials and conditions the enthalpy of fusion shows an increasing trend with T.. Similar
crystallinity degrees can be obtained with both protocols (from the melt and from the glassy
state), therefore the decision of the suitable protocol to tailor the crystallinity of the material lies

in its efficiency and kinetics.

According to the Hoffman-Lauritzen analysis, during hot-crystallization PLLA presents a change

of crystallization regime at 112 °C, whereas PLDA does not undergo any regime transition.

Taking into account that the protocol from the glassy state is one to two orders faster than the
protocol from the melt state, it seems that the most suitable processing step in order to
effectively control the crystallinity degree of the material is crystallization from the solid state.

During dynamic crystallization it is evidenced that the incorporation of D-lactyl units in PLDA
chains affects markedly its crystallization ability. PLDA needs to overcome a higher energy

barrier than PLLA in order to crystallize under non —isothermal conditions.

The enthalpy of fusion decreases with cooling rates. Isothermal treatments are more efficient

developing crystalline domains than non-isothermal ones.
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4. PROCESSABILITY OF NOVEL PLLA/Mg COMPOSITES BY
EXTRUSION

4.1 Introduction

The novel bioresorbable PLLA/Mg composites are being investigated as a new strategy to
modulate the degradation rate of Mg and simultaneously, improve the bioactivity and
mechanical properties of PLLA. While it has been demonstrated that these composites can be
fabricated by solvent casting techniques [1], it should be taken into consideration that remnants
of chlorinated solvents (chloroform, dichloromethane) could compromise the bio-compatibility of
implants [2-4]. With regards to their high temperature processability it has been demonstrated
that although thermal decomposition of the polymer is accelerated by the presence of Mg
particles, the processability of the composites is not compromised [5]. Success of the material
for a specific application will obviously depend on the appropriate design of the composite and
on the corresponding processing route. Nonetheless, manufacturing PLLA/Mg composites by

melting processes raises new challenges for materials science and engineering.

In the field of bio-resorbable composites, extrusion has been employed as a method to prepare
homogeneous blends of ceramic fillers (hydroxyapatite, bio-glasses, tricalcium phosphates) and
polymeric matrices [6-8] giving them form of pins, screws or rods, or to fabricate medical
polymer/ceramic masterbatchs [9-11]. Regarding the manufacturing of bioresorbable PLLA/Mg

composites by extrusion, few or nothing has been reported.

The main complication of melt-extrusion is related to the tendency of PLLA to undergo thermal
degradation during processing above 200 °C [12-14]. The poor thermal stability of PLLA during
high processing temperatures can lead to depolymerization and water traces can cause
hydrolysis of PLLA ester linkages during high temperature processing. The net effect is a
reduction of the molecular weight which affects final product properties, including physical and

mechanical properties, biodegradation kinetics and biological response [15, 16].

An additional consideration is that thermal stability of PLLA can also be altered by the presence
of metallic compounds. It has been demonstrated that residual metal catalysts (Sn, Fe, Zn, Al)
reduce the thermal stability of PLLA [17, 18]. Some Mg and Ca compounds have been found to
be effective catalysts that selectively depolymerise PLLA into L,L-lactide, and in fact they are
used to control PLLA depolymerisation for feedstock recycling [17, 19-22]. Degradation
mechanisms of PLLA-Ca, PLLA/CaO and PLLA/MgO are shown in Figure 4.19. The analysis of
MgO, CaO and calcium salts induced effects on PLLA thermal degradation revealed that the

selective depolymerization to L,L-lactide formation occurs at 250 — 320 °C by unzipping
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mechanisms. In a temperature range lower than 250 °C, metal oxides cause racemization of

lactide and the production of oligomers other than lactides [18, 23].
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Figure 4.1 Degradation mechanisms of PLLA-Ca, PLLA/CaO and PLLA/MgO composites [23]

To the author knowledge there are not published reports regarding the thermal degradation
mechanisms of PLLA reinforced with metallic Mg particles. Taking into account that chemical
reactivity of pure Mg is much higher than MgO reactivity — Mg particles can spontaneously ignite
and react violently with oxidising agents [5]-, adding magnesium particles into a PLLA matrix
seems to impose additional challenges and serious technical limitations during melt processing.

In order to move forward PLLA/Mg composites development, this chapter addresses the study
of the suitability of processing these novel materials by extrusion. Processability is assessed by
means of the physico-chemical characterization and mechanical properties evaluation of
extruded PLLA/Mg composites. The effects of Mg particles content on PLLA thermal stability
and melting behaviour, as well as its effect on the mechanical properties are thoroughly

analysed.
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4.2 Materials and methods

4.2.1 Materials

A poly-L-lactic acid provided by Goodfellow was reinforced with irregular shape Mg particles of
50 ym. PLLA pellets were mixed with 0.5, 1, 3, 5 and 7 wt.% of Mg particles in the dry state

prior to extrusion.

Materials were compounded in a Haake Minilab extruder with two conical co-rotating screws of
small capacity (max. 7 cm®). Temperature was set at 180 °C, screw rotation speed at 80 rpm
and residence time at 10 minutes. Extruded PLLA/Mg composites are named hereafter as
PLLAXMg, where X refers to Mg content. Extruded materials were used for thermal stability

measurements.

With the extruded composites, films of 0.5 mm thick were fabricated by compression moulding
in a Collin P200P press. Samples were first melted at 180 °C and then cooled under two
different thermal treatments: quenched from the melt (Q), and slowly cooled from the melt at 3

°C/min (S). These films were used for morphological and thermal characterization studies.

PLLAXMg discs of 12 mm diameter and 4 mm height were moulded by compression in a Collin
P200P press under the quenching (Q) treatment. These samples were used for mechanical
characterization by compression tests.

4.2.2 Physico-chemical characterization

4.2.2.1 Viscosity average molecular weight

The average molecular weight of PLLA virgin and processed PLLA was estimated by means of
viscometry. Measurements were carried out by solving the samples in chloroform at 25 °C,
using a Ubbelohde type or suspended level viscometer. The intrinsic viscosity of PLLA and
extruded PLLA was obtained according to ASTM D446 [24]. The value was used to determine
the viscosity average molecular weight of both samples with the following Mark-Houwink
equation [23, 25-28]:

[7]=4.41x107 M7 Equation 4.1

4.2.2.2 Thermal stability

Thermal stability was studied by thermogravimetry using a Mettler Toledo thermogravimetric
analyser (TGA, model TAQ500). The experiments were carried out under nitrogen atmosphere
(90 ml/min). Two temperature programs were run: one dynamic measurement from 30 °C to 650

°C at a heating rate of 10 °C/min and another isothermal experiment at 180 °C during 16 hours.
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For dynamic conditions and for each material, the onset temperature (T,), the temperature of
greatest rate of change on the weight loss curve (T,), the temperature of 50% weight loss (Tsp)
and the final temperature (T.) were determined. T, and T, were calculated by finding the
intersection of the baseline and the extrapolated tangent at the inflection point of the weight loss
curve. T,, also known as the inflection point, was calculated from the first derivative of the

weight loss curve.

For isothermal conditions the extent of conversion was defined by:

Equation 4.2

where W, is the initial weight of sample and W, is the weight at any time during the thermal
degradation process. The kinetic equation for thermal decomposition of solid matter can be

written as:

CZ{ = k(l - a)” Equation 4.3

where Kk is the reaction rate constant that depends on temperature and n is the order of the
reaction. Assuming a first-order reaction and integrating Equation 4.3, the following expression

results to describe the thermal decomposition of the material:
In(l-a)=-k*(t—t,)) Equation 4.4

where t; is the time at the start of the constant-temperature period. For the first order kinetics a

plot of In(1-a) versus t will yield a straight line, with a slope equal to —k.

4.2.2.3 Thermal behaviour

The crystallinity degree of the materials and its melting and crystallization behaviour were
characterized by means of differential scanning calorimetry on a TA Q100 DSC under nitrogen
atmosphere, using 8 + 0.5 mg of each sample. The experimental design was based on a first
heating (F10) from 25 °C to 220 °C, followed by a cooling (CR10) to 25 °C and a second heating
to 220 °C (CR10F10). All the steps were carried out at 10 °C/min.

The crystalline fraction was calculated by measuring the enthalpy of melting AH,, and cold

crystallization AH.. from the heating curves using Equation 4.5, where AHY is the enthalpy of
100% crystalline PLLA (93.1 J/g) [29].
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(AHW B AHL'L' )
T AH!

/.

Equation 4.5

4.2.2.4 Morphology and crystal structure
Morphology of the composites was studied by macrographs and the dispersion of Mg particles
in the polymer matrix analyzed using an optical polarising microscope (Carl Zeiss Amplival

microscope).

X-ray scattering was used to probe the crystal structure of each thermal treatment, Q and S.
Samples were analyzed using a wide angle X-ray diffraction, WAXD, apparatus (Bruker D8
Advanced Diffractometer provided with a PSD Vantec detector) by CuK, radiation. The spectra
was recorded in an angular range of 5° < 20 < 40° at room temperature. The crystallinity degree
of slow cooled samples is obtained by subtracting the amorphous halo, by comparison to the

diffraction pattern obtained from the quenched samples.

4.2.2.5 ATR-FTIR

Fourier Transform Infrared Spectroscopy was applied to identify the chemical functional groups
of PLLA and their changes during processing of compression tests discs. The FTIR spectra
were obtained with a Perkin Elmer spectrometer in the 4000 to 650 cm’” region, using an
Attenuated Total Reflectance (ATR) modulus.

The most representative bands of PLLA and the region where they are found are listed in Table
4.1.

Table 4.1 FTIR spectra regions of PLLA groups and bonds

Region Group or bond
3600 — 3200 cm”' -OH stretching vibration (carboxyl acids and alcohols)
3100 - 2800 cm”™” Stretching vibrations of the C-H bonds of the polymeric chain
1754 cm™ Carbonyl group C=0
1460 - 1300 cm™” Vibration of the C-C bonds of the polymeric chain
1360 cm”™” Related to the CH bending (wagging)

1300 — 800 cm™  Related to C-O vibrations appear overlapped with contributions from the C-H bonds.
1182 cm™ Asymmetric stretching vibration of the C-CO-O

1087 cm™ Related to the asymmetric stretching vibration of O-C-CO

The study has been focused on the evolution of selected IR bands (carbonyl and esters groups)
related to some representative groups (CH bending) to monitor the changes that Mg particles

induce to PLLA during processing.
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4.2.3 Mechanical characterization

The compressive mechanical behaviour was studied in a universal machine EM2/100/FR-10kN
Micro Tests at ambient conditions, using a strain rate of 5x10™* s™. Five discs (12 mm diameter
and 4 mm height) were tested for each material. From the stress-strain curves the yield strength

and the Young’s modulus were obtained.

Experimental moduli were compared with theoretical moduli according to the Reuss and Voigt
Models. Generally, the modulus of composites should be lower than an upper-bound and higher
than a lower bound [30] . The upper bound of the elastic modulus of a particulate composite can

be predicted by a parallel (Voigt) arrangement assuming iso-strain criteria [30-32] :
E™ =EV,+E,(1-V,) Equation 4.6

where E. is the modulus of the composite, E; the modulus of the particulate filler, E,, the
modulus of the polymer matrix and Vs is the particle volume fraction. And the lower bound of the
elastic modulus of the composite can be predicted by a series (Reuss) arrangement assuming

iso-stress criteria [30-32] :

lower __ Ef Em
' E,(-V)+EJV,

Equation 4.7

An approximate method, the modified rule of mixtures, can be used for simplicity and without

loss of accuracy, to predict the elastic modulus of particulate composites [32, 33]:
E . =xEV,+E,(0-V,) Equation 4.8

where 0 < X¢ < 1 is the filler strengthening factor. The elastic moduli predicted by Equation 4.8
fall between those predicted by the Reuss (Equation 4.7) and Voigt (Equation 4.6) models. The

modified rule of mixtures equation was used to analyse Mg particles strengthening factor.
4.3 Results and discussion

4.3.1 Effect of processing and Mg particles on PLLA thermal stability

The effect of processing on PLLA thermal stability was assessed by comparing the molecular
weight of virgin PLLA and processed PLLA. The molecular weight was measured by means of
viscometry. Figure 4.2 compares the intrinsic viscosity of PLLA in pellet form to that obtained for
extruded PLLA. In Figure 4.2 black squares correspond to the reduced viscosity or Huggins (Nreq

vs c¢) plot and red circles correspond to the inherent viscosity or Kraemer (ni., vs c) plot. The
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lines are the linear extrapolations of Huggins and Kraemer plots to find the inherent viscosity in

the intercept, black lines are for PLLA pellet and red lines are for extruded PLLA. Table 4.2
shows the values of the viscosity average molecular weight estimated by the Mark-Houwink

equation for PLLA using the values obtained from Figure 4.2 for intrinsic viscosity.
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Figure 4.2 Huggins-Kraemer plot to determine the intrinsic viscosity of PLLA in pellet form and extruded
PLLA

Table 4.2 Viscosity average molecular weight of PLLA in pellet form and extruded PLLA

PLLA pellet My PLLA ext M, Reduction M,

95 kDa 76 kDa 20 %

The comparison of the molecular weight of virgin and extruded polymer indicates that the solely
processing of PLLA by extrusion causes a reduction of almost 20% in the viscosity average
molecular weight, as shown in Table 4.2. This implies that the temperature and shear rate that
the polymer underwent during extrusion are enough to conduce a significant thermo-mechanical

degradation that shortens the molecular weight of PLLA.

Given that the contribution of shear stress on thermo-mechanical degradation can be enhanced
by the presence of reinforcement particles during extrusion, the effect of Mg content on the
thermal stability of PLLA was evaluated by thermogravimetric analysis. Dynamic studies were

performed by heating the samples at 10 °C/min to 650 °C, isothermal studies were carried out at
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180 °C during 16 hours. Results from dynamic studies are illustrated in Figures 4.3 to 4.6.

Isothermal thermogravimetric analysis results are shown in Figures 4.7 and 4.8.
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Figure 4.3 Thermal degradation of PLLAXMg composites under dynamic conditions X =0, 0.5, 1, 3, 5 and
7 wt.% of Mg.
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Figure 4.4 DTGA curves of PLLAXMg composites with X =0, 0.5, 1, 3, 5 and 7 wt.% of Mg
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Figure 4.3 shows the thermal-induced weight loss curves of PLLAXMg composites under

dynamic heating conditions by TGA. Figure 4.4 shows the first-order derivative curves of
thermograms with respect to temperature and each peak represents the inflection temperature
of the TGA curve which corresponds to T,. Figure 4.5 illustrates the relationship of the onset
temperature of decomposition (T,), the temperature of maximum weight loss rate (Ty), the
temperature of 50% weight loss (Tso) and the temperature where decomposition ends (Te) with
Mg content of composites. The corresponding onset and endset temperatures of the

degradation step were obtained by a tangential intercept method onto the TGA curve.

All samples undergo one simple thermal decomposition step (Figures 4.3 and 4.4). According to
Figures 4.3 — 4.5, Mg particles act as depolymerisation catalysts as the parameters (To, Tp, Tso,
Te) are shifted downwards with increasing Mg content. However, it is observed that the onset
degradation temperatures for PLLA and PLLAXMg composites are above the processing
temperature. This implies that although Mg accelerates the thermal degradation of PLLA it does
not compromise the temperature window required for commercial processing. The beginning of
the temperature window is defined by the minimum temperature at which the material can be
melted and moulded and the upper end is defined by the temperature at which the material
begins to degrade (T,). The processing window becomes narrower with the increment of Mg
content (Figure 4.3). Nonetheless, it is not recommended to process PLLA at temperatures
higher than 210°C [29].
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Figure 4.5 Thermal stability parameters of PLLAXMg composites as a function of Mg content with X = 0,
0.5,1,3,5and 7 wt. % of Mg

127



Chapter 4 PROCESSABILITY OF NOVEL PLLA/Mg COMPOSITES BY EXTRUSION

Figure 4.6 shows a comparison between the Mg content of composites obtained by TGA
studies with the nominal Mg content. Measured filler content is very close to the theoretical
concentration of Mg indicating that particles are homogeneously distributed within the polymeric
matrix. A deviation is observed at 7 wt.% of nominal Mg content, probably due to the formation

of agglomerates at that high particle content.

The isothermal weight loss of PLLAXMg composites compared with that of PLLA was
investigated at 180 °C. Figure 4.7 plots In(1-a) against time, the slope of these curves gives the
values for the degradation rate constant, k(T), and are shown as a function of Mg content in
Figure 4.8. As exposed in Figure 4.7, under isothermal conditions, increasing Mg content
decreases thermal degradation time to reach the same extent of conversion. The conversion of
PLLA greatly depends on Mg content. Higher Mg content results in a higher degradation rate
constant. In Figure 4.8, it can be seen that PLLA thermal degradation rate has an exponential

growth as the Mg content increases.

Mg content according to TGA (wt. %)

Nominal Mg content (wt. %)

Figure 4.6 Mg content of PLLAXMg composites according to thermogravimetric analysis
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129



Chapter 4 PROCESSABILITY OF NOVEL PLLA/Mg COMPOSITES BY EXTRUSION

4.3.2 Morphology of films

The aspect of the PLLAXMg composites films prepared with both thermal treatments,
quenching (Q) and slow cooling from the melt (S), is shown in Figure 4.9 by macrographs. The
distribution of the metallic particles among the polymeric matrix can be observed in Figure 4.10

by polarized optical microscopy.

Figure 4.9 shows that voids and agglomeration of Mg particles appear at a Mg content of 7 wt.%
in films fabricated under a quenching treatment. Under the slow cooling treatment, voids and
Mg particles agglomeration is more evident and appear at a lower Mg content (5 wt.%). Besides
the poor dispersion of the Mg particles in the films with 7 wt.%, these films had a more fragile

appearance and were more easily broken during handling.

Polarized optical micrographs of quenched films (Figure 4.10 a) show a homogeneous
distribution of Mg particles within the PLLA matrix. Whereas slow cooled films (Figure 4.10 b)
evidence a uniform distribution only at low Mg contents (0.5, 1, 3 wt.%). Agglomeration of Mg is
evidenced at 5 wt.% and at 7wt.%. In Figure 4.10 b, polymer spherulites can be clearly seen
within the voids formed in the material with 7 wt.% of Mg, this indicates that the voids are not
empty spaces, but zones were the polymer is placed preferentially. During the slow cooling, the
polymeric matrix has more time and energy to organize its chains; this implies that the Mg within
the matrix can also organize and arrange its distribution. The result is the formation of perfect

circular zones where polymer with low content of Mg is placed.

Morphology results indicate that the extrusion residence time is enough to obtain a
homogeneous dispersion of fillers within the matrix. However, when the composite is
compression moulded, special attention should be taken to avoid the agglomeration of particles
and formation of voids, as far as for a residence time of 50 min during the “S” treatment only low

Mg contents yielded homogeneous films.
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Figure 4.9 Macrographs of quenched (a) and slow cooled from the melt PLLAXMg films (X=0, 0.5, 1, 3, 5

and 7 wt.% of Mg content)
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Figure 4.10 Distribution of Mg particles incorporated in a PLLA matrix observed by a polarized light
microscope. Films of PLLAXMg quenched (a) and cooled at 3 °C/min from the melt (b) with X=0, 0.5, 1, 3,

5and 7 wt.% Mg. (Scale bar 500 pm)
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4.3.3 Thermal behaviour

The effect of Mg on the melting behaviour of PLLA was analysed by DSC and representative
results are shown in Figures 4.11 and 4.12. Figure 4.11 illustrates the first heating (F10) scans
for quenched (a) and slow cooled from the melt (b) PLLAXMg composites. Thermal properties
calculated from these curves are listed in Table 4.3 for quenched (Q) materials and in Table 4.4

for slow cooled from the melt (S) materials.

In Figure 4.11a, the first heating (F10) indicates that the quenched treatment produces totally
amorphous materials. Mg particles do not induce any change on the glass transition
temperature (T,) of the polymer, however it induces changes on the cold crystallization
temperature (T.) and on the melting peak. It seems that Mg particles act as nucleating agents
and enhance PLLA crystallization ability under dynamic conditions. The shift to lower
temperatures of T, for PLLAXMg composites in comparison with PLLA evidences the
nucleating effect of Mg. The cold crystallization temperature decreased from 108.9 °C for
processed PLLA to 101.5 °C for PLLA5Mg. However, the relationship between T, reduction and
Mg content is not clear. The melting temperature shows a decrease of few Celsius degrees with
the addition of Mg. Such behaviour confirms the nucleation effect of Mg and the formation of
smaller crystals. PLLA and PLLAXMg composites show a multiple melting behaviour that
consists on the appearance of an exothermic peak prior to the dominant melting peak. The
exothermic peak could correspond to the transformation of o’-form crystals into their a-form
counterparts [34] (Chapter 3).
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Figure 4.11 DSC of quenched (a) and slow cooled from the melt (b) PLLAXMg composites reinforced with
X=0,0.5,1,3,5and 7 wt.% Mg
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Table 4.3 Thermal properties of quenched PLLAXMg composites reinforced with 0.5, 1, 3, 5 and 7 wt.% of
Mg particles.

PLLAXMgQ (F10)

MATERIAL Tm (° C) T,(° C) Tec (° C) AH (J/g) f,

PLLAQ 173.0 60 108.9 3.7 0.04
PLLA05MgQ 170.2 61 103.2 1.0 0.01
PLLA1MgQ 170.9 62 108.6 2.2 0.02
PLLA3MgQ 170.9 62 106.6 0.8 0.01
PLLA5MgQ 169.5 61 101.5 0.6 0.01
PLLA7MgQ 169.4 60 102.8 2.4 0.03

Experimental errors: Tm and Tec + 0.5° C, Tg+ 2° C and fc + 0.04

Table 4.4 Thermal properties of slow cooled PLLAXMg composites reinforced with X= 0.5, 1, 3, 5and 7
wt.% of Mg particles.

PLLAXMgS (F10)

MATERIAL Tm (°C) T4 (°C) Tec (°C) AH (J/g) fe
PLLAS 170.3 64 - 49.3 0.53
PLLAO5MgS 168.5 65 - 48.5 0.52
PLLA1MgS 167.1 63 - 51.6 0.55
PLLA3MgS 168.4 63 - 53.7 0.58
PLLA5MgS 169.0 61 - 63.2 0.68
PLLA7MgS 167.9 61 - 58.1 0.62

Experimental errors: Tm and Tec + 0.5° C, Tg+ 2° C and fc + 0.04
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In Figure 4.11b, the first heating (F10) indicates that the “S” treatment produces semi-crystalline
materials with a high average crystalline fraction between 0.52 and 0.68 (Table 4.4). A
decrement in Ty is correlated with the increment in Mg content. Cold crystallization peak does
not appear in the thermograms indicating that materials have achieved complete crystallization.
The melting temperature shows a decrease of few Celsius degrees with the addition of Mg.
Such behaviour confirms the formation of smaller crystals due to the presence of Mg particles.
The appearance of a single melting peak could account for the directly melting of perfect a-form

crystals generated during the “S” treatment [35].

The effect of Mg on the crystallization behaviour of PLLA under dynamic conditions is observed
during the cooling scans at 10 °C/min (CR10) (Fig 4.12 a). A very odd trend is evidenced. As
with 0.5, 1 and 3 wt. % of Mg content the crystallization ability of PLLA is slightly enhanced, at 5
wt. % of Mg crystallization ability of PLLA increases significantly, as evidenced by a larger
exotherm. However at 7 wt. % the crystallization ability of PLLA decreases. The polymer is
expected to reduce its ability to crystallize under dynamic conditions from the melt with
increasing Mg content due to the spatial interferences that Mg particles could signify. The
abnormal behaviour of crystallization enhancement at 5 wt. % could be explained by terms of a
reduction in the molecular weight during processing which facilitates the formation of crystals.
Smaller polymer chains crystallize easier and faster. The cooling behaviour of PLLA7Mg could
be justified by the apparent thermal degradation of the composite matrix and the high Mg

content that interfere with the polymeric matrix crystallization.

From the second heating scans (CR10F10) (Figure 4.12 b) the crystalline degree achieved
during cooling at 10 °C/min was measured (Table 4.5). PLLAXMg composites with Mg content
of 0.5, 1 and 3 wt.% are able to crystallize under dynamic conditions at 10 °C/min reaching a
crystalline fraction similar to that of PLLA. However, PLLASMg reaches a crystalline fraction
close to 0.45. The improvement of crystal nucleation of PLLA5SMg composite could be explained
in terms of the reduction of PLLA molecular weight. PLLA7Mg is not able to crystallise under
dynamic conditions and its heating thermogram is typical for materials that have undergone

thermal degradation.
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Figure 4.12 DSC scans of PLLAXMg composites reinforced with 0.5, 1, 3, 5 and 7 wt.% of Mg particles.

Table 4.5 Thermal properties of slow cooled PLLAXMg composites reinforced with X= 0.5, 1, 3, 5and 7
wt.% of Mg particles.

CR10F10

MATERIAL Tm (° C) T,(° C) T (°C) AH (J/g) f,
PLLA 170.4 60 106.1 8.0 0.08
PLLAO5Mg 169.8 60 104.8 12.0 0.13
PLLA1Mg 169.7 60 106.4 8.3 0.09
PLLA3Mg 169.6 59 102.9 12.9 0.14
PLLA5Mg 168.3 59 94.9 415 0.45
PLLA7Mg 158.8 55 117.3 3.6 0.04

Experimental errors: Tmand Tec £0.5°C, Tg+2°C and f + 0.04.
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4.3.4 X-Ray Diffraction

The WAXD patterns of PLLAXMg composites treated under both thermal treatments, Q and S,
are shown in Figures 4.13 and 4.15 respectively. Figure 4.13 illustrates the typical
diffractograms of amorphous materials, indicating that “Q” treatment was successful in
producing totally amorphous samples. The three strong reflections at 32.2°, 34.4° and 36.6°,
correspond to the (100), (002) and (101) Mg planes. The area under the (101) reflection can be
correlated with Mg content of composites. Figure 4.14 shows that the Mg content measured by
XRD approximates to the nominal values in all cases except for PLLA7Mg, where a big

divergence between both values exists may be due to Mg particle agglomeration.

Figure 4.15 illustrates the WAXD pattern of PLLAXMg films crystallized by cooling under
dynamic conditions from the melt. X-Ray Diffractograms of PLLA5MgS and PLLA7MgS films
could not be obtained given the inhomogeneity of samples. The appearance of two diffractions
around 24° instead of only one indicates that the perfect a-form is present in all materials and is
formed under cooling at 3°C/min. This result confirms that the single melting peak shown in
previous DSC (F10) scans (Figure 4.11 b) accounts for the directly melting of perfect a-form

crystals.
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Figure 4.13 WAXD patterns of PLLAXMg films quenched from the melt (a) and a zoom of Mg strong
reflections (b). X =0, 0.5, 1, 3, 5and 7 wt.% Mg
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Figure 4.15 WAXD patterns of PLLA and PLLAXMg films slow cooled from the melt

Crystalline fraction obtained by DSC and X-Ray diffraction of composites cooled under “S”
treatment is shown in Figure 4.16 for comparison of both characterization techniques. Both

techniques, DSC and XRD lead to close crystallinity fraction values and show similar trends.
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Crystallinity increases slightly with Mg content. The differences found between both methods

are due to the different nature of the characterization techniques. By XRD some uncertainty is
introduced as it is necessary to subtract the amorphous halo from the sample diffractogram.
However, crystal content by DSC is calculated considering the value of enthalpy of fusion for
100% crystalline polylactic (93.1 J/g) used recurrently in the literature [29]. This value leads to

lower crystalline fractions than that obtained by X-Ray.
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Figure 4.16 Crystalline fraction measured by DSC and X-ray diffraction for PLLAXMg composites with
X=0, 0.5, 1 and 3 wt.% Mg content.

4.3.5 ATR-FTIR

The chemical structure changes of the polymeric matrix can be assessed by FTIR. In order to
address and facilitate the analysis of Mg particles effect on PLLA molecular structure, it is
supposed that the mechanisms implied in PLLA/Mg composites thermal degradation should be
similar to those of PLLA/MgO compounds [20, 23]. In this sense, the cyclation of PLLA

molecules and the formation of oligomers are expected.

Figure 4.20 shows the ATR-FTIR spectra of PLLAXMg composites with emphasis on the —OH
and C-H region (a), carbonyl group region (b) and the 1700 — 800 cm’” region (c). The study of
the chemical changes that PLLA underwent has been performed by assessing the evolution of

selected IR bands (-OH, carbonyl and esters groups) related to the CH bending.
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Figure 4.20 ATR-FTIR spectra of PLLAXMg composites with X=0, 0.5, 1, 3, 5 and 7 wt.% of Mg
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A decrease on the OH groups is expected as a consequence of PLLA molecules cyclation.
However, these molecular changes cannot be seen in the infrared spectra of polylactic acid
(Figure 4.20a) as the concentration of other groups (like carbonyl and esters) is higher than the
—OH chain ends. No significant changes are evidenced within the area corresponded to OH

characteristic band at wavenumbers larger than 3000 cm™.

Changes on the relative contribution of ester and carbonyl groups are expected due to
hydrolysis and cyclation of PLLA. Shortening of polylactide molecules induces the formation of
new carboxylic acid groups affecting the relative contributions of carbonyl (C=0 1754 cm'1),
carbon-carbonyl-oxygen linkage (C-CO-O 1182 cm'1) and oxygen-carbon-carbonyl linkage (O-
C-CO 1801 cm'1) among other groups. Although ATR-FTIR spectra do not show remarkable
changes of the absorbance intensity of these groups (Figure 4.20b, c), the evolution of the
relative contribution of each peak as a function of Mg particle content was studied. The
absorbance of the —CH bending at 1360 cm™ was chosen as a reference given its invariance
with PLLA degradation [36]
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Figure 4.21 Relative absorbance of carbonyl and ester groups related to CH bending as a function of Mg

content in PLLAXMg composites.

The dependence of carbonyl and ester relative contributions on Mg content is shown in Figure
4.21. No significant changes at contents lower than 3 wt.% are revealed. However, by
increasing the amount of Mg, the relative contributions of the groups tend to increase in
proportion to the Mg content. This evidences that Mg presence enhance the changes that PLLA
chains can undergo during processing.
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4.3.6 Mechanical properties as a function of Mg content

Addition of inorganic particles to a polymer matrix seeks the enhancement of the stiffness of the
pure polymer matrix. If homogeneous filler dispersion is obtained, without polymer deterioration
during blending, PLLA/Mg composites should possess improved mechanical properties

compared to the neat PLLA prepared in the same condition for comparison.

Figure 4.22 shows the stress vs strain curves of the uniaxial compression tests performed to
quenched PLLAXMg discs of 12 mm of diameter and 4 mm height. Curves are conveniently
shifted in order to get more visual clarity. The deformation mechanism under compression is the
same for all materials under study. Stress vs strain curves exhibit several characteristic stages
of deformation. Initially the material shows a reversible (visco)-elastic deformation, where stress
grows linearly proportional to strain and the elastic modulus is obtained. At a certain amount of
stress, deformation becomes of an irreversible nature, which is recognisable by the yield point.
After this point, a decrease in stress is observed, which is known as strain softening. With

further deformation, an increase in stress is evidenced, which is referred to as strain hardening.
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Figure 4.22 Compression stress vs strain curves for PLLAXMg composites with X=0, 0.5, 1,3, 5and 7

wt.% of Mg (curves are shifted for visual clarity)

Results of Young’s modulus and compressive strength at yield as a function of Mg content are
summarized in Figure 4.23. It is evidenced that Mg particles improve the mechanical properties
of neat PLLA until 5 wt.% of Mg content. When the material has a 7 wt.% of Mg the mechanical

compressive performance drops drastically.
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Figure 4.23 Mechanical properties of PLLAXMg composites as a function of Mg content

Experimental moduli were compared with theoretical moduli according to Reuss and Voigt
Models. The corresponding modified rule of mixtures equation was also represented using
different values for the filler strengthening factor (Figure 4.24). PLLAXMg composites moduli lie
between the two Voigt-Reuss bounds, except for the material with 7 wt.% of Mg content that lies
lower than the Reuss bound. According to the modified rule of mixtures, the particle
strengthening factor was found to decrease with the increment of filler content. This
dependence of X;on Mg wt.% is shown in Figure 4.25 and exhibits an exponential decay.

The decrement on the filler strengthening factor could be related either with the Mg particles
distribution within the matrix or with the thermal degradation effect of Mg particles on PLLA

molecules.

Mg particles improve the mechanical properties of neat PLLA when the strengthening effect of
fillers is greater than the thermal degradation effect, and when particles are not agglomerated,
this occurs until 5 wt. % of Mg content. At 7 wt. %, Mg particles form aggregates and the effect
of the filler on thermal degradation is greater than its reinforcement effect; the consequence is
that mechanical properties drop drastically. These results imply that in the career to improve
PLLA mechanical properties with Mg as a filler, there is a frontal competition between the
reinforcement effect and the thermal degradation effect of Mg particles, which indicates the
existence of a specific volume fraction of Mg for which the optimal mechanical properties are

achieved.
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Figure 4.24 Comparison of experimental elastic modulus (points) of PLLAXMg composites with Reuss,

Voigt and the modified rules of mixtures theoretical approaches (lines)
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Figure 4.25 Filler strengthening factor as a function of Mg content
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4.4 Conclusions

PLLA/Mg composites are suitable to be manufactured by extrusion and moulded by

compression.

In order to improve mechanical properties of PLLA by reinforcing with Mg particles, two facts
are important to take into account:
v Increasing Mg content within the polymeric matrix, increases PLLA thermal degradation
rate.

v' Mg particles strengthening factor decreases with the increment of Mg content.

Mg exerts two effects on PLLA mechanical properties; from one side there is a reinforcement
positive effect that increases Young’s modulus with the increment of Mg content. On the other
side there is a negative thermal degradation effect that reduces PLLA molecular weight and with
this the mechanical properties. In order to obtain a total positive contribution of Mg particles
improving the mechanical resistance of PLLA, a balance between both effects must be

achieved.
In this sense, it is important to consider that there is a specific Mg content where the highest

mechanical properties are achieved. For the experimental conditions used in this work, 5 wt.%
of Mg resulted the optimal Mg content.
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5. SUITABILITY OF NOVEL POLYLACTIC ACID/Mg COMPOSITES
FOR INJECTION MOULDING

5.1 Introduction

Medical devices industries prefer injection moulding rather than other moulding processes due
to the significant cost savings and versatility. Most of the bioresorbable implants applied for
bone fixation have complex 3D structures that need high precision manufacturing [1]. While it is
true that complex 3D structures can be manufactured by 3D printing, research regarding
production of implantable medical devices by this type of technology is currently under
development [2] and, therefore, injection moulding is still the most widely method used for
producing implantable devices. However, manufacturing implantable devices by injection
moulding is a difficult task on its own that poses even more challenges when the components

are based on bioresorbable polymers.

Biopolymer resins like polylactic acid require some care in moulding in order to not exceed their
heat, shear and hydrolytic stability. During injection moulding the polymer underwent thermo-
mechanical stresses that can induce its degradation. The material passes from a glassy state to
a melt state by heating above the melting temperature, and then it is homogenized, plasticized
and transported to a nozzle by means of a screw. At this stage, the polymer is injected into the
cavity of a mould where it starts cooling down and return to a solid state before it is removed
from the mould. Polylactic acid is tough to process because it has a small window between its
melting point or processing temperature and the degradation temperature [3, 4]. Too much heat
or too much exposure times can generate depolymerisation and result in monomer formation,

which can change the mechanical properties and alter degradation kinetics of injected parts.

When manufacturing a bioresorbable device by injection moulding, it is necessary to pay
extremely attention to melt temperature, and screw and injection speed, in order to ensure
consistency and quality in the final part. Even if the temperature is carefully controlled,

degradation can still occur due to the sensitivity of the polymer to residence time or shear rate

[5].

Novel Polylactic acid / Mg composites seek to overcome the difficulties of currently available
bioresorbable implants. Mg is an essential mineral for bone formation and also has antibacterial
properties. Therefore, incorporation of Mg particles in a matrix of polylactic acid could give the
polymer the ability to induce bone regeneration, have bactericidal properties and particles can

also act as mechanical reinforcement.

The incorporation of Mg particles within the polymeric matrix, however, can also imply even
more challenging difficulties for the injection moulding process. On the one hand, given the
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severe particle matrix interactions, incorporation of particles in a polymeric matrix might induce
significant changes in the rheological properties of the polymer [6]. On the other hand, the
presence of metallic compounds can also alter the thermal stability of polylactic acid and induce

cyclation of polymeric chains [4, 7].

Nowadays injection moulding is increasingly used within the medical device industry to produce
bioresorbable implants. The implementation of a new material as polymer/Mg composites within
the market, urges the reduction of investment risks in order to obtain important
commercialization margins once the product is on the market. This could be achieved if the
material is suitable to be manufactured by common processes available within implants

industry.

This chapter studies the suitability of injection moulding of novel polylactic acid/Mg composites.
The importance of this study relies in the need of bridging the gap between science and
technology in order to attract the interest of bioresorbable implants industry and achieve their

implication on the development of these novel materials.

The suitability of processing these novel composites by injection moulding is addressed by
manufacturing the composites and assessing the quality of injected parts in terms of mechanical
performance. Rheological properties, changes in polymer molecule and thermal properties are
also characterized. This chapter gathers the preliminary results obtained at the Polymer

Engineering Centre of the University of Wisconsin Madison in United States (PEC-U Wisc).

5.2 Materials and methods

5.2.1 Materials

Two polylactic acids were studied to test their suitability for injection moulding. Poly-L-lactic acid
(PLLA) provided by Goodfellow and poly-L,D-lactic acid (PLDA) from Natureworks. Table 5.1

specifies their properties.

Table 5.1 Polylactic acid (PLA) properties

Material D-isomer content (%) Melt Flow Index (210 °C/2.16Kg) Tg (°C) Tm (°C)
PLLA 0 35.8 g/ 10 min 60 °C 170 °C
PLDA 4.25 35.4 g/ 10 min 65 °C 160 °C

154



SUITABILITY OF NOVEL PLA/Mg COMPOSITES FOR INJECTION MOULDING 84 3ETe1 -1 -]

5.2.2 Processing

5.2.2.1 Injection moulding

PLA/Mg composites were manufactured in a BOY XS Injection Moulding machine. In order to
eliminate the thermal degradation effects that could be introduced if an extrusion step is
included prior injection moulding, the machine was fed with a dried mixture of polymer pellets
and commercial purity Mg particles of about 50 ym. Mg particles have the property to stick over
polymer pellets surface leading to homogeneous dried mixtures. The limit of Mg amount that
can be fully stuck over the granules surface was found to be 1 wt.%. Therefore 0.2, 0.5 and 1

wt.% mass fractions were selected to manufacture the composites.

Dumbbell shaped specimens for tensile tests were fabricated (Figure 5.1). Cylinders of 4.7
0.05 mm of diameter and 7.5 £ 0.3 mm height (L/D=1.5) were cut from the runners of injection

moulded samples and used as specimens for compression tests (Figure 5.2).

Injection moulding parameters as melt processing temperature, mould temperature, holding
pressure, back pressure, screw speed and cooling time were optimized to eliminate shrinkage,
jetting, flash or incomplete injected parts. Table 5.2 shows the selected injection moulding

parameters.

Figure 5.1 Fabrication of Polymer/Mg composites by injection moulding. Dumbbell-shaped test specimens
(Gage length: 14 mm, Width and thickness: 3.2 mm)
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Figure 5.2 Compression tests specimens (diameter: 4.7 £ 0.05 mm, height: 7.5 + 0.3 mm)

Table 5.2 Injection moulding parameters

Filling phase
Pressure 250 bar
Screw speed 5% (start) — 25% (end)
Injection time 2s

Holding pressure phase

Pressure 250 bar

Time 6s

Plasticizing phase

Back pressure 5 bar
Time 99s
Screw speed 25%

Heating zones

T1 Barrel transition zone 190 °C

T2 Barrel metering zone 200 °C

T3 Nozzle 200 °C

Mould temperature 25°C
Cooling time 45 s

156



SUITABILITY OF NOVEL PLA/Mg COMPOSITES FOR INJECTION MOULDING & E o1 (=1}

5.2.2.2 Thermal treatment

With the aim of studying the effect of crystallinity degree on compressive mechanical properties
of composites, crystalline samples were prepared by subjecting the runners of injection
moulded parts under a thermal treatment at 125 £ 1 °C during 1 hour in a Thermo Scientific
Heraeus oven, then cylinders of 4.7 + 0.05 mm of diameter and 7.5 + 0.3 mm height (L/D=1.5)

were cut from the runners and used for compression tests.

The thermal treatment was selected taking into account results from chapter 3. The largest
enthalpy of melting achieved by PLDA IM during isothermal crystallization from the glassy state
occurs at 125 °C (Chapter 3 Figure 3.16b).

5.2.3 Rheological characterization

5.2.3.1 Parallel plate rheometer

A parallel plate rheometer is a rotational method that measures the viscoelastic behaviour of
polymer melts by shearing the fluid between two surfaces. Viscosity is determined by measuring
the resistance to the rotational force. Usually the rheological properties of a viscoelastic material
are independent of strain up to a critical strain level. A strain sweep test establishes the extent
of the material’s linearity. After the polymer melt’s linear viscoelastic region has been defined
by a strain sweep, its viscoelastic behaviour can be further characterized using a frequency
sweep at a strain below the critical strain. The temperature and strain are held constant in a

frequency sweep and the viscoelastic properties are monitored as the frequency is varied.

Rheological behaviour of the polymeric matrices (PLLA and PLDA) and their temperature
dependency was measured using a strain-controlled ARES rheometer (TA Instruments)
equipped with a 25 mm parallel plate flow geometry. Frequency sweep tests were performed at
10% strain over a frequency range from 0.1 — 70 Hz (from high to low frequency) at 180, 190,
200 and 210 °C. The resulting data from the experiments can be presented in a plot of the

complex viscosity (n*) vs frequency.

5.2.3.2 Capillary rheology

Capillary rheometry is based on controlled extrusion of a test material; it enables to reproduce
the conditions that polymer melt experiences during injection moulding. The material is forced
through a capillary die at a defined piston speed and the melt pressure is recorded. The piston
speed can be converted into a value for the shear rate, and the pressure into a value for the

shear stress.

Capillary rheology was performed in a HAAKE Rheoflixer high-pressure capillary rheometer
(UC3M) using a rod capillary die with 1 mm diameter and 30 mm in length and a transducer
pressure sensor with maximum pressure of 1400 bar. With the intention of understanding the

rheological behaviour of materials during injection moulding, the relationships between the

157



Chapter 5 SUITABILITY OF NOVEL PLA/Mg COMPOSITES FOR INJECTION MOULDING

apparent viscosity and the shear rate, in a range from 10 to 10* s at 170, 180 and 190 °C,

were obtained for the polymer and the composite with 1 wt.% solid loading.

The behaviour of the material is described by a modified Cross mathematical model (Equation
5.1).

T

S Equation 5.1

o
7./ 1+LZ(;./§'{%

77:

The model describes the apparent viscosity of the melt (n) as a function of the shear rate (7). It
supposes the occurrence of a threshold shear stress (z'y) and a zero viscosity (no) considered

as the viscosity during the Newtonian plateau at low shear rates. Constants m and k are

parameters related to the shift in the melt flow from Newtonian to pseudoplastic behaviour.

5.2.3.3 Activation energy

The viscosity dependence on the temperature is of great importance in injection moulding. The
material suffers an abrupt change of temperature when it is injected from the nozzle (200 °C) to
the mould (25 °C). Viscosity tends to increase as temperature decreases. Considerable

variations in viscosity could lead to defects in injected parts.

The dependence of viscosity of polymer melts on temperature can be expressed in the

Arrhenius form,

n =AexprE” # (Equation 5.2)
’ YRT )
E

| =In(4)+— Equation 5.3

n(no) n() RT (Equation 5.3)

where ny is the zero shear viscosity, R is the gas constant, A is a constant and Ea is the flow
activation energy. The activation energy results from the slope of the plot In(n) vs 1/RT, and

indicates the inversely proportional relationship of viscosity with temperature.

5.2.4 Physico-chemical characterization

5.2.4.1 Viscosity average molecular weight

The average molecular weight of virgin and injected polymer matrices was estimated by means
of viscometry. Measurements were carried out by solving the samples in chloroform at 25 °C,
using a Ubbelohde type or suspended level viscometer. The intrinsic viscosity was obtained
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according to ASTM D446 [8]. The value was used to determine the viscosity average molecular

weight with the following Mark-Houwink equations [9-11]:

PLLA  [7]=4.41x107 M ™ Equation 5.4

PLDA  [7]=221x10"* M7 Equation 5.5

5.2.4.2 Morphology

Morphology of the composites is studied by macroscopic images taken with a NIKON SMZ
1500 stereoscopic microscope. The dispersion of Mg particles in the polymer matrix is analyzed
using an optical polarising microscope (Carl Zeiss Amplival microscope). Scanning electron

microscopy (cold-FEG Hitachi S4800) was used to evaluate fracture surfaces.

5.2.4.3 ATR-FTIR

Fourier Transform Infrared Spectroscopy was applied to identify the chemical functional groups
of both polylactic acids and their changes during processing. The FTIR spectra were obtained
with a Bruker Equinox 55 spectrometer in the 4000 to 650 cm” region, using an Attenuated
Total Reflectance (ATR) modulus.

Table 5.3 FTIR spectra regions of PLA groups and bonds

Region Group or bond
3600 — 3200 cm’' -OH stretching vibration (carboxyl acids and alcohols)
3100 - 2800 cm™ Stretching vibrations of the C-H bonds of the polymeric chain
1754 cm™ Carbonyl group C=0
1460 - 1300 cm”™ Vibration of the C-C bonds of the polymeric chain
1360 cm™ Related to the CH bending (wagging)

1300 — 800 cm™  Related to C-O vibrations appear overlapped with contributions from the C-H bonds.
1182 cm™ Asymmetric stretching vibration of the C-CO-O

1087 cm™ Related to the asymmetric stretching vibration of O-C-CO

The most representative bands of polylactic acid and the region where they are found are listed
in Table 4.1. The study has been focused on the evolution of selected IR bands (carbonyl and
esters groups) related to some representative groups (CH bending) to monitor the changes that

the polymer underwent during processing.
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5.2.4.4 Thermal behaviour

The crystallinity degree of the materials and its melting and crystallization behaviour were
characterized by means of differential scanning calorimetry on a TA Q100 DSC under nitrogen
atmosphere, using 7+0.5 mg of each sample. The experimental design was based on a first
heating (F10) from 25 °C to 220 °C, followed by a cooling to 25 °C and a second heating to 220
°C (CR10F10). All the steps were carried out at 10 °C/min.

The crystalline fraction was calculated by measuring the enthalpy of melting AH,, and cold
crystallization AH.. from the heating curves using Equation 5.3, where AHY is the enthalpy of
100% crystalline PLLA (93.1 J/g) [3].

_(AH, -AH,)

IN?G Equation 5.6

fe

5.2.4.5 X-Ray Diffraction

X-ray diffraction was used to probe the crystal structure of specimens. Samples were analyzed
using a wide angle X-ray diffraction, WAXD, apparatus (Bruker D8 Advanced Diffractometer
provided with a PSD Vantec detector) by using CuK, radiation. The spectra was recorded in an
angular range of 5° < 20 < 40° at room temperature. The crystallinity degree is obtained by
subtracting the amorphous halo, by comparison to the diffraction pattern obtained from the

quenched samples.

5.2.4.6 Mechanical characterization

Mechanical characterization was performed under tensile and compression tests. For tensile
tests an Instron 5969 testing machine was used according to ASTM D638M Standard Test
Method for Tensile Properties of Plastic. For each condition, five dumbbell-shaped specimens
(gauge length: 14 mm, width and thickness: 3.2 mm) were tested at a strain rate of 10°s™" and
ambient conditions. The compressive mechanical behaviour was studied in a universal machine

EM2/100/FR-10kN Micro Tests at ambient conditions, using a strain rate of 10 ™.

Five
samples were tested for each material. From the stress-strain curves the yield strength and

Young’'s modulus were obtained.

Composite modulus values should fall within a domain defined by Reuss (series arrangement,
iso-stress criteria) and Voigt (parallel arrangement, iso-strain criteria) models [12-14]. These
models predict the composite modulus (E;) taking into account the modulus of the particulate
filler (Ef), the modulus of the polymeric matrix (Ep,), and the filler volume fraction (Vs) according

to the following Equations:
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Reuss model
Tow EfEm .
fower . Equation 5.7
Ef(l—Vf)+Eme
Voigt model
Ecupper _ Efo +Em (1_ V/) Equation 5.8

Composites Young’s modulus obtained from compressive stress-strain curves was used to
calculate the filler strengthening factor (X;) for each Mg contents according to the modified rule

of mixtures (Equation 5.9).

E =xEV,+E,(1-V)) Equation 5.9

5.3 Results and discussion

5.3.1 Rheological behaviour of polymeric matrices

The rheological behaviour of PLLA and PLDA was evaluated with the aim of understanding the
phenomena occurring in processing and determining their melt processability. Figure 5.3
presents the viscosity curves at different temperatures for PLLA and PLDA obtained with the
ARES rheometer between 0.1 and 70 Hz. It is worth to notice that PLLA exhibits a considerably
higher complex viscosity than PLDA, which is surprising given that both polymers have very
similar melt flow index. The higher complex viscosity of PLLA can be due to the stereoregularity
of the polymer chain, which is characterized by the presence of only S(-) chiral centers. This
result agrees with work of Ahmad reporting that the rheological response is very sensitive to

stereoregularity [15].

Complex viscosities n* of both polymeric matrices display first a Newton liquid behaviour
followed by a shear-thinning behaviour at high frequencies. PLLA shear thinning behaviour
appears at lower frequencies than in the case of PLDA. PLLA complex viscosity is constant with
the frequency increasing up to 3 Hz at 180 °C, and up to 20 Hz at 210 °C. In the case of PLDA
melt, complex viscosity displays a Newton liquid behaviour up to 20 Hz at 180 °C, and at the
whole frequency range studied (0.1 — 70 Hz) at 210 °C. Comparing to PLDA, PLLA shows a

stronger shear thinning tendency and it becomes stronger with decreasing temperature.

Values of E, were calculated from data of Figure 5.3 and are shown in Figure 5.4. The flow
activation energy is one of the most important parameters in polymer flow as it gives an idea on

the dependence of the polymer melt viscosity with the temperature. The flow activation energy
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of PLLA and PLDA presents similar order of magnitude and values, which indicates that both

polymers have similar flow behaviour.
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Figure 5.3 Viscosity curves of PLLA and PLDA
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Figure 5.4 Arrhenius plot showing the temperature dependence of PLLA and PLDA zero shear viscosity
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5.3.2 Injection moulding of PLLA

Injection moulding of PLLA was successfully achieved at the selected conditions. Some
complications, however, appeared during continuous processing of tensile samples. The first
five dumbbell-shaped specimens were easily injected and without defects in appearance, but at
some point the processability of the material was reduced, injected specimens started to

change their colour and incomplete filled parts were injected (Figure 5.5).

The changes in colour and processability could be due to the degradation of the material. First
samples are not degraded, but as the time passes, and PLLA that remain in the barrel starts to
degrade, degradation products are mixed with new material, then the specimen colour starts
changing and the processability of the material becomes compromised. To verify that changes
in colour and processability are caused by thermal degradation, FTIR-ATR spectrums of each
sample were acquired (Figure 5.6) and the changes on the relative contributions of ester and

carbonyl groups were studied (Figure 5.7).

Figure 5.5 Changes in appearance of PLLA injection moulded specimens during continuous processing.
(PLLA_1: Specimen without defects, PLLA_2: Specimen started to change in colour, PLLA_3: Incomplete

specimen)

ATR-FTIR spectra show significant changes within the area corresponded to OH characteristic
band at wavenumbers larger than 3000 cm’” (Figure 5.6 a). The OH band is absent in PLLA
pellet and PLLA_1 and _2 spectrums, but it is evident in PLLA_3. This suggests that the
concentration of —OH chain ends is higher in PLLA_3 specimen. ATR-FTIR spectra of PLLA_3
from 1650 cm™ to 800 cm™ also show remarkable changes in the intensity peaks of ester
linkages at 1182 cm’”’ (C-C0O-0) and 1081 cm’”’ (O-C-CO) (Figure 5.6 c). The evolution of the
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relative contribution of carbonyl and ester peak as a function of change of colour and defects
appearance is shown in Figure 5.7. The absorbance of the —CH bending at 1360 cm™ was

chosen as a reference given its invariance with PLLA degradation [16].
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Figure 5.6 ATR — FTIR spectra of PLLA specimens processed by injection moulding. (PLLA_1: Specimen

without defects, PLLA_2: Specimen started to change in colour, PLLA_3: Incomplete specimen)
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Carbonyl (C=0), carbon-carbonyl-oxygen (C-CO-O) and oxygen-carbon-carbonyl (O-C-CO)

relative absorbance decrease with progressing colour changes and increasing defects
appearance. The decrement of the relative contribution of ester and carbonyl demonstrates that
thermal degradation is occurring during injection moulding of PLLA and it induces the
shortening of polylactide molecule either by random main-chain scission or hydrolysis

mechanisms [7, 17-19].
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Figure 5.7 Relative absorbance of carbonyl and ester groups related to CH bending for injected PLLA as a
function of changes in colour and defects appearance. (PLLA_1: Specimen without defects, PLLA_2:

Specimen started to change in colour, PLLA_3: Incomplete specimen)

The effect of injection moulding on PLLA thermal stability was assessed by comparing the
molecular weight of PLLA pellet and processed PLLA. Figure 5.8 compares the intrinsic
viscosity of PLLA in pellet form to that obtained for injection moulded PLLA. Black squares
correspond to the reduced viscosity or Huggins (n.q vs ¢) plot and red circles correspond to the
inherent viscosity or Kraemer (ninn vs c) plot. The lines are the linear extrapolations of Huggins
and Kraemer plots to find the inherent viscosity in the intercept, black lines are for PLLA pellet

and red lines are for injection moulded PLLA.

The molecular weight of the pellet and injected PLLA_1 were estimated by the Mark-Houwink
equation for PLLA using the values obtained from Figure 5.8 for intrinsic viscosity (Table 5.4).
Injection moulding of PLLA causes a reduction of almost 20% in the viscosity average molecular
weight as shown in Table 5.4. PLLA underwent thermo-mechanical degradation during the

injection process, and this leads to the shortening of its molecular weight. The high sensitivity of
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PLLA to thermal degradation during injection moulding impeded the fabrication of Polymer/Mg

composites using this matrix.
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Figure 5.8 Huggins-Kraemer plot to determine the intrinsic viscosity of PLLA pellet and PLLA_1 injected

specimens (PLLA_1: Injected specimen without defects)

Table 5.4 Viscosity average molecular weight of PLLA pellet and PLLA_1

PLLA pellet M, PLLA_1 M, Reduction M,

95 kDa 74 kDa 22 %

5.3.3 Injection moulding of PLDA/Mg

5.3.3.1. Capillary rheology of PLDA and PLDA/Mg melts

Capillary rheology allows to study the flow behaviour of PLDA and PLDA1Mg measuring the
apparent viscosity of the melts at different shear rates and temperatures (Figure 5.9). The
behaviour of the material is described by a modified Cross mathematical model (Equation 5.1).
The fitting curves are shown in Figure 5.9 as dashed lines and the resulting modified Cross

model parameters are shown in Table 5.5.
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Figure 5.9 PLDA and PLDA1Mg shear viscosity dependence on shear rate at 170, 180 and 190 °C. (Open
symbols: experimental data, Dashed lines: Modified Cross model fitting to rheological data)

Viscosity dependence of PLDA and PLDA1Mg on shear rate presents a shear thinning
behaviour, where viscosity decreases with increasing shear rate. Values of m parameter close
to 1 corroborate also the pseudoplastic behaviour (Table 5.5). Three regions are clearly
differentiated in each curve. The first one, at low shear rates, corresponds to a pseudoplastic
behaviour, and the apparent viscosity decreases abruptly with increasing shear rate. This
behaviour is more noticeable as temperature increases and is more evident for PLDA1Mg

(Figure 5.9 b). The marked decrement of viscosity at lower shear rates implies that a minimum

shear stress has to be overcome for the melt to start to flow. The threshold shear stress (ry) is

higher for PLDA1Mg than for PLDA (Table 5.5). The second region, at medium shear rates,
corresponds to a Newtonian plateau, where viscosity is less affected by the increasing shear
rate. This intermediate shear rate range is extended with increasing temperature and is shorter
for PLDA1Mg than for PLDA. The third region, at higher shear rates, corresponds to a shear-
thinning behaviour. In this stage the behaviour of the composite (PLDA1Mg) resembles the

behaviour of the polymer without reinforcement (PLDA).
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Table 5.5 Parameters of modified Cross model for PLDA and PLDA1Mg obtained from fitting the
experimental rheological data

Material Temperature (°C) 7, (Pa) no (Pa*s) m k
170 1196 917 0.81 3.75x10°
PLDA 180 698 345 1.03 1.18 x 10
190 1470 133 1.01 0.44 x 10°
170 1581 700 0.9 2.33x 107
PLDA1Mg 180 2668 131 1.27 0.33x10°
190 1250 43 0.89 0.20 x 107
240
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Figure 5.10 PLDA and PLDA1Mg flow activation energy as a function of shear rate

The apparent flow activation energy (E.) as a function of shear rate (Figure 5.10) was calculated

by the Arrhenius temperature dependence of PLDA and PLDA1Mg apparent viscosity as

explained in section 5.2.3.3. The flow activation energy gives an idea of the effect of

temperature on flow behaviour during processing. From the analysis of this figure it follows that

E, of PLDA1Mg melt is higher than PLDA melt, indicating that the rheology of composite is more

affected by temperature than that of the polymer. PLDA1Mg shows maximum E, (225 kJ/mol) at

50 s™'. PLDA shows maximum flow activation energy (140 kd/mol) at 20 s”. The increment of

the E, of PLDA1Mg with respect to PLDA is represented in terms of percentage in Figure 5.11.
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As shear rate increases, the percentage of the flow activation energy increment of PLDA1Mg

comparing to PLDA increases as well. It is worth to notice that a reinforcement of only 1% of Mg

in PLDA can induce an increment on the flow activation energy of the polymer melt as high as
115% at 10%s™.
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Figure 5.11 Percentage of activation flow energy increment of PLDA1Mg in respect to PLDA

5.3.3.2. Physico-chemical characterization of injected specimens

Macrographs of injected PLDAXMg tensile tests samples are shown in Figure 5.12 and the
distribution of Mg particles within the PLDA matrix is pictured in Figure 5.13. It is observed that
Mg particles are homogeneously distributed within the polymeric matrix. This implies that the
polymer/Mg dried mixture and its further homogenization during injection moulding plasticizing

phase is enough to obtain composites with a well distribution of Mg particles.

During processing the molecular structure of the polymeric matrix can change due to the
thermo-mechanical degradation inherent to the process, and/or by the addition of Mg particles
as explained in Chapter 4 section 4.3.5. Changes of the PLDA chemical structure based on the

relative contribution of carbonyl, ester and —OH groups were assessed by ATR-FTIR (Figure
5.14).
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PLDA PLDAO2Mg PLDAO5Mg PLDA1Mg

Figure 5.12 Macrographs of injected PLDAXMg dumbbell-shape specimens with X=0, 0.2, 0.5 and 1 wt.%
Mg

Figure 5.13 Distribution of Mg particles incorporated in a PLDA matrix observed by a polarized light
microscope. Injected PLDAXMg specimens with 0, 0.2, 0.5 and 1 wt.% Mg contents. (Scale bar 200 um)
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Figure 5.14 ATR - FTIR spectra of injected PLDAXMg specimens with 0, 0.2, 0.5 and 1 wt.% of Mg

content

Given that Mg particles could induce the cyclation of the polymer chains, an increase on the
relative contribution of the ester and carbonyl groups is expected in the case of thermal
degradation occurrence. However, ATR-FTIR spectra of PLDAXMg specimens (Figure 5.14) do
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not show remarkable changes of the absorbance intensity of C=0 (1754 cm'1), C-CO-O (1182
cm'1) and O-C-CO (1801 cm'1) peaks. The —OH characteristic band (> 3000 cm'1) is absent for
all the spectra.

The relative contribution of carbonyl and ester groups is referred to —CH bending at 1360 cm”
and depicted as a function of Mg content in Figure 5.15. Given that no relevant changes or
tendencies were evidenced in the evolution of these ratios vs the Mg content, it can be deduced
that PLDA did not undergo thermal degradation during processing and the effect of Mg particles

in the cyclation of the polymer is negligible.
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Figure 5.15 Relative contributions of carbonyl and ester groups as a function of Mg content in
PLDAXMg composites

Molecular weight estimation using intrinsic viscosity measurements (Figure 5.16) confirms that
the effect of processing on the thermal degradation of PLDA is very low. Injection moulding of
PLDA causes a reduction of only 8% in the viscosity average molecular weight of the polymer
(Table 5.6).
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Figure 5.16 Huggins-Kraemer plot to determine the intrinsic viscosity of PLDA and injected PLDA_IM

Table 5.6 Viscosity average molecular weight of PLDA pellet and PLDA_IM

PLDA pellet M, PLDA IM M, Reduction M,

103 kDa 94 kDa 8 %

The crystallinity degree of injected specimens was assessed by means of DSC and X-Ray. The
first heating (F10) scan (Figure 5.17 F10) and the WAXD patterns of composites (Figure 5.18)
are characteristic of materials with a very low crystallinity degree. Thermal properties listed in
Table 5.7, indicate that injection moulding produces samples with a crystalline fraction close to
0.1.

DSC analysis shows that T4 does not change with Mg content, except for PLDA reinforced with
1 wt.% of Mg where Ty is shifted to lower temperatures. The cold crystallization temperatures
are moved to lower temperatures with increasing Mg content (F10 and CR10F10). This implies
that Mg accelerates cold crystallization of PLDA. The change of T, to higher temperatures in
the PLDA1Mg material is related to the formation of percolates in the composite. Therefore, it
seems that Mg plays two roles in the polymer matrix: the first one, acting as a nucleating agent
to enhance crystallization below the percolation concentration, and the other acting as a barrier
to retard crystallization above the percolation concentration. It is seen that the shape and the

number of melting peaks depend on the concentration of Mg. PLDA sample evidences a peak
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with a small shoulder on the left, and the composites exhibit two melting peaks whose height
and distance between them increases with the concentration of Mg. Multiple melting behaviour
can be related to the presence of crystals with different crystal forms or different degree of

perfection and homogeneity.

During the cooling scan at dynamic conditions (CR10) it is evidenced that PLDA is not able to
crystallize at 10 °C/min, and Mg particles do not seem to have any effect on PLDA cooling
behaviour. However, during the second heating (CR10F10) T, appears at lower temperatures
for composites than for PLDA. This indicates that Mg induces the formation of nuclei, either
during cooling from the melt or during heating from the glassy state, which favours

crystallization and lowers T..

The WAXD patterns of PLDAXMg samples fabricated by injection moulding are shown in Figure
5.18. Diffractograms show that injected materials are amorphous. Mg content was estimated
from WAXD patterns of injected PLDAXMg specimens. The area under the peak at 36.6°
corresponding to (101) reflection gives approximate correlations to the nominal values of Mg
content (Figure 5.19). Small divergences between calculated and nominal values were found at
0.2 and 0.5 wt.% Mg contents.

Table 5.7 Thermal properties of PLDAXMg composites reinforced with 0.2, 0.5 and 1 wt.% of Mg particles

F10
MATERIAL Tmi1 (°C) Tm2 (°C) Tq(°C) Tec (°C) AH (J/g) fe
PLDA 154.7 160.3 60 115.2 13.2 0.14
PLDA02Mg 154.3 162.5 60 111.9 6.0 0.06
PLDAO5Mg 151.2 161.4 60 107.8 11.8 0.13
PLDA1Mg 150.9 159.6 58 111.1 10.7 0.12
CR10F10
MATERIAL Tm1 (°C) Tm2 (°C) T4(°C) Tec (°C) AH (J/g) fe
PLDA 156.5 - 60 130.8 5.8 0.06
PLDA02Mg 154.5 160.7 61 123.9 5.0 0.05
PLDAO5Mg 154.2 161.1 60 123.0 48 0.05
PLDA1Mg 150.1 157.6 57 123.1 4.8 0.05

Experimental errors: Tm and Tec + 0.5° C, Tg+ 2° C and fc + 0.04
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Figure 5.17 DSC of injected PLDAXMg specimens reinforced with 0.2, 0.5 and 1 wt.% of Mg particles
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Figure 5.18 WAXD patterns of injected PLDAXMg specimens reinforced with 0.2, 0.5 and 1 wt.% of Mg

particles
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Figure 5.19 Mg content measured by XRD compared to nominal values

5.3.3.3. Mechanical properties

Figure 5.20 shows the stress vs strain curves of the uniaxial tensile tests performed to the
injected samples. Results of Young’s modulus and tensile strength at yield as a function of Mg
content are summarized in Figure 5.21. Reinforcement of PLDA with Mg actually leads to a
decrease in Yield strength. The material experiences a change in his tensile behaviour when
adding a higher amount of Mg particles. PLDA exhibits a representative curve for ductile
materials, whereas PLDA1Mg shows a curve related to brittle materials. Three intrinsic
deformation stages can be detected. In the first instance the polymer shows a reversible (visco)-
elastic deformation, then, the deformation becomes irreversible and a yield point appears. After
the yield point, the stress decrease, being this behaviour referred to as a strain softening. The
amount of strain softening decreases with the increment of Mg content. The material becomes
more brittle with higher amount of Mg and less tough, as the total area under the curve of the
composites is smaller than the area of neat PLDA. With regards to the Young’s modulus, it can
be seen that although it is lower than that of PLDA, it slightly increases with increasing the
amount of Mg (Figure 5.21).
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Figure 5.20 Tensile stress vs strain curves for PLDA and PLDAXMg composites (curves are shifted for

visual clarity)
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Figure 5.21 Tensile strength and Young’'s modulus of PLDAXMg composites as a function of Mg content
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Fracture analysis of broken samples at different magnifications (Figure 5.22) clearly shows that
PLDA and PLDAXMg composites exhibit a brittle behaviour characterized by the absence of
necking, as little or no plastic deformation was involved. Plastic deformation is only evidenced at
the fracture surfaces by whitish areas that emerge during tensile deformation over the yield
point due to the alignment of the polymer chains. During tensile test, fibrils stretch and cause
the alignment of chains; voids are forced to coalesce perpendicular to the applied stress and
eventually cause a macroscopic crack that collapses further. The plastically deformed white
zone is evident in PLDA but diminishes as the Mg content increases. Imperfections such as
pores or microcracks are more common in reinforced materials with 1 wt.% of Mg and their
presence induces the decrement of the tensile strength and the increment of the standard

deviation of the results.

The compressive mechanical behaviour of PLDAXMg composites is shown in Figure 5.23 and
results of yield strength and modulus are summarized in Figure 5.24. Usually, under
compression tests higher values of yield strength are obtained when comparing with tensile

strength at yield, but the elastic modulus is normally of the same order of magnitude.

PLDAO2Mg FLDA

PLDAOSMg

PLDA1Mg

Figure 5.22 PLDAXMg composites fracture (a) and fracture surface by stereoscopic microscope (b) and
SEM (scale bar: 1 mm (a,b) and 100 ym (c))
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Figure 5.23 Compressive stress vs strain curves for PLDAXMg composites with X= 0, 0.2, 0.5 and 1 wt.%

of Mg (curves are shifted for visual clarity)
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Figure 5.24 Compressive stress at yield and Young’s modulus of PLDAXMg composites as a function of

Mg content

Under compression, mechanical properties of composites are better than that of neat PLDA.

The best behaviour is detected when the content of Mg is 0.2 wt.%. At higher contents (0.5 and
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1 wt.%) composites properties decrease in comparison to PLDA02Mg but still are better than
those for neat PLDA. All materials exhibit the following deformation stages: reversible (visco)-
elastic deformation, yield stress, strain softening, and constant stress. Curves are

representative of ductile materials.

5.3.3.4. Thermal treatment

According to results obtained in Chapter 3, under isothermal crystallization from the glassy
state, PLDA IM achieves the highest enthalpy of melting, which is related to the highest
crystalline degree, at 125 °C (Chapter 3 Figure 3.16b). With the aim of studying the effect of
crystalline degree on the mechanical performance of PLDA/Mg composites, two opposite
conditions were compared, amorphous or as-injected materials (hereafter named as Q
samples) and thermally treated materials at 125 °C + 1 °C during one hour (hereafter named as

TT samples).

The crystallinity degree that resulted from the thermal treatment was assessed by means of
DSC and X-Ray. The first heating scan (Figure 5.25) shows the characteristic thermal behaviour
of high crystalline materials, described by the absence of the cold crystallization peak. Thermal
properties listed in Table 5.8, indicate that thermal treatment produces samples with a

crystalline fraction of around 0.45.
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Figure 5.25 DSC of thermal treated PLDAXMg specimens reinforced with X = 0, 0.2, 0.5 and 1 wt.% of Mg

particles
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Table 5.8 Thermal properties of thermal treated PLDAXMg composites reinforced with 0.2, 0.5 and 1wt.%

of Mg particles

F10
MATERIAL Tm (°C) Tq (°C) Tec (°C) AH (J/g) fe
PLDA 156.8 59 - 39.51 0.42
PLDA02Mg 160.1 60 - 38.1 0.41
PLDAO5Mg 157.9 60 - 42.8 0.46
PLDA1Mg 162.0 62 - 421 0.45

Experimental errors: Tm and T¢c £ 0.5° C, Tg+ 2° C and f. + 0.04

WAXD patterns of PLDAXMg composites show diffractograms of high crystalline materials.
Crystalline degree obtained from X-Ray diffraction is very close to the values calculated by
means of DSC. X-Ray diffractograms of all samples indicate the presence in all materials of the

perfect a-form, characterized by the appearance of two diffractions around 24° and 25°.

404 4 (110)/(200) 1 044y %10 i
1 (203)
/(F 35— (010) - 4
= 1 J PLDA_TT ]
5 3.01 = 0.3 .
> 1 1 ! 1
E 2.5+ 1 ! -
a3 1 ' U PLDA02Mg_TT1 PLDA_TT
i 2.0 1 : O 0.2 1
4 1 4
2 45] ! | ] . PLDAO2Mg_TT
2} 'y ! [ I 1
S T 1 | ' PLDAO5Mg_TT] VA, 1 PLDAO5Mg_TT
+<= 1.0 1 ! 0.14 17 \ i
= 1 1 ! ) 1 [ 1
. 1 1 PLDA1Mg_TT
0.5 - | 1 . L M I
1 '}t ' PLDA1Mg_TT{ LU
00—+~ ol it .
5 10 15 20 25 30 35 20 25 30 35 40
20 20

Figure 5.26 WAXD patterns of thermal treated PLDAXMg reinforced with X = 0, 0.2, 0.5 and 1wt.% of
Mg particles

The compressive mechanical performance of TT specimens compared to that of quenched

specimens without thermal treatment (Q), i.e. amorphous specimens, is shown in Figure 5.27.
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Comparison of the results of Young’s modulus and compressive stress at yield as a function of

Mg content are summarized in Figure 5.29.

Figure 5.27 depicts basically the behaviour of amorphous composites -materials without thermal
treatment and with a crystalline fraction close to 0.1- and high crystalline composites -TT
specimens with a crystalline fraction close to 0.45. The stress-strain curves of TT samples differ
greatly from the amorphous ones. After the initial elastic response, the curves exhibit yielding
and strain softening stage, but TT specimens’ compressive behaviour is followed by a linear
strain hardening stage with progressing deformation. TT materials show a narrower strain
softening stage than that of amorphous materials. The amount of strain softening depends on
the thermo-mechanical history of the material. In semi-crystalline polymers strain softening can
be reduced or completely removed by a thermal or mechanical treatment [20-23]. Reduction of
strain softening can result in a uniform deformation [23] or a more ductile failure [20]. In the
case of PLDAXMg composites, the thermal treatment reduces the strain softening, induces a
strain hardening with further deformation, and improves the mechanical performance of
materials under compression. Due to the crystallization, yield stress increases as well as
Young’s modulus. During the compression tests, materials did not fracture, but they plastically

deform attaining a barrel shape (Figure 5.28).
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Figure 5.27 Compressive stress vs strain curves for PLDAXMg composites without thermal treatment (a)

and thermal treated (b) (curves are shifted for visual clarity)
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Figure 5.28 Injected PLDAXMg specimens after compression tests with (TT) and without (Q) thermal

treatment
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Figure 5.29 Compressive strength at yield and Young’s modulus of PLDAXMg composites with (TT) and

without (Q) thermal treatment as a function of Mg content

With the aim of estimating the effect of Mg particles presence on the compressive behaviour of
PLDA, classical mechanical models were used with reference to the modulus calculated from
stress-strain curves (Figure 5.30). Composite modulus values should fall within a domain
defined by Reuss (series arrangement, iso-stress criteria) and Voigt (parallel arrangement, iso-

strain criteria) models [12-14].
The particle strengthening factor was found to exhibit a maximum value at 0.2 wt.% Mg content

for Q specimens and at 0.5 wt.% Mg content for TT samples. This maximum value lies over the

maximum theoretical value predicted by Voigt model, indicating the great reinforcement
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enhancement achieved by Mg particles at low mass fractions. Particle strengthening factor at 1

wt.% Mg exhibits the same value for amorphous and thermal treated specimens.
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Figure 5.30 Composite experimental elastic modulus evolution with respect to the filler content (points)

compared to theoretical approaches (lines)

5.4 Conclusions

PLLA is more sensitive to thermal degradation than PLDA. Processing conditions to which the
materials are subjected during injection moulding induce an evident thermal degradation on

Poly-L-lactic acid, but hardly induce thermal degradation on Poly-L,D-lactic acid.

Polymer/Mg composites were successfully prepared by injection moulding using PLDA as

matrix.
Small weight fractions of Mg particles in PLDA induce important changes in the rheological

properties of the polymer. Only 1 wt.% of Mg in PLDA can cause an increment of 115% in the

flow activation energy of the polymer.
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Given the tremendous changes in polymer rheology induced by Mg particles, only Mg weight

fractions of 1% or lower were suitable to be processed by injection moulding using the BOY XS

machine.

Composites subjected to tensile tests have a fragile failure and show lower mechanical
properties than PLDA. The drop in properties may be due to the presence of pores and

microcracks that are more common in Mg-reinforced materials.

PLDAXMg composites show a good mechanical behaviour under compression. It is noted that
small additions of Mg particles increases the mechanical properties and has a great
strengthening effect. With increasing Mg content the mechanical performance remains better
than that of neat PLDA.

The thermal treatment improves the mechanical performance of materials under compression

and induces a more ductile and uniform failure.

Additional Comments

The achievements in this research project demonstrating the suitability of processing new
polymer/Mg materials by injection moulding caught the attention of the leading European
company in biodegradable materials for medical applications Corbion Purac. They have
supported our research proposal presented at the National Plan for Scientific Research entitled
“Processing and characterization of novel bioresorbable Mg-rich PLA matrix composites for

osteosynthesis”.

185



Chapter 5 SUITABILITY OF NOVEL PLA/Mg COMPOSITES FOR INJECTION MOULDING

5.5 References

[1] Oroszlany A, Kovacs JG. Gate type influence on thermal characteristics of injection molded
biodegradable interference screws for ACL reconstruction. International Communications in
Heat and Mass Transfer 2010;37:766-9.

[2] Drummer D, Cifuentes S, Rietzel D. Suitability of PLA/TCP for fused deposition modeling.
Rapid Prototyping Journal 2012;18:500-7.

[3] Lim LT, Auras R, Rubino M. Processing technologies for poly(lactic acid). Progress in
Polymer Science 2008;33:820-52.

[4] Auras R, Lim LT, Selke SEM, Tsuji H. Poly-lactic acid. Synthesis, Structures, Properties, and
Applications: John Wiley & Sons, Inc. New Jersey; 2010.

[5] Leonard S. Molding of Bioabsorbable Polymers Exposes their Sensitive Side. Medical
Product Manufacturing News (MPMN); 2012.

[6] Anderson BJ. Ph D Thesis: Rheology and microstructure of filled polymer melts: University of
lllinois at Urbana - Champaign; 2008.

[7] Fan Y, Nishida H, Shirai Y, Tokiwa Y, Endo T. Thermal degradation behaviour of poly(lactic
acid) stereocomplex. Polymer Degradation and Stability 2004;86:197-208.

[8] ASTM. D446-12 Standard Specifications and Operating Instructions for Glass Capillary
Kinematic Viscometers. West Conshohocken, PA: ASTM International; 2012.

[9] Tsuji H, Ikada Y. Blends of isotactic and atactic poly(lactide)s: 2. Molecular-weight effects of
atactic component on crystallization and morphology of equimolar blends from the melt.
Polymer 1996;37:595-602.

[10] Perego G, Cella GD, Bastioli C. Effect of molecular weight and crystallinity on poly(lactic
acid) mechanical properties. Journal of Applied Polymer Science 1996;59:37-43.

[11] Garlotta D. A Literature Review of Poly(Lactic acid). Journal of Polymers and the
Environment 2001;9:63-84.

[12] Callister JW. Materials science and engineering: an introduction. New York: Wiley; 1999.
[13] Fu S-Y, Feng X-Q, Lauke B, Mai Y-W. Effects of particle size, particle/matrix interface
adhesion and particle loading on mechanical properties of particulate—polymer composites.
Composites Part B: Engineering 2008;39:933-61.

[14] Fu S-Y, Xu G, Mai Y-W. On the elastic modulus of hybrid particle/short-fiber/polymer
composites. Composites Part B: Engineering 2002;33:291-9.

[15] Ahmad N. Ph D Thesis: Relationship between rheology and molecular structure of
innovative crytalline elastomers. Italy: University of naples; 2013.

[16] Santonja L. Ph D Thesis: Contribution to the study of thermal, biological and photo
degradation of polylactide. Valencia, Spain: Universitat Politécnica de Valéncia; 2012.

[17] Sédergard A, Nadsman JH. Stabilization of poly(l-lactide) in the melt. Polymer Degradation
and Stability 1994;46:25-30.

186



SUITABILITY OF NOVEL PLA/Mg COMPOSITES FOR INJECTION MOULDING & E o1 (=1}

[18] Witzke DR. Introduction to Properties, Engineering, and Prospects of Polylactide Polymers:

Michigan State University. Department of Chemical Engineering; 1997.

[19] de Jong SJ, Arias ER, Rijkers DTS, van Nostrum CF, Kettenes-van den Bosch JJ, Hennink
WE. New insights into the hydrolytic degradation of poly(lactic acid): participation of the alcohol
terminus. Polymer 2001;42:2795-802.

[20] Arruda EM, Boyce MC. A three-dimensional constitutive model for the large stretch
behavior of rubber elastic materials. Journal of the Mechanics and Physics of Solids
1993;41:389-412.

[21] Boyce MC, Arruda EM. An experimental and anaiytical investigation of the large strain
compressive and tensile response of glassy polymers. Polymer Engineering & Science
1990;30:1288-98.

[22] Boyce MC, Parks DM, Argon AS. Large inelastic deformation of glassy polymers. part I:
rate dependent constitutive model. Mechanics of Materials 1988;7:15-33.

[23] James HM, Guth E. Theory of the Elastic Properties of Rubber. The Journal of Chemical
Physics 1943;11:455-81.

187






SCALING UP: ACHIEVING A BREAKTHROUGH
WITH PROCESSING

CHAPTER

“Tell me and | forget. Teach me and | remember. Involve me and | learn”

Benjamin Franklin






SCALING UP: ACHIEVING A BREAKTHROUGH WITH PROCESSING [ ET] T

Table of contents

6. Scaling up: Achieving a breakthrough with processing...........cccccoeiciiiiiiiiiiii e 193
6.1, INrOAUCTION ... e e 193
6.2. Materials and MethOds .........oouiiiiiii i 194

6.2.1.  MaALEIIAIS ... e e 194
LI e (o ToT =YX o o PP UPRTPN 194
6.2.3. Physico-chemical characterization..............ccciiiiiiiii e 195
6.2.3.1. Viscosity average molecular weight.............cccoiiiiiiiiii e 195
6.2.3.2.  Thermal stability........ccccuiiiiiiiii 195
6.2.3.3.  Thermal BENAVIOUS ........cooi it 196
6.2.4. Mechanical characterization..............ccccciiiiiiiiiee e 196
6.2.4.1.  COMPIreSSION tESS ...oiiiiiiiiiiiiie i 196
6.2.4.2. Instrumented indentation tests............coeeiiiiiiiii . 196

6.3. ReSUItS @Nd AiSCUSSION .......coeiiiiiiiiicee e e e e e e e e e e e 200
6.3.1. Effect of processing on viscosity average molecular weight..............cccccceeeenn. 200
6.3.2.  Thermal stability ...........oooiiiiiii e 201
6.3.3.  Thermal DENAVIOUN .......ccoiiiiiee e 205
6.3.4. Mechanical Properties .......cocoiiiiiie e e e e e e e e e 207
6.3.4.1. Compression eSS ..ooviiiiiii i 207
6.3.4.2.  INdentation TeStS ........eiiiiiiiii s 214

L 07 o] o T 11 (o] o IS SRR 220

191






SCALING UP: ACHIEVING A BREAKTHROUGH WITH PROCESSING [ ET] T

6. SCALE UP

6.1. Introduction

Previous chapters (Chapter 4 and 5) have studied the processability of novel PLA/Mg
composites by extrusion or injection moulding. While the physico-chemical characterization and
the evaluation of mechanical properties led to demonstrate the feasibility of processing these
composites at a lab scale, some technical improvements are necessary to bring the production
of these novel materials to an industrial scale. In this sense, the main problems encountered

during processing at a lab scale must be addressed.

The major drawback when processing composite materials based on biodegradable polymers
reinforced with Mg is, undoubtedly, the thermal degradation. Mg particles reduce the thermal
stability of the polymeric matrix [1] which could lead to changes in the rheological behaviour and

also could impair the final mechanical properties of the composites.

Thermal degradation is primarily responsible for two effects: the deterioration of composites’
compression mechanical behaviour with the increasing Mg content in the matrix (Chapter 4) and
the drastic changes in the rheology of the material induced by small fractions of Mg (Chapter 5).
The consequence of the latter is that only composites with low Mg content (< 1 wt.%) could be
manufactured by injection moulding. Therefore, it is evidenced the need to reduce thermal
degradation during processing in order to obtain composites with higher Mg content without

impairing the mechanical behaviour of the material.

This chapter addresses the scaling up of the manufacturing process of PLA/Mg composites by
extrusion and compression moulding. The new process reduces the thermal degradation, allows
the incorporation of higher Mg content within the polymeric matrix and increases the production
efficiency. Materials were manufactured in a mid-size extruder that has similar design attributes

to larger extruders used for process development to a pilot-size or small commercial size.

The characterization of PLA/Mg composites was carried out with special emphasis on the study
of their mechanical performance at different strain rates. It is essential to study the intrinsic time-
dependent performance of materials designed for biodegradable implants in order to predict
their behaviour in load bearing situations The principal drawback of polymeric implants in
comparison with metallic ones is that, while metals can endure any static load below the yield
strength up to relative high temperatures (half the melting temperature), polymers are prone to
creep under relative low stresses at ambient temperature. Loosening and failure of an implant is

attributed to the molecular mobility that leads to plastic flow due to an external stress [2].

In this chapter, the complex time-dependent behaviour of manufactured composites is analysed

thoroughly by means of compression and instrumented indentation tests. The sensitivity of
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mechanical properties to strain rate together with the influence of Mg content on the material
response have been investigated. Important information regarding the visco-elastic behaviour of
PLA/Mg composites is given.

6.2. Materials and methods
6.2.1. Materials

The polylactic acids studied in previous chapters (Chapter 4 and 5) were also used in this one.
The poly-L-lactic acid (PLLA) provided by Goodfellow (MFI (210 °C/2.16 kg) : 35.8 g/ 10 min)
and the poly-L,D-lactic acid (PLDA) from Natureworks with a D- isomer content of 4.25% (MFI
(210 °C/2.16 kg) : 35.4 g/ 10 min) were reinforced with irregular shaped Mg particles of 50 pm.

6.2.2. Processing

With the aim of increasing Mg content in the polymeric matrices a new process was designed.
The process responds to the need of manufacturing PLLA/Mg and PLDA/Mg composites with
higher Mg content continuously and with reproducible results. The processing steps are shown

in Figure 6.1 and explained further.

Vacuum, ‘ 180 °C / 180 °C / 160°C / 118°C

T room 190 °C, 130 bar

50°C,8h 40 rpm

Figure 6.1 Process for manufacturing PLLAXMg and PLDAXMg composites

Polymer pellets are dried under vacuum conditions at 50 °C during 8 hours to prevent
degradation by hydrolysis during extrusion [3]. Pellets are then dry mixed with Mg particles in a
beaker. The mixture is carefully fed into a Rondol co-rotating twin-screw continuous extruder
(screw diameter 10 mm, L/D ratio 20) where materials are compounded. The cylindrical shape
of the screws promotes homogeneous mixing. Extrusion parameters were optimized to prevent

thermal degradation and to obtain an adequate viscosity that enabled to roll the material into
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filaments, an easy handling and the elimination of defects as sharkskin. Temperatures of the
barrel from the nozzle to the feed zone were: 180 °C / 180 °C / 160 °C / 118 °C. Screw speed
was set at 40 rpm. The estimated residence time was 3 minutes. The extruder carefully controls

the temperature in each barrel zone. Extruded filaments are then grinded into small pellets in a
grinder machine at room temperature. Grinded pellets are moulded into cylinders of 6 mm
diameter and 9 mm height using an OPAL 460 automatic hot mounting press. The mould is
placed into the press, filled with the pellets, and then the material is heated at 190 °C during 20
minutes to ensure temperature homogenization. The material is pressed at 130 bars and fast
cooled afterwards (quenching treatment Q). Cylinders are taken out from the mould using a

special tool designed specifically for that task.

PLLAXMg and PLDAXMg composites with Mg contents of 1, 5, 10 and 15% were
manufactured. If higher filler contents are incorporated into the polymers, the torque of the

extruder increases substantially and compromises the continuity of the process.
6.2.3. Physico-chemical characterization

6.2.3.1. Viscosity average molecular weight

The effect of processing on the reduction of the molecular weight of both polymers was
determined by comparing the average molecular weight of virgin and extruded polymer matrices
estimated by means of viscometry. Measurements were carried out by solving the samples in
chloroform at 25 °C, using a Ubbelohde type or suspended level viscometer. The intrinsic
viscosity was obtained according to ASTM D446 [4]. The value was used to determine the

viscosity average molecular weight with the following Mark-Houwink equations [5] [6]

PLLA [77] =4.41x107" M7 Equation 6.1

PLDA  [p]=2.21x10"* M7 Equation 6.2

6.2.3.2. Thermal stability

Composites thermal stability and their Mg content were assessed by thermogravimetric
measurements using a thermogravimetric analyser (TGA), model TA Q500. Dynamic
experiments at 10 °C/min were carried out under nitrogen atmosphere from 30 °C to 650 °C.
Three independent experiments were performed for each material using 10 + 0.5 mg for each
sample. The onset temperature (T,), the temperature of greatest rate of change on the weight
loss curve (T,), the temperature of 50% weight loss (Tsp) and the final temperature (T¢) were
determined. T, and T, were calculated by finding the intersection of the baseline and the

extrapolated tangent at the inflection point of the weight loss curve. T,, also known as the
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inflection point, was calculated from the first derivative of the weight loss curve. Mg content was

determined as the remnant once the experiment has ended, i.e. at 650 °C.

6.2.3.3. Thermal behaviour

Differential scanning calorimetry was used to determine the crystallinity degree of the materials
and their melting behaviour. Experiments were performed in a TA Q100 DSC under nitrogen
atmosphere, using 10 + 0.5 mg of each sample. The experimental design was based on a
single heating (F10) from 25 °C to 220 °C at 10 °C /min.

The crystalline fraction was calculated by measuring the enthalpy of melting AH,, and cold
crystallization AH.. from the heating curves using Equation 6.3, where AHY is the enthalpy of
100% crystalline PLLA (93.1 J/g) [3].

_(AH, - AH,,)

IN?G Equation 6.3

/.

6.2.4. Mechanical characterization

Composites mechanical behaviour was studied by means of compression and instrumented
micro-indentation tests. The dependence of mechanical properties on Mg content and strain

rate was thoroughly investigated.

6.2.4.1. Compression tests

Uniaxial compression tests were performed in a universal machine EM2/100/FR-10kN Micro
Tests at ambient conditions, using three different strain rates: 0.5x10 s'1, 5x10° s and 50x107
s Five cylinders of 6 £ 0.05 mm of diameter and 9 + 0.05 mm height were tested for each
material and strain rate. From the stress-strain curves the Young’'s modulus, the yield strength

and the strength at the strain-softening plateau were obtained.

6.2.4.2. Instrumented indentation tests

The influence of the strain rate in the hardness and elastic modulus values of PLLA and PLDA
samples with different Mg contents, were determined by micro-indentation measurements,
using a NanoTest Advantage from Micromaterials at Southampton University in the National
Centre for Advanced Tribology (nCATS). Micro-indentations were performed with a Berkovich
(three-sided pyramidal) diamond indenter, using a load of 2000 mN for three different loading-
unloading rates (25, 50, 200, 400 and 800 mN/s). A maximum hold time of 15 s was applied. In
all cases at least 12 indentations have been performed on different regions of the polymer

surface.
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Hardness, H, and reduced elastic modulus, E,, have initially been evaluated from the load and

depth indentation curves by using the Oliver and Pharr method [7]. Where, H is defined as the
mean contact pressure and it is calculated dividing the indenter load, P, by the projected contact

area A:

~v

=_, Equation 6.4
A

Contact area is obtained from contact depth, h., calculated from the total penetration
depth, h:

, Equation 6.5

h =h-—¢

c

where ¢ is a constant (¢ ~ 0.75). The stiffness S, defined as dP/dh, is determined from the
unloading curve fitted by a regression function. Known the stiffness and contact area it is
possible to determine the reduced modulus E;:
E = ﬁi Equation 6.6
To2p A4

where f is the correction factor for the indenter shape. For a Berkovich indenter, = 1.05 and A

~ 24.5th7 (The value 24.5 is accurate for a perfect tip; otherwise a calibration function must be

used). The reduced modulus, E,, is related to the elastic modulus, E, and Poisson’s ratio, v, of

the specimen and the diamond indenter, E; and v, as:

1 (1—V2)+ (1—V;2) Equation 6.7

The strain rate, ¢ , is denoted as the imposed rate of deformation during indentation. It is
correlated with the displacement rate or the loading rate during indentation body. The strain rate
occurs in a direction perpendicular to the surface and may be defined as:

; =k [&h# Equation 6.8

il
% )

where h is the displacement, , is the nominal displacement rate and k; is a material constant,

usually equal to 1 [8, 9]. Therefore, it may be described as the inverse of the time required for

the indenter to traverse a contact displacement unit. If the loading rate, P, is the experimental

parameter controlled during the indentation, the strain rate may be expressed as:
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_Eh Equation 6.9
H

where P is the imposed load, H is the hardness of the material at a generic depth, fl, is the
variation of the hardness with the penetration depth. This equation show that the strain rate
varies continuously during the indentation test and decreases from a theoretically infinite value

at the first contact to discrete final values which depend on the imposed conditions of maximum

¢ H=0H/oh=0

load or penetration depth. | , i.e. the hardness of the material, H, does not vary

with the penetration depth, it follows that:

pi
Pl
. Equation 6.10

=k,

where k; is equal to 0.5. [8, 9]. According to this the strain rates of the experiments are 6.25x10
*s™7,12.5x10° s, 50x10° s, 100x10° s and 200x10° s™".

Viscoelastic correction

The Oliver and Pharr method is based on the assumption that the contact between the tip and
the surface is purely elastic. The elastic modulus of the sample is therefore estimated from the
unloading segment of the load-depth curve assuming that the material undergoes purely elastic
recovery. However, polymers are viscoelastic solids, and their mechanical characterization

using depth-sensing indentation is strongly influenced by viscoelasticity.

A viscoelastic and viscoplastic response is commonly observed in the load-depth curves as an
increase in depth during a hold period at maximum load, which is usually termed “creep”. Creep
effects during unloading cause the contact stiffness overestimation [10]. In order to avoid this
problem, some authors have found that a “hold at peak load” period between loading and
unloading in load controlled instrumented indentation measurements facilitates the
determination of the instantaneous modulus from the unloading slope [9, 11-13]. Viscosity
becomes the dominant factor during unloading either when the hold period before unloading is

too short or the unloading rate is too low [10, 14].

Feng and Ngan [14] have presented a scheme by which the creep effects during modulus
measurement can be corrected. An accurate estimate for E, depends on the accurate
determination of the elastic contact stiffness S. When creep occurs alongside elastic

deformation, this contact stiffness is not the same and must be corrected by the expression
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Equation 6.11

where S. is the corrected contact stiffness, S is the stiffness calculated from the unloading curve

hy

by the Oliver and Pharr method, ™ is the indenter displacement rate recorded at the end of the

load hold, and P the unload rate at the onset of unload. Once the contact stiffness has been
corrected, the contact depth can be corrected in order to remove the creep effects in contact-
area measurement as well, as suggested by Tang and Ngan [10] .

Creep

Indentation tests offer the possibility to study the dependence of the response of the polymeric
material on the load and loading rate. Deformations continue under load, and the indenter
continues penetrating the specimen even under constant load. Such viscoelastic or viscoelastic-
plastic properties are conventionally analysed as a function of the strain rate applied and in
terms of mechanical models which are constructed from a spring and dashpot either in series as
Maxwell model, which modelled the steady creep behaviour, or parallel as Kelvin-Voigt model,
which modelled the delayed elasticity behaviour, both in a viscoelastic material. The
measurement of depth as a function of time (relaxation) during the “hold at peak load” allows
the measurement of creep response in visco-elastic materials. Fischer-Cripps [15] work shows
how linear spring and dashpot elements can be used to model the viscoelastic response under
maximum load of a wide range of materials using the hold period load-displacement data
obtained from indentation tests using either spherical or sharp indenters. In the present work,
the creep response of PLLA and PLDA with different Mg contents performed with a Berkovich

indenter was described by a four-element Maxwell-Voigt model:

12 .
h? = ”2 ”?/B)le*-yl*(l—expf‘tfu it? Equation 6.12
(2tan” 0) 0/5\@} v E, %F2) )

where h is the depth, P, the maximum load and 6 is equal to 65.27 °. The symbol E is the

elastic modulus at plane strain conditions and is defined by Equation 6.13.

E" = Equation 6.13

Where E is the elastic modulus and v is the Poisson’s ratio. The elastic mechanical properties
of the material are given in terms of El* and E; Parameters n; and 1, are the viscosity and

retardation time and quantify the time dependent properties. The Levenberg-Marquardt method
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for non-linear least squares curve fitting was used to fit the creep data to Equation 6.12 and find

the values for the four unknown parameters. These values were used to estimate h, .

6.3. Results and discussion

6.3.1. Effect of processing on viscosity average molecular weight

The comparison of the intrinsic viscosity of PLLA and PLDA pellets to that obtained for
processed materials is shown in Figure 6.2. Black squares correspond to the reduced viscosity
or Huggins (nrq vs c) plot and red circles correspond to the inherent viscosity or Kraemer (Ninn
vs c) plot. The lines are the linear extrapolations of Huggins and Kraemer plots to find the
inherent viscosity in the intercept, black lines are for virgin materials in their pellet form and red

lines are for processed materials.

The viscosity average molecular weight was estimated by the Mark-Houwink equation using the
values from Figure 6.2. Results are summarized in Table 6.1. The new extrusion process
causes a reduction of M, of only 6% in PLLA and 8% in PLDA. If the results obtained with this
new process are analysed with respect to that obtained with the processes of previous chapters
( chapter 4: extrusion at lab scale 7 cc, chapter 5: Injection moulding), it is easily no notice that
significant changes in the thermo-mechanical degradation underwent by PLLA were achieved,
but the sensitivity of PLDA remains constant. Processing conditions in a lab scale extruder of 7
cc of capacity (chapter 4) lead to a reduction in PLLA viscosity average molecular weight of
20%. PLLA injection moulding (chapter 5) leads to a reduction in M, of 20%, as well. However,
the continuous extrusion in the Rondol extruder generates a shortening in the M, of only 6%.
The thermo-mechanical degradation that PLDA underwent during injection moulding (chapter 5)
is the same that the material experiences under continuous extrusion in the Rondol extruder
(Mv reduction of 8%).

The process design was determinant for the fabrication of specimens with reduced thermal
degradation. The exhaustive control of the temperature by the extruder and the reduction of the
residence time of the material at melting temperatures enable the reduction of the thermo-
mechanical stress experienced by the material. The cylindrical shape of the screws promotes a

homogeneous mixing reducing the mechanical stress on the melt.
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Figure 6.2 Huggins-Kraemer plot to determine the intrinsic viscosity of pellet and processed a. PLLA and
b. PLDA

Table 6.1 Viscosity average molecular weight of pellet and processed PLLA and PLDA

Viscosity (dl/g) Mv (kDa) Reduction Mv (%)
PLLA pellet 1.69 95
6.3
PLLA 1.62 89
PLDA pellet 1.60 103
7.8
PLDA 1.49 95

6.3.2. Thermal stability

The effect of Mg content on the thermal stability of PLLA and PLDA was evaluated by
thermogravimetric analysis. Thermogravimetric curves show that for both polymers (PLLA and
PLDA) Mg accelerates their thermal degradation (Figure 6.3). The first derivative of

thermogravimetric curves shows the weight loss rate of each material (Figure 6.4).
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Figure 6.3 Thermogravimetric curves of a. PLLAXMg and b. PLDAXMg composites with X=0, 1, 5, 10 and

15 wt.% Mg
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Figure 6.4 First derivative of thermogravimetric curves of a. PLLAXMg and b. PLDAXMg composites with
X=0,1,5,10, 15 wt.% Mg
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The peak of the first derivative indicates the point of greatest rate of change on the weight loss

curve. DTGA curves clearly show the temperature range over which the loss of mass occurs
(Figure 6.4). Composites thermal degradation occurs within a narrower temperature range than
polymers thermal degradation. PLLA thermal degradation occurs in the range of 300 — 350 °C.
PLDA starts to degrade earlier and its thermal degradation occurs within 270 — 320 °C. Thermal
degradation of both polymers occurs in a range of 50 °C, whereas, thermal degradation of

composites occurs in a range of 30 °C.
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Figure 6.5 Thermal stability parameters of a. PLLAXMg and b. PLDAXMg composites reinforced with X =
0,1,5,10 and 15 wt.% Mg content

Thermal properties - To, Tp, Tso, Te - are shifted to lower temperatures with the increment of Mg
fraction in the matrix (Figure 6.5). With the addition of Mg, PLDA exhibits a better thermal
stability than PLLA. PLLA reduces its onset temperature by 25 °C with the addition of 1 wt.% of
Mg and by 65 °C with the addition of the highest Mg content (15 wt.%). PLDA reduces its
thermal stability by only 20 °C with the addition of 15 wt.% Mg. PLDA thermal properties reach a
plateau with the increment of Mg content. However, PLLA stability temperatures - Ty Ty, Tso, Te

— continue decreasing with the increment of Mg particles fraction.

The greater effect of Mg on PLLA thermal stability in comparison with PLDA can be due to the
higher viscosity of PLLA. In chapter 5 the rheological behaviour of both polymeric matrices was
studied and it was found that PLLA exhibits a considerably higher complex viscosity than PLDA

(section 5.3.1 Figure 5.3). Higher viscosity implies higher shear during the manufacturing
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process in the presence of Mg particles, which results in a higher thermal degradation, as
evidenced by a lower onset temperature in the characterization by thermogravimetry of
composites.

In order to determine the actual Mg content in the composites and to study the homogeneity of
Mg dispersion within the polymeric matrices, thermogravimetric experiments were performed in
triplicate, and the inorganic content (i.e. ash) quantified for each case. Figure 6.6 compares the
Mg content obtained from TGA and the nominal Mg content. The plot presents average values
of the three experiments performed for each material, with their respective standard deviation.
Mg content according to TGA is in good agreement with the nominal values. Standard
deviations are very small, indicating that Mg particles are well distributed within PLLAXMg and
PLDAXMg composites. This is also demonstrated by the optical microscopy pictures of
composites cross sections (Figure 6.7), where a homogeneous dispersion of particles is

evidenced for all the Mg contents.
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Figure 6.6 Mg content of PLLAXMg and PLDAXMg composites according to thermogravimetric analysis
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Figure 6.7 Distribution of Mg particles incorporated in a PLDA matrix observed by optical microscopy.
PLDAXMg specimens with 1, 5, 10 and 15 wt.% Mg contents. (Scale bar 200 um)

6.3.3. Thermal behaviour

Differential scanning calorimetric curves of materials moulded under the quenching treatment
(Q) are characteristic of amorphous materials (Figure 6.8). Thermal properties are summarized
in Table 6.2 for PLLAXMg composites and in Table 6.3 for PLDAXMg composites. According to
these tables, crystalline fraction of the specimens is very low; it ranges between 0.09 and 0.18
for PLLAXMg, and between 0.05 and 0.15 for PLDAXMg composites.

Plots exhibit first a glass transition at Tg4, then an exothermic phase transition due to cold
crystallization at T, and finally an endothermic transition due to polymer melting at T,,. PLLA
and PLDA glass transition occurs at similar Ty (~ 60 °C + 2 °C). For both polymers, T is shifted
towards higher temperatures with the increment of Mg content. PLLA starts forming crystals
during heating at lower temperatures than PLDA. Cold crystallization occurs at ~ 100 °C in
PLLA but at ~ 113 °C in PLDA. Adding Mg content to PLLA increases always T... However, only
greater or equal to 10 wt.% Mg content have the same effect in PLDA. Lower contents of Mg (1
and 5 wt.%) in PLDA decrease T slightly.

Prior to the dominant melting peak of PLLA appears a small exothermic peak that becomes
smaller with the increment of Mg in the polymeric matrix. The exothermic peak could
correspond to the transformation of a’-form crystals into their a-form counterparts as explained

in chapter 3 (section 3.3.2.2) [16]. Ty, decreases slightly with the increment of Mg content.

205



Chapter 6 SCALING UP: ACHIEVING A BREAKTROUGH WITH PROCESSING

Heating

a. -

( PLLA

\PLLATMg

O ©o o =~ N
[00) o (00) D N
1 1 1 1 1 1 1 1

PLLA5Mg |

Heat Flow (W/g)
o
(0]

0.0 1

PLDA5Mg
LDA10Mg-

PLDA15Mg 1

Endo

60

80 100 120 140 160 180 200
Temperature (°C)

Figure 6.8 Differential scanning calorimetry for the first melting of PLLAXMg and PLDAXMg composites

reinforced with X =0, 1, 5, 10 and 15 wt.% of Mg particles quenched from the melt at 10 °C/min

Table 6.2 Thermal properties of PLLAXMg composites reinforced with X=0, 1, 5, 10 and 15 wt.% of Mg
particles for the first melting

F10

MATERIAL Tm (°C) T, (°C) Tec (°C) AH (J/g) fe
PLLA 171.0 61 995 16.8 0.18

PLLA1Mg 173.3 60 101.9 8.6 0.09

PLLA5Mg 171.2 62 101.9 13.4 0.14

PLLA10Mg 170.9 63 101.3 10.0 0.11

PLLA15Mg 170.1 62 103.1 14.6 0.15
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Table 6.3 Thermal properties of PLDAXMg composites reinforced with X= 0, 1, 5, 10 and 15 wt.% of Mg
particles for the first melting

F10
MATERIAL  Tm1 (°C) Tm2 (°C) T4 (°C) Tec (°C) AH (J/g) fe
PLDA 151.1 158.2 58 112.2 6.7 0.07
PLDA1Mg 149.2 157.9 58.59 108.9 45 0.05
PLDA5Mg 149.9 159.2 60.18 110.8 14.8 0.15
PLDA10Mg 150.0 158.3 60.99 114.0 7.2 0.08
PLDA15Mg 151.0 158.9 61.45 116.8 33 0.04

Experimental errors: Tm and Tcc + 0.5 °C, Tg+ 2 °C and fc + 0.04

A multiple melting behaviour is evidenced in PLDAXMg composites. Double melting
endotherms were detected, the first at low temperature (T,1) around 150 °C and the second at
higher temperature (Ty2) around 158 °C (Table 6.3). The multiple melting peaks are indicative of
melt-recrystallization behaviour (Chapter 3 section 3.3.2.2). From DSC curves it seems that Mg

particles do not have any effect on PLDA melting peaks.

DSC curves also show an evident aging peak for both types of materials (composites based on
PLLA and based on PLDA). Polylactic acid aging occurs relatively very fast, this fact was
considered for the study of the mechanical properties of the materials. All specimens were
allowed to age enough time, in order for the mechanical properties to be no longer dependent

on aging time.

6.3.4. Mechanical properties

6.3.4.1. Compression tests

Compressive mechanical behaviour as a function of strain rate is shown in Figure 6.9 for
PLLAXMg and Figure 6.10 for PLDAXMg. Results of Young’s modulus, compressive yield
strength, and compressive strength at plateau are summarized in Figures 6.11 to 6.13. During
compression testing all materials at the whole range of strain rates deformed in a ductile
manner. They acquired a barrel shape deformation and did not fracture.

All of the curves present the typical features of amorphous polymers response to uniaxial
compression (Figures 6.9 and 6.10): Linear stress growth in the low strain elastic regime, then
stress increases more slowly during a non-linear transition to a local stress maximum known as
“yield peak” (reached here at a 0.06 strain), followed by a “strain softening” regime

characterized by a drop of the stress with strain that leads to a plastic flow regime characterized
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by a constant plateau stress and at large enough deformation the material experiences “strain

hardening” as stress increases strongly due to chain deformation [17].

In general, for a given material condition Young’s modulus, E;, and compressive strength at
yield, a., are found to increase with the strain rate (Figures 6.11 — 6.12), as expected. The PLLA
Young’s modulus initially decreases with 1 wt.% Mg content, which could be attributed to the
lower crystalline fraction (Table 6.2), but then, E; increases with further reinforcement content
reaching values close to neat PLLA Young’s modulus or higher. The material with the highest
Young’'s modulus is PLLA15Mg. PLDAXMg composites exhibit a higher Young’s modulus than
PLDA. Increasing Mg content in PLDA matrix, improves PLDA Young’s modulus up to a particle
content of 10 wt.%. At 15 wt.% of Mg, Young’s modulus of the composite decreases but
maintains higher values than that of neat PLDA (Figure 6.11). The highest Young’s modulus is
featured by PLDA10Mg.
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Figure 6.9 Compressive stress vs strain curves for PLLAXMg composites at different strain rates
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Figure 6.10 Compressive stress vs strain curves for PLDAXMg composites at different strain rates

Although PLLA and PLDA have similar molecular weights (89 kDa and 95 kDa respectively),
neat PLLA Young’'s modulus is higher than that of neat PLDA (Figure 6.3). This behaviour is
related to the stereoregularity of PLLA’s chains which gives better mechanical properties to the
polymer. However, the effect of Mg reinforcement on PLLA is lower than that for PLDA, as E. of
PLDAXMg composites reaches or surpasses the values of the Young’s modulus of PLLAXMg

composites.

Values of E. and o, plotted versus the applied strain rate result in a semi-logarithmic
relationship with a slope equal to the values that appear for PLLAXMg and PLDAXMg in Table
6.4 for E. and Table 6.5 for o.. Mg reinforcement has a clear effect on Young’s modulus of both
polymeric matrices, being this effect more evident with increasing strain rate. The dependence
of E with strain rate (slope) is stronger for composites than for neat polymers. PLDA exhibit

larger rate dependence than PLLA as well as its composites (Table 6.4).
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Figure 6.11 Compressive Young's modulus as a function of Mg content and strain rate for a. PLLAXMg
and b. PLDAXMg composites.

Table 6.4 Relationship of Young’s modulus with strain rate of PLLAXMg and PLDAXMg composites

determined by the slope of the Figure 6.11 in semi-logarithmic scale

Material Ec/strain rate (GPa/decade) Material Ec/strain rate (GPa/decade)
PLLA 0.026 + 0.004 PLDA 0.040 + 0.009
PLLA1Mg 0.047 £0.014 PLDA1Mg 0.076 + 0.003
PLLA5Mg 0.061 + 0.001 PLDA5Mg 0.059 + 0.009
PLLA10Mg 0.050 + 0.006 PLDA10Mg 0.069 + 0.003
PLLA15Mg 0.061 +£0.015 PLDA15Mg 0.072 £ 0.011
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Figure 6.12 Compressive strength at yield as a function of Mg content and strain rate for a. PLLAXMg and
b. PLDAXMg composites.

Table 6.5 Relationship of compressive strength at yield with strain rate of PLLAXMg and PLDAXMg

composites determined by the slope of the Figure 6.12 in semi-logarithmic scale

Material o, Istrain rate (MPa/decade) Material o Istrain rate (MPa/decade)
PLLA 13.6+3 PLDA 11.2%3
PLLA1Mg 148+5 PLDA1Mg 14.3 £ 1
PLLAS5Mg 10.7 2 PLDAS5Mg 10.0+£1
PLLA10Mg 11.7+2 PLDA10Mg 11.9+1
PLLA15Mg 8.0+5 PLDA15Mg 13.2+1

Regarding the effect of Mg on the compressive strength at yield, it seems that Mg particles do
not play any role. The yield stress of composites is the same as the yield stress of the neat
polymers at the three strain rates studied. The increment of Mg content does not modify the
values of the compressive strength (Figure 6.12) nor its dependence on strain rate (Table 6.5).
The value obtained for PLLA vyield stress dependence on strain rate (o./strain rate = 13.56 *
2.88 MPa/decade) is in good agreement with Smit et al. findings (14 MPa/decade) [2]. Smit et
al. studied the time-dependent behaviour of several polylactides by means of compression tests

at different strain rates and long-term experiments under static compression or dynamic loading
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regime. They found the same rate dependence of polylactides by both types of experiments (14
MPa/decade) and correlate the results obtained by compression with the time-dependent failure
of the material. They emphasize that polylactides failures are related to the long-term
performance under static loading conditions, a phenomenon that finds its origin in stress-

activated molecular mobility leading to plastic flow.

In the plastic flow regime, after the yield point, reinforcing particles of Mg improve the response
of the material and modify the mechanical behaviour. It is observed that the greater amount of
Mg, the greater compressive strength at the plateau (Figure 6.13). The material has a greater
resistance to flow with the increment of Mg content. This plateau stress increases with
increasing strain rate for materials with Mg content higher or equal to 5 wt.%. The behaviour of
the materials with 1 wt.% of Mg and without reinforcement is different. In these cases the

resistance to flow decreases with increasing strain rate.
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Figure 6.13 Compressive strength at plateau as a function of Mg content and strain rate for a. PLLAXMg
and b. PLDAXMg composites.

The strain softening amplitude (SSA) is known as the “stress overshoot” or the difference
between the yield stress and the stress at plateau [18]. Figure 6.14 shows the effect of strain
rate and Mg content on SSA. It is observed that SSA grows with the strain rate and that Mg
particles have a great influence on its magnitude. The amplitude of the strain softening
decreases with increasing amount of Mg particles within the polymeric matrix. This occurs both

for composite materials based on PLLA and those based on PLDA.
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Figure 6.14 Strain softening amplitude as a function of Mg content and strain rate for a. PLLAXMg and b.
PLDAXMg composites.

The first part of compressive stress-strain curves (elastic deformation) is controlled by the
secondary interactions between chains; the mechanical response in this regime depends on
thermal history. Then, material reaches the yield point, or the point where polymer chains
mobility is induced by the stress. Beyond that point the stretching of the entangled network
instead of thermal history controls the response of the material. The strain softening amplitude

is, therefore, an intrinsic property [17, 19].

The balance between strain softening and hardening determines the toughness of a material.
Experimental observations have shown that a change in softening can have dramatic effects on
the macroscopic behaviour of a polymer [20]. Materials with strong softening and weak
hardening behave brittle, and materials with weak softening and strong hardening tough [19].
Decreasing the amount of softening can induce a more uniform and ductile deformation [20, 21].
It has been demonstrated that strain softening can be reduced or completely removed by
thermal or mechanical pre-treatments [21-23]. In this research Mg micro-particles were found to
reduce PLLA and PLDA strain softening amplitude. Particles impede the flow of polymeric
chains during the post-yield regime. This means that the higher the content of Mg in the
polymer, the higher the impediment of chains to flow. Therefore the flow resistance increases
with increasing Mg fraction in the composite. The increment of compression strength at plateau

and the reduction of the strain softening amplitude lead to larger areas under the stress-strain
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curve, which implies an increment in material toughness. It can be concluded that the reduction
of strain softening induced by Mg particles fraction in PLLA and PLDA have a toughening effect
on both polymeric matrices improving their energy storage under deformation.

6.3.4.2. Indentation Tests

Representative load-displacement curves for micro-indentation tests of PLLAXMg and
PLDAXMg composites at different strain rates are shown in Figure 6.15. Curves show first the
increment of depth with increasing load during the loading step, then a determined load (2 N) is
achieved and the deformation of the material continues at that constant load during the holding
time (15 s). This plateau shows the creep behaviour of the materials. After the holding time the
unloading phase takes place. The contact depth and the maximum depth decrease with

increasing strain rate and Mg content, this leads to curves shift to lower displacements.
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Figure 6.15 Load — displacement indentation curves for a. PLLA and PLLA10Mg and b. PLDA and
PLDA10Mg at different strain rates

The creep behaviour dependence of PLLA and PLDA on strain rate and Mg content was also
studied by means of micro-indentation. The deformation of the unreinforced materials and
composites with a 10 wt.% Mg content at different strain rates for a hold period of 15 s is
pictured in Figure 6.16. The curves with open symbols are the experimental data, and the lines

represent a non linear least squares fitting to a four element combined Maxwell-Voigt model.
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The model provides a good fit for creep results and leads to the values for the elastic constants

(E1 and E;) and time-dependent properties (n; and 1,) that are resumed in Table 6.6.

Creep curves show two stages: the first consists in a fast increment of deformation with time,
and the second consists in a slowdown of the deformation rate until a steady state of constant
deformation rate is reached. The secondary steady state is reached by the experiments
performed at the fastest strain rate. The experiments performed at 6.25x10° s do not reach the

secondary state and would need more holding time to reach the steady state.

It seems that Mg particles do not have any influence on the creep behavior of PLLA or PLDA at
low strain rates. However at 200x10™ s™ the creep curves of the materials reinforced with 10
wt.% of Mg reach lower depth Figure 6.16. This implies that Mg reinforcement restrains chain

mobility during creep at constant load.
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Figure 6.16 Creep response of polymers and composites with 10 wt.% Mg content (teq represents the
ratio of the creep time to the load holding time and hreq the fractional creep indentation). Open points show

experimental results and the solid line the Maxwell-Voigt model fit.

The retardation time 1, decreases with increasing strain rate and do not change with the
addition of Mg within the polymeric matrices (Table 6.6). The reduction of the time constant
implies that the response of the material to stress becomes faster. This means that the
mechanical behaviour of the material is approaching an elastic response. This is explained also
by the value of the elastic constant E4, which increases with strain rate and with the addition of

Mg particles.
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The viscosity, n, acquires larger values at 6.25x10° s than at 200x10° s™ indicating that the
viscous resistance to deformation becomes less important as strain rate increases. The addition
of Mg particles increment the value of the viscosity constant, which implies that the
reinforcement increments the viscous resistance of the material to flow. This result is in

agreement with the results obtained by compression tests.

Table 6.6 Results from least squares fitting to the creep response on conventional load/unload indentation

tests on PLLA, PLDA and composites with 10 wt.% Mg content.

Load/unload test to 2N at constant

atraln rate; hold perlod| 158 PLLA PLLA10Mg PLDA PLDA10Mg
Strain rate 6.25x107 s™
E1 (GPa) 1.10 1.25 1.06 1.30
E2 (GPa) 29.00 29.80 24.36 33.85
ni1 (GPas) 554.33 642.60 492.32 600.71
T2 (S) 6.11 6.68 6.55 6.02
Strain rate 200x10° s™
E1 (GPa) 1.32 1.39 1.20 1.43
E2 (GPa) 9.10 10.32 8.03 10.22
n1 (GPas) 243.56 272.68 229.87 287.27
12 (S) 1.16 1.24 1.23 1.16

From the creep curves the indenter displacement rate at the end of the load hold h, is obtained.
This value is used to calculate the corrected contact stiffness (Equation 6.11) and estimate the

corrected reduced Young’'s modulus (E.).
Corrected Young’s modulus was calculated using the corrected reduced modulus and

Poisson’s ratio value of v=0.36 for PLLA and PLDA (Equation 6.7). Its dependences on strain

rate and Mg content are depicted in Figure 6.17.
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Figure 6.17 Young’s modulus dependence on strain rate and Mg content for PLLAXMg and PLDAXMg
composites

Young’'s modulus grows with increasing strain rate following a logarithmic growth. Two regimes
are evidenced. During the first one, up to 0.1 s'1, the relationship between E. and the strain rate
is linear, and can be described by a steep slope. During the second one, the slope decreases
and Young’'s modulus reach a saturation point where becomes stable. The semi-logarithmic
dependence of E; with the strain rate for each material is listed on Table 6.7. Slopes become
more pronounced - i.e. acquire larger values - with increasing the amount of Mg in the matrix.
Young’s modulus of reinforced materials is more sensitive to increase with strain rate than that
of neat polymers. The existence of a linear dependence of viscoelastic properties with strain
rate has been established for different polymers. Tang et al. [24] have found that poly (methyl
methacrylate) (PMMA), Epoxy (crosslinked polymer) and polyvinylidene fluoride (PVDF),
present a constant change rate of viscoelastic properties with unloading rate. Other authors
have published that the mechanical properties under compression of PLLA, a racemic poly-D,L-
lactic acid copolymer (PDLLA) and a 70/30 blend of poly-L-lactic acid with poly-D,L-lactic acid
copolymer have the same dependence on strain rate [2]. The dependence of PLLA elastic
modulus with strain rate has been found to be constant even for different crystallinity degrees
[25]. In this research, as demonstrated in Figure 6.17 and table 6.7, the dependence of
indentation modulus with strain rate of PLLA and PLDA is very similar. The kinetic behaviour of
both polymers (i.e. slope GPa/decade) remains almost the same. It is important to notice, that
Mg particles increase the dependence of the modulus with strain rate.
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The relationship of composites Young’s modulus with Mg content can also be studied from
Figure 6.17. Mg particles increase the modulus of both polymers. The increment of Young’s
modulus with particle reinforcement is more evident with increasing strain rate. Modulus of
composites is improved over PLLA and PLDA, when the fraction of Mg particles is equal or
higher than 5 wt.%. Compounds with 1 wt.% of Mg, have a very similar behaviour of
unreinforced polymers. PLLAXMg modulus increases with increasing Mg reinforcement at the
whole range of particle content. PLDAXMg modulus increases with Mg mass fraction up to a
particle content of 10 wt.%. When a particle content of 15 wt.% is achieved, Young’s modulus is
not improved but approaches similar values to that of the material reinforced with 10 wt.%.
Neat PLLA and PLLAXMg composites exhibit higher Young’s modulus than neat PLDA and
PLDAXMg composites.

Table 6.7 Relationship between corrected Young’s modulus and strain rate of PLLAXMg and PLDAXMg

composites
Material E./strain rate (GPa/decade) Material E./strain rate (GPa/decade)
PLLA 1.22 +£0.03 PLDA 1.13+0.05
PLLA1Mg 1.23 £ 0.01 PLDA1Mg 1.18 £0.05
PLLA5Mg 1.42 £ 0.07 PLDA5Mg 1.36 £ 0.04
PLLA10Mg 1.56 £ 0.05 PLDA10Mg 1.38 £ 0.03
PLLA15Mg 1.64 £ 0.07 PLDA15Mg 1.47 £ 0.06

Young’s modulus resulted from instrumented micro-indentation tests do not match those
obtained by compression tests. This is because comparing modulus data obtained from depth
sensing indentation (DSI) experiments with those obtained by conventional macroscopic
techniques is a challenging task as the measurements are affected by complete different factors

in each technique [26].

Instrumented micro-indentation differs from compression testing in the principle of measurement
and the testing geometry. In DSI experiments the volume of deformation is continuously
changing, and the distribution of stresses and strains generated beneath the indenter are
inhomogeneous. The scale of the volume of deformation in DSI is significantly smaller than in
compression testing. The load direction in DSI is evolved radially from the point of first contact,
but for compression testing is unidirectional. In indentation testing a combination of
compressive, tensile and shear forces are exerted on the material but in compression testing

mainly compression stresses are applied [26, 27].
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The discrepancy between indentation and conventional bulk measurements generates a big

debate within the scientific community. While some studies suggest a very good agreement
between indentation modulus and the modulus obtained by dynamic mechanical analysis
(DMA), uniaxial compression with harmonic oscillation or tensile tests [25, 26, 28-30], others
evidence a significant disparity between the indentation modulus and that obtained by bulk
techniques [31-33]. In this chapter, the indentation Young’s modulus of PLLAXMg and
PLDAXMg composites were found to be higher than those obtained by uniaxial compression
tests. However, the general tendencies of their mechanical properties with strain rate shown
under compression are in fair agreement with the behaviour shown under indentation. The
increment of modulus with the strain rate, the larger effect of strain rate on composites’ modulus
than on neat polymers, and the highest modulus exhibited by PLLA15Mg and PLDA10Mg

composites is observed in both, the compression and instrumented indentation tests.

The main advantage of instrumented indentation technique over conventional uniaxial
compression tests is the ability of extracting mechanical properties from a single indentation
print and without destroying the specimen under study. DSI| experiments can provide
simultaneous information on various mechanical properties. From the load-displacement curve,
in addition to the elastic modulus, information concerning the material creep response and its

Berkovich hardness can also be obtained.

The behaviour of Berkovich hardness with the strain rate and Mg content appears in Figure
6.18. As seen in the load-displacement curves of Figure 6.15, the increment of the strain rate
leads to a shift of the curves to lower depths which implies a decrement on the projected area,
A. Berkovich hardness is inversely proportional to the projected area (Equation 6.4), so, as the

projected area decreases, the material hardens with increasing strain rate.

Berkovich hardness relationship with strain rate reaches a saturation ramp, where it becomes
stable and the material do not hardens with further increment of strain rate. This saturation point
appears at a strain rate of 0.05 s™ for both type of materials, composites based on PLLA and

based on PLDA, and is independent of Mg content.
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Figure 6.18 Berkovich hardness as a function of strain rate and Mg content for PLLAXMg and
PLDAXMg

The addition of Mg particles within the polymeric matrix increases the Berkovich hardness of
PLLA and PLDA at Mg contents equal or higher than 5 wt.%. With increasing Mg content H
increases for PLLAXMg composites. PLLA15Mg is the material with the highest hardness. In
the case of a polymeric matrix based on PLDA, the hardness of the composite with a 15 wt.% of
Mg is lower than that of the composite with 10 wt.% but still higher than that of PLDA.
PLDA10Mg is the material with the highest hardness. The addition of 1 wt.% of Mg within both

polymeric matrices do not improve their hardness.

This research provides important information about the visco-elastic behaviour of PLLAXMg and
PLDAXMg composites. Their time-dependent response was illustrated by the behaviour in
compression and under indentation at a variety of strain rates. The sensitivity of mechanical
properties with strain rate follows the same trends in both techniques. Addition of Mg increases

polymeric matrices elastic modulus and induces a higher resistance to flow.

6.4. Conclusions

The scaling up of the extrusion process using a Mid-size extruder enabled the reduction of the
thermal degradation of the material and allowed the incorporation of Mg particles up to a 15
wt.% within both polymeric matrices (PLLA and PLDA).
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Incorporation of Mg particles within polymeric matrices reduces the thermal stability. The

decrement in thermal properties is more evident for PLLAXMg composites than for PLDAXMg.

It was found that Mg particles reinforcement has an effect during the elastic and post yield
regimes but do not affect the yield point. Mg particles increase the compressive Young's
modulus and the compressive strength at plateau of polymers but do not increase the

compressive strength at yield.

The dependence of composites’ mechanical properties on strain rate was found to be high with

respect to neat polymers. Mg particles increase the sensitivity of the modulus with strain rate.

Mg particles reduce the strain softening amplitude of both polymers; this effect together with the
increment of compression strength at plateau implies an increment in material toughness and

an improvement in the energy storage of composites under deformation.

Instrumented indentation results show that addition of Mg particles within the matrix increases

the resistance of the polymer to plastic flow, the Young’s modulus and the hardness.

A manufacturing process common in the industry successfully fabricated PLA/Mg composites
reinforced with 1 to 15 wt.% of Mg particles. The mechanical properties of the composites can
be tailored by the addition of Mg particles and the nature of the matrix. Young’s modulus for
PLLAXMg composites range from about 2.2 to 5.0 GPa, while for PLDAXMg ranges from about
2.1 to 4.6 GPa. Compressive strength at yield of PLA/Mg composites exhibits values from 95 to
130 MPa.

Taking into account that Young’s modulus and compressive strength of cortical bone range

from 3 to 23 GPa and from 90 to 120 MPa respectively [34], the novel PLA/Mg composites
exhibit initial mechanical properties that are suitable for osteosynthesis applications.
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7. IN VITRO STUDIES OF PLDA/Mg COMPOSITES PROCESSED
BY INJECTION MOULDING

7.1. Introduction

Resorbable materials intended for biodegradable implants must be suitable to gradually lose
their mechanical strength while the bone tissue is regenerated, so that the system bone +
implant can maintain its mechanical strength. With this in mind, there are three challenges to be
addressed: good mechanical properties, control of degradation times and biocompatibility of

degradation products [1].

In Chapter 5, the mechanical characterization of PLDA/Mg composites processed by injection
moulding demonstrated that the incorporation of Mg particles within the polymeric matrix
improved the performance of the composites under compression. But, besides a good
mechanical performance, polymer/Mg materials must also have an appropriate degradation rate
in accordance with the rate of bone healing, in order to fulfil the requirements for their
application in osteosynthesis. The issue that is discussed in this chapter is, in fact, the in vitro
degradation and biocompatibility of the materials that have been processed by injection
moulding. The biodegradation process of PLDA/Mg composites can be better elucidated if the

hydrolysis of the polymer and corrosion of Mg in a physiological medium is well understood.

Poly-L,D-lactic acid (PLDA) belongs to the family of aliphatic polyesters, which means that its
ester groups are susceptible to be hydrolytically degraded in the physiological environment
according to reaction 7.1 [2]. The hydrolysis of ester bonds leads to cleavage of polymer chains,
subsequent decrease in molecular weight, and final diffusion of degradation products into the
surroundings. PLDA degrades to lactic acid. This acid can be metabolized by the tricarboxylic

acid cycle and excreted in the lungs as carbon dioxide and water or in the urine [3, 4].
-COO—-+H,0 - -COOH + HO— Equation 7.1

As mentioned in Chapter 1, Mg corrodes in aqueous environments forming hydroxides and

releasing hydrogen according to the following reaction [5]:
Mg +2H,0 > Mg™ +2(0H) +H, Equation 7.2

The existence of chloride (CI), phosphates (PO43') and calcium (Ca2+) ions in body fluids,

complicates the corrosion process. Chloride ions transform Mg hydroxide into soluble MgCly,
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resulting in excess OH’ ions that eventually raise pH. Mg2+ ions dissolve into the solution, react

with PO,> and Ca®" and form phosphates containing Mg/Ca that precipitate on the surface [5-7].

The main concerns in the application of Mg and its alloys in the biomedical field are the
generation of hydrogen and the local alkalinisation. Fast Mg corrosion forms hydrogen bubbles
that are accumulated at the implant surroundings. This phenomenon not only compromises the
stability of the implant but can cause the death of a patient if bubbles enter blood vessels
leading to embolism [8]. Hydroxides that are produced by Mg corrosion increase the local in
vivo pH. If the pH exceeds 7.8, the balance of physiological reactions that depend on pH are

affected by an alkaline poisoning effect [8, 9].

Understanding the in vitro degradation of a composite is a complex task since the matrix can
alter the degradation behaviour of the reinforcement and the reinforcement may alter the
degradation behaviour of the matrix. Currently there are no studies that explain the in vitro
degradation of polymer composites reinforced with particles of metallic Mg. However,
researches regarding degradation of polymers reinforced with hydroxyapatite, calcium
phosphates, bioglasses, Mg salts and Mg oxides [3, 10-12], as well as studies on the effect of
polymeric coatings on Mg alloys [13, 14] may help to generate clues about the behaviour of

novel polymer/Mg composites.

Poly(alpha-hydroxiacids) degradation behaviour, rate and mechanism can be altered by
physical and chemical characteristics of the reinforcing agent such as dispersibility,
hydrophobicity or hydrophilicity, acidity or basicity and filler distribution [2, 3]. Some studies
regarding the influence of basic filler materials on the degradation behaviour of amorphous D-
and L-lactide copolymer [12] and poly-D,L-lactic acid-co-glycolic acid (PLGA) [15] have found
that basic fillers retard polymer degradation as they neutralize the acidic endgroups resulting
from hydrolysis of the polymer chains. Composites showed less molecular weight decrease than
unfilled films but presented an erosion type of degradation. However, other studies suggest that
the degradation of basic fillers within the polymeric matrix increase the pH in the surroundings of
the reinforcement [3, 16-18]. The high concentration of hydroxide ions accelerates the hydrolytic
degradation of poly(alpha-hydroxyacids) and induces porosity that enhances the alkaline

surface hydrolytic degradation of the polymer.

Surface treatments or coatings can slow down the initial corrosion rate of Mg and Mg alloys, but
in a long term, accelerate Mg corrosion [7]. Nonetheless, different coating processes are
reviewed in the literature [13]. Among these processes, polymeric coatings showed a higher
improvement in the initial corrosion protection and a better initial cytocompatibility [14].
Degradation rate of polymer coated-Mg can be controlled by films porosity, films thickness and
homogeneity, adhesive strength of the polymeric coating on Mg surface and polymer chemical

structure and crystallinity [7, 19-23]. Mg corrosion resistance is improved by thicker nonporous
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and homogeneous coatings [20, 22]. A high adhesive strength prevents detachment of the

coating due to hydrogen release, and also slowdowns Mg corrosion [21, 22]. Regarding the
crystallinity, amorphous polymeric coatings protect Mg substrate more uniformly than with semi-

crystalline films [22, 23].

The objective of this chapter is to elucidate the degradation behaviour of injection moulded
PLDA/Mg composites in order to study their degradation mechanism, morphological changes
and biocompatibility under in vitro test conditions. The degradation behaviour of PLDA/Mg
composites was followed by measuring the hydrogen release, pH evolution, mass variation and
water accumulation. The change in mechanical properties is measured under compression
tests. Effect of crystallinity degree and Mg content on the degradation behaviour of these novel

composites is also studied.

7.2. Materials and methods
7.2.1. Materials

PLDA/Mg composites processed by injection moulding (Chapter 5) were used in these studies.
The matrix consists in a poly-L,D-lactic acid (PLDA) from Natureworks with a D-isomer content
of 4.25%, and the reinforcement consists in irregular shaped Mg particles of less than 50 pym.
The Mg contents within the matrix were 0.2 wt. % and 1 wt.%. Two types of materials were
studied: As injected samples (Q), which are amorphous materials with a very low crystallinity
degree (f=0.10), and thermally treated samples (TT), which are materials subjected under a
thermal treatment at 125 + 1 °C for 1 hour that yields a crystallinity degree close to 0.45. Table
7.1 summarises the nomenclature used for the materials studied in this chapter and their main
characteristics (See chapter 5 for more information regarding the processing, thermal and

mechanical properties of these composites).

Table 7.1 Nomenclature of the materials used and their main characteristics

Material Mg content (wt.%) Crystallinity degree (fc)
PLDA_Q 0 0.14 £ 0.04
PLDAO2Mg_Q 0.2 0.06 £ 0.04
PLDA1Mg_Q 1 0.12+£0.04
PLDA_TT 0 0.42+0.04
PLDA02Mg_TT 0.2 0.41+0.04
PLDA1Mg_TT 1 0.45+0.04
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The modified Dulbecco’s Phosphate Buffered Saline (PBS) from Thermo Scientific was used as
the immersion media. Table 7.2 shows the composition of the solution. PBS ion concentrations
resemble those of the physiological environment.

Table 7.2 Salts concentration of Phosphate Buffered Saline solution

Salt Concentration (mol/L)
Na,HPO, 0.008
KH,PO4 0.002

KCI 0.01

NaCl 0.14

7.2.2. Hydrogen release

For hydrogen release studies, samples with a rectangular prism shape (length: 9.7 £ 0.2 mm,
width: 3.3 £ 0.1 mm, height: 8.8 £ 0.5 mm) were used. This type of specimens was cut from the
grip section of tensile test specimens processed by injection moulding (not tested under tensile
tests). The samples were immersed in PBS in a beaker. The ratio of the volume of dissolution
media (ml) to the sample surface area (sz) was 20:1. Hydrogen bubbles were collected by a
system placed directly above the sample and based on an inverted funnel and a burette (Figure
7.1.a). The burette (10 ml) was also filled with PBS. Hydrogen release is measured by the
displacement of PBS level in the burette as H, gas evolves (Figure 7.1.b). Experiments were
run at a constant temperature of 37 + 1 °C by introducing the beakers in a thermostatic bath
(Figure 7.1.c). The results correspond to average values of three specimens. Hydrogen
evolution was measured twice a day during 21 days. The media was fully renovated every

seven days.

7.2.3. pH monitoring

For pH monitoring, samples with a cylindrical shape (height: 7.3 + 0.3 mm, diameter: 4.7 + 0.1
mm) were used. Cylindrical specimens were cut from the runners of injection moulded parts.
Samples were immersed in PBS and distilled water. The ratio of the volume of immersion media
to the sample surface was 20 ml/cm?®. The media were fully renovated every seven days.
Experiments were run at a constant temperature of 37 + 1°C, by introducing the test tubes in a
thermostatic bath. The results correspond to average values of three specimens. pH was
recorded with a Lazar equipment. The electrode was calibrated every day with calibration
standard solutions of pH 4, 9 and 7. Measurements were performed once a day until completion

of the experiment.
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Figure 7.1 Experimental set up for hydrogen release measurements

7.2.4. Water accumulation and mass variation

The change in mass was measured for the samples immersed in PBS. Wet samples were
weighted immediately after removing them from the solution and drying their surface with a
paper towel; dry samples were measured after keeping them for 8 h under vacuum and 2 weeks
in a desiccator. A precision balance was employed to weight all samples within an error of
0.00005 g (0.05mg).

Water accumulation was calculated from the wet mass, Wet (t), and the dried mass, Dry (t), as

follows:

Wet(t) - Dry(t)

Water uptake =
Dry(t)

*100% Equation 7.3

Mass variation was calculated from the dried sample, Dry(t), compared with its initial mass,
Mass(0), as follows:
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Dry(t) - Mass(0) 100%
Mass(0)

Mass variation = Equation 7.4

7.2.5. Morphology

Morphology of the composites is studied by macroscopic images taken with a NIKON SMZ 1500
stereoscopic microscope and by optical microscopy. The surfaces and longitudinal sections are
studied.

7.2.6. Mechanical properties

The effect of in vitro degradation on the mechanical properties of composites was assessed by
compression tests. The compressive mechanical behaviour was studied in a universal machine
EM2/100/FR-10kN Micro Tests at ambient conditions, using a strain rate of 10% s, Cylindrical
samples tested for pH measurements in PBS were used for compression tests after 21 days of

immersion.

7.2.7. Cell Viability

The in vitro biocompatibility was analyzed using human mesenchymal stem cells (MSCs). Cell
viability was assessed by non-invasive AlamarBlue assay and cell morphology was visualized
by confocal laser scanning microscopy (CLSM). These experiments were carried out at Hospital
La Paz Madrid by Dra. Laura Saldafa.

7.3. Results and discussion
7.3.1. Hydrogen release

The main concern in the application of Mg and its alloys in the biomedical field is the generation
of hydrogen. One mol of Mg (24.31 g) reacts with water and produces one mol of hydrogen gas

(22.4 1) (Equation 7.2). This implies that only one gram of Mg can produce a whole litre of H..

The problem of hydrogen release in the human body cannot be explained in terms of how much
hydrogen is produced but it has to be explained in terms of time. The important fact to know is
the rate at which the hydrogen is released. H, generation rate must be sufficiently slow to be
tolerated by the human body. If significant volumes of gas are build-up at the implant
surroundings, its stability can be compromised and, more critically, hydrogen bubbles that enter
blood vessels can cause embolism and eventually the death of a patient [8]. Given that H,
release can be a critical problem in vivo, its measurement is crucial to determine the suitability

of a Mg-containing material for biomedical applications.
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The hydrogen release (ml H2/cm2) as a function of immersion time is shown in Figure 7.2 for

amorphous and thermally treated PLDA/Mg composites reinforced with 0.2 and 1 wt.% Mg
particles. The amount of Mg that reacts and release the measured volume of hydrogen was
stoichiometrically calculated according to equation 7.2. These data was used to find the mass
loss of Mg with time. Figure 7.3 shows the Mg loss explained in terms of composite mass loss
(Figure 7.3.a) and loss of Mg content in the composite (Figure 7.3.b) as a function of immersion

days.
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Figure 7.2 Accumulated amount of hydrogen released as a function of immersion time in PBS.

From the analysis of Figure 7.2 it follows that the hydrogen evolution rate depends on Mg
content and crystallinity degree of the composite. With higher Mg content and higher crystallinity
degree the hydrogen release rate increases. Degradation kinetics of PLDATMg_TT can be
divided into three ranges, as marked by the lines depicted in the figure; a first one (l) takes
place during the first week and is characterized by a slope of 0.019 ml H,/cm? per day, a second
one (Il) takes place from day 7 until day 20 and is described by a smaller slope and a third one
(1) that takes place during the last day where the slope increases suddenly and drastically.
Interestingly, degradation kinetics of the thermally treated composite reinforced with 0.2 wt.% of
Mg follows the same trend as the amorphous composite reinforced with 1 wt.% of metallic
particles. Hydrogen release rate of PLDA0O2Mg_TT and PLDA1Mg_Q present the same slope
during the first two weeks (I: 0.005 ml H,/cm? per day). Beyond that point, H, release starts to
stabilize for PLDA1Mg_Q, as the rate acquires a smaller slope, but completely stabilizes for

PLDAO02Mg_TT as it seems that there is no H, release during the last week. The explanation of
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this behaviour is further addressed taking into account the results of pH, mass variation and

morphological changes.

The hydrogen that was released by each sample corresponds to a specific amount of Mg that
reacts with the immersion media. Figure 7.3 shows that in 21 days almost half of the Mg content
of PLDAO2Mg_TT sample has reacted (-45 wt.% of Mg). This corresponds to a mass loss in the
composite of 0.09 wt.%. Mg loss in terms of composite mass loss for PLDA1Mg_Q is very
similar to that obtained for PLDA02Mg_TT (0.10 wt.%) and corresponds to the corrosion of 10%
of the Mg available in the composite. In the case of PLDA1Mg_TT, more than the 20% of the
total amount of Mg has been oxidized by water. This amount is equivalent to a mass loss in the
composite of 0.22 wt.%.
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Figure 7.3 Mg loss as a function of immersion time in PBS

In order to determine if PLDA/Mg composites are suitable candidates to be tested in humans, it
is important to consider the hydrogen volume that can be tolerated in the human body. F. Witte
et al. [24] have performed in vivo corrosion experiments with Mg alloys containing aluminium
and zinc (AZ31, AZ91) as well as rare earth elements (WE43, LAE442) on guinea pigs. They
have found that all the Mg alloys formed subcutaneous bubbles that disappeared after 2 — 3
weeks. This implies that guinea pigs can gradually metabolize the hydrogen released by the
alloys through a certain mechanism at a lower rate than the hydrogen evolution rate of the four
alloys. In other study, G. Song [8] measured the hydrogen evolution rate of AZ91 (0.068
mI/cmZ/day) and recommended that a hydrogen evolution rate lower than that of AZ91 may not

lead to a subcutaneous bubble in a guinea pig.
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G. Song [8] studies were performed in the Hank’s solution and using a media volume to surface

area ratio of 50:1 (250 ml of solution:5 cmz), whereas our studies have been carried out in PBS
and using a media volume to surface area ratio of only 20:1. Therefore, a straightforward
comparison between both studies cannot be performed as there are many factors that influence
the data collection. However, a detailed analysis of the factor influence, H, gas evolution rate,
can help to elucidate some important conclusions. According with Kirkland et al. [25], a
decrement in the media volume lead to faster H, release rates. This implies that the materials
studied in this chapter will have slower degradation rates if they were tested at G. Song’s

experimental conditions.

The volume of hydrogen released by PLDA/Mg composites is much lower than that of AZ91
alloy studied by G Song [8]. This suggests that an implant made of these novel composites will
not create a gas threat as the hydrogen is released with a controllable rate that can be tolerated

by the human body.

7.3.2. pH evolution

Another concern regarding Mg reaction with the physiological environment is the alkalization of
the surface due to the production of 2 moles of (OH) for every mol of Mg that is oxidized
(Equation 7.2). Mg dissolution can lead to high pH (10 — 12) in both, non-buffered [26, 27] and
buffered solutions [28, 29]. G. Song and S.Z. Song [30] have demonstrated that a small Mg
coupon of (1 x1x1 cm3) can raise the pH value of 250 ml of neutral Hank'’s solution up to 10 in
15 hours. This is in accordance with our experimental findings with Mg cylinders immersed in
PBS with a volume/surface ratio of 20:1, where pH increases above 10 in only one day, in spite
of the fact that PBS is a buffered solution. This implies that the buffer capacity of the
physiological environment can be surpassed by the corroding Mg leading to a local alkalization.
If the local in vivo pH value exceeds 7.8 an alkaline poisoning effect can affect the balance of

physiological reactions that depend on pH [8].

Variation of pH in the medium containing thermally treated and amorphous PLDA and PLDA/Mg
composites samples was monitored during 21 days in distiled water and PBS. PH
measurements in distilled water allow the analysis of the nature of the degradation products.
Measurements in PBS are made to understand the buffering capacity of the solution and to

monitor that a controlled pH range is maintained in the solution.

Figure 7.4 shows the measured pH values in both, distilled water and PBS for amorphous
(Figure 7.4.a) and thermally treated samples (Figure 7.4.b). pH of the buffered solution stays
stable around 7.25 + 0.15 for both type of materials, Q and TT. This is indicative that PBS
maintained its buffer capacity during the whole experiment. Distilled water presents a slightly
acidic pH that ranges from 5.7 and 5.9. The pH of distiled water containing PLDA/Mg

composites increases with time, while pH of distilled water containing polymeric samples
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decreases. The results are in accordance with the nature of the degradation products of PLDA
and Mg.

Poly-L,D-lactic acid degradation proceeds via hydrolysis of the ester bonds that leads to
cleavage of polymer chains, subsequent decrease in molecular weight and final diffusion of
degradation products into the immersion media. For instance PLDA degradation would
decrease the pH of the solution as the main degradation product is lactic acid. Composites
contain Mg particles that react with water releasing hydrogen and producing hydroxides that

raise the pH.

The increment in pH due to Mg particles corrosion is not enough to reach basic pH values
(Figure 7.4). Crystalline materials (TT) exhibit greater pH rise than amorphous (Q). This result is
consistent with the behaviour observed in hydrogen evolution where thermally treated materials
released H, at faster rates than amorphous. Comparing the results based on Mg content of
composites it follows that during the first week composites containing 0.2 wt.% and 1 wt.% raise
the pH of distilled water to the same extent, but as time passes, the material with higher Mg

content generates larger increments in pH.
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Figure 7.4 Evolution of pH of the composites in distilled water and PBS solution

238



IN VITRO STUDIES OF INJECTION MOULDED PLDA/Mg COMPOSITES o iET1 L v/

7.3.3. Water retention and mass variation

Hydrolysis of polylactic acid is controlled by the diffusion of water in the free volume of
amorphous phase [2]. The amount of water retained by a polymer depends on several material
factors, as the molecular structure, crystallinity degree or the incorporation of additives and
fillers. Figure 7.5 shows the percentage of mass gain due to water retention of amorphous and
thermally treated PLDA/Mg composites after 21 days immersed in PBS. No considerable
changes in water content are observed when comparing amorphous PLDA_Q and
PLDAO2Mg_Q with their thermally treated (TT) homologous. It also seems that incorporation of
0.2 wt.% Mg particles within a PLDA matrix, does not induce changes on the amount of water
absorbed by the matrix. The equilibrium water content of these materials ranges from 0.75 % to
1.25 %, whereas, considerable changes in water retention are observed when PLDA is
reinforced with 1 wt. % of Mg particles.

A filler content of 1 wt.% substantially increases the water diffusion into the polymeric matrix. In
the case of PLDA1Mg_TT the water content implies a weight gain of near 2%. Amorphous
PLDA1Mg duplicates the water gain of PLDA1Mg_TT (Figure 7.5). This is probably due to the
higher crystallinity degree of the thermally treated samples. Some authors have reported that
the water absorption rate of polylactic acid decreases with higher degrees of crystallinity [31,
32]. This implies that crystallinity affects the water transport through the polymer, as the access

of water molecules to the chains inside the rigid crystalline regions is prohibited [33].

5.0
4.5 Water Uptake [N PLDA
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Figure 7.5 Percentage of mass gain due to water uptake after 21 days of immersion in PBS
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The incorporation of Mg particles within the matrix can also increase the diffusion of water within
the amorphous domains of PLDA. It has been demonstrated that the introduction of hydrophilic
additives or comonomers within the polymeric matrix alters the hydrolytic degradation of PLA
[2]. The higher hydrophilicity of these systems accelerates the diffusion of water into the
material and increases its water content, which leads to enhance the degradation rate of the
polymer [34-36].

The increment of water content can also be an indicative of pores formation [3]. Pores can be
produced by the reaction of Mg particles. As water diffuses within the matrix, it reaches the
surface of Mg particles leading to the corrosion of the metal. When Mg reacts with the aqueous
environment, it releases hydrogen and produces hydroxides that can lead to a local
alkalinisation in the polymer/particle interface. Given that a high concentration of hydroxide ions
can accelerate the hydrolytic degradation of poly (a-hydroxyacids) [17, 37, 38], the ester bonds
of those polymer chains that are subjected to a high pH environment are more vulnerable to be
attacked. Therefore, degradation of the polymer at the interface will occur faster. Erosion of the
particles surroundings can generate pores that increase the water retention of the composite.
This phenomenon has been observed in glass fiber-reinforced PLDLLA composites [3, 39].
Interconnected pores (capillaries) were formed in the surface of the reinforcing bio-glass fibers

and accelerated the diffusion of water through the polymer [39].

The analysis of the total mass loss can help to clarify whether water retention is due to polymer
degradation that induces formation of pores, Mg loss or to the presence of amorphous domains.
Figure 7.6 shows the percentage of mass loss of amorphous and thermally treated PLDA/Mg
composites after being immersed during 21 days in PBS. It is observed that all the amorphous
materials have lost the same mass percentage, indistinctively of Mg content. However, in the
case of crystalline materials, the composite with the highest reinforcement content has
experienced the largest mass loss. Mass loss of PLDA_TT and PLDAO2Mg_TT is very similar to
that of amorphous materials. This is in agreement with the results obtained in hydrogen release
section, where the Mg loss in terms of composite mass loss for thermally treated PLDA02Mg

and amorphous PLDA1Mg exhibits very similar values, 0.09 wt.% and 0.10 wt.% respectively.
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Figure 7.6 Percentage of mass loss after 21 days of immersion in PBS

Although amorphous PLDA1Mg retains more water than its crystalline homologous (Figure 7.5),
it is the later composite the one that releases the highest volume of hydrogen (Figure 7.2) and
the one that experiences the largest loss of mass (Figure 7.6). This suggests that there must be
other factors that affect the degradation of the composite besides the ability of the polymeric
matrix to favor water diffusion within it.

It is important to take into account that the crystallinity degree of the polymeric matrix can also
alter the corrosion rate of Mg particles inside the polymer. Xu and Yamamoto [23] have found
for bulk Mg coated with PLLA and PCL (poly-caprolactone) that the molecular weight and
crystallinity degree of the biodegradable polymeric films are important parameters that tailor the
corrosion behaviour of Mg substrate. According to their research, PLLA-coated Mg presented a
uniform corrosion, whereas PCL-coated Mg presented pitting corrosion and the highest
corrosion rate. These results were attributed to the polymer coating microstructure. As PLLA
film is amorphous and PCL is semi-crystalline, a uniform Mg corrosion is due to the uniform
penetration of water into the amorphous polymeric film. Whereas, in the case of the semi-
crystalline film, water penetrates preferentially into the amorphous regions and this fact induces
corrosion pits that lead to fast degradation of the substrate [40, 41]. Xu and Yamamoto’s

findings can help to explain the behaviour of amorphous and thermally treated PLDA/Mg

composites.
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Although amorphous PLDA1Mg_Q retains more water than crystalline PLDA1Mg_TT, the
diffusion of water into the amorphous composite is uniform, whereas water penetrates
preferentially into the amorphous domains of crystalline PLDA. The non-uniform distribution of
water within a semi-crystalline matrix can induce a localized corrosion on the vulnerable sites of
Mg particles surface which enhances the degradation rate of the metallic particles. This could
be a possible reason for the higher hydrogen release and mass loss of the crystalline

composites in comparison with the amorphous ones.

7.3.4. Morphology

The evolution of PLDA/Mg composites morphology with immersion time as a function of Mg
content (0.2 and 1 wt.%) and polymeric matrix structure (amorphous_Q and crystalline_TT) is
shown in Figures 7.7 and 7.8. Changes on the surface of the samples can be seen in Figure
7.7. The effects of degradation in volume can be observed in the longitudinal cross-sections of

samples shown in Figure 7.8.

Amorphous (Q) Crystalline (TT)

0 days 21 days 0 days 21 days

Magnesium content

0.2 wt %

Figure 7.7 Optical macrographs of the surface of PLDAXMg samples
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Figure 7.8 Optical macrographs of the cross-sections of PLDAXMg samples

Composites materials present a gray colour. The gray tone is darker with the increment in the
percentage of the reinforcement. No colour changes due to the heat treatment were observed.
After 21 days immersed in PBS, PLDA/Mg composites lose their characteristic gray colour and
their surface become whitish (Figure 7.7). This colour change is due to the reaction with the
immersion media of Mg particles present at the surface. The material that underwent fewer
changes on its surface morphology is the amorphous material reinforced with 0.2% of Mg.
Crystalline materials present more noticeable morphology changes due to degradation at

surface.

Cross section pictures show the volumetric evolution of composites degradation (Figure 7.8)
and their analysis help to understand how the loss of mass of composites proceeds, giving a
hint of their erosion mechanism. It is clearly seen that composite degrades more at the surface
than at the core of the sample. Mg particles react at the surface in a greater extent than at the
center. A white halo surrounds the central zone of the specimen.

Figure 7.9 shows optical microscopy pictures of the cross-sections border of original PLDA1Mg
composites and after 21 days in PBS. A closer view of the cross-sections evidences that the
white halo formed at samples surface is due by corroded Mg particles. No cracks or

deterioration of the polymeric matrix are evident by optical microscopy.

The corrosion products that can be formed on particles surface are Mg hydroxides or Mg
phosphates. Mg corrodes in aqueous environments forming Mg(OH), that can precipitate on Mg
surface at high local pH values (Equation 7.5) [6]. Chloride ions present in immersion media can
transform Mg hydroxide into soluble MgCl, (Equation 7.6) [7]. Mg2+ ions dissolve into the
solution and react with phosphates ions of PBS, forming Mg phosphates that can precipitate on
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particles surface (Equation 7.7) [5]. The precipitation of white hydroxides and/or phosphates on
Mg particles surface changes the gray colour of the composites.

Mg solid) + 2H20 aqueous) 2 MA(OH)2(soiigy + Ha(gas) (at pH > 11.5) Equation 7.5
Mg(OH)2 (soiigy + 2CI" > MQCl3 (sotuvie) + 2(0H) Equation 7.6
H.POLS™ + Mg? + OH > Mgx(POs)y (soliq) Equation 7.7
PLDA1Mg
0 days

Amorphous (Q)

Crystalline (TT)

Figure 7.9 Micrographs of the cross-sections border of PLDA1Mg composites samples (Scale bar = 100
pm)

The central part of the degraded samples remains gray but, in comparison with the original
samples, it shows a lighter shade (Figure 7.8). It is observed that the crystalline specimens
present a lighter gray colour than amorphous materials. Also the white halo due to the reaction
of Mg particles is thicker for TT samples than for Q. The loss of gray colour can be directly
linked with the corrosion of Mg. Thus the morphologic observations are consistent with the
results obtained in the hydrogen release experiments, where Mg present in thermally treated
matrices reacted much faster than the one incorporated in amorphous PLDA.
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7.3.5. Mechanical properties

The mechanical performance of amorphous and thermally treated materials was studied as a
function of degradation time. Figures 7.10 and 7.11 respectively show the stress vs strain
curves of amorphous (Q) and thermally treated (TT) PLDA (a), PLDA02Mg (b) and PLDA1Mg
(c) composites after 0 and 21 days immersed in PBS at 37 °C. Figure 7.12 depicts the results of
Young’'s Modulus (a) and compressive strength (b) of amorphous materials and Figure 7.13

shows the results of thermally treated materials.

Although the in vitro studies evaluated short term degradation (3 weeks) of the composites, the
initial results are very promising. It was found that the strength retention properties of the
composites are highly dependent on the crystallinity degree of the polymeric matrix. Amorphous
composites show 100% strength retention after 21 days (Figure 7.12), whereas thermally
treated composites lost their mechanical resistance after 3 weeks (Figure 7.13). PLDA02Mg_TT
and PLDA1Mg_TT suffer a reduction in stiffness of 20 % and in compressive strength of 15 %
after three weeks immersed in PBS at 37 °C (Figure 7.13). Strength retention properties were
less dependent on Mg content, as no significant difference was evidenced between the
mechanical behaviour of the composite reinforced with 0.2 wt.% of Mg with that reinforced with
1 wt.%. Neat PLDA maintains its mechanical performance after 21 days indistinctively its

crystallinity degree.
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Figure 7.10 Compressive stress vs strain curves for amorphous PLDA (a), PLDA02Mg (b) and PLDA1Mg
(c) after 0 and 21 days immersed in PBS at 37 °C
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Figure 7.11 Compressive stress vs strain curves for thermally treated PLDA (a), PLDA02Mg (b) and

Figure 7.12 Young’s modulus (a) and compressive strength (b) of amorphous PLDA and PLDAXMg
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Figure 7.13 Young’s modulus (a) and compressive strength (b) of thermally treated PLDA and PLDAXMg
composites with X=0.2 and 1wt.% of Mg after 0 and 21 days immersed in PBS at 37 °C

Durselen et al. [42] have evaluated the in vitro degradation of PLA in a buffer at 37 °C and
demonstrated that the stiffness of the material remained the same after 1 year but this did not
result in an effective load transfer. An adequate strength-tissue ingrowth relationship was not

achieved.

Biodegradable implants must, therefore, exhibit a good combination of tissue ingrowth and
strength retention in order to accomplish a good in vivo mechanical performance. Mg contents
of 0.2 and 1 wt.% reduce PLDA strength retention, but their presence in the composite could be
advantageous as they would make room for newly regenerating tissue by degrading faster than
the polymer and inducing bone healing. The fast eroding particles could be an effective tool to

tailor the tissue ingrowth in a biodegradable implant.

7.3.6. Cell viability

Cell viability was tested on thermally treated samples during three weeks. In vitro studies
demonstrate that Mg reinforcement improves viability of MSCs cultured on the materials (Figure
7.12). Confocal imaging of MSCs shows actin filaments in red and Mg particles in green. Cells
are spread on all surfaces and exhibit a typically elongated shape. Cellular viability increases
with time and with Mg content. Interestingly MSCs are viable even after 21 days in culture. A
Mg content of 1 wt.% has a great effect on cell viability as it induces an increment of 160 % with

respect to neat PLDA cell viability.
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Figure 7.12 Viability and morphology of mesenchymal stem cells (MSCs) cultured on crystalline PLDA/Mg

composites

7.4. Conclusions

Results of in vitro studies on injection moulded PLDA/Mg composites demonstrate that the
degradation rate of these materials depend in great extent on both, crystalline degree and Mg

content. All the composites release hydrogen at rates that could be tolerated by human body.

Hydrogen evolution rate is larger for materials with a higher crystalline degree and with higher
amount of Mg. A plausible reason for the higher hydrogen release and mass loss of crystalline
composites in comparison with amorphous ones could be the non-uniform distribution of water
within the semi-crystalline matrix. The preferential diffusion of water through the amorphous

domains can induce a localized corrosion on Mg particles that enhances their degradation rate.
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The pH of the immersion media that simulates the physiological environment remains neutral

throughout the test. The acidic nature of the degradation products of the polymer, and the
basicity of hydroxides generated by the reaction of Mg particles was clearly observed by pH

measurements in distilled water.

Mg degradation takes place prior degradation of the polymeric matrix. Mg particles at the

surface react with immersion media faster than particles localized at composite’s core.

The strength retention properties of the composites are highly dependent on the crystallinity
degree of the polymeric matrix. After 3 weeks, amorphous composites show 100% strength
retention, whereas thermally treated composites lost 20% of stiffness and 15% of compressive

strength.

Incorporation of Mg in PLDA matrix improves cell viability of the polymer. The addition of 1 wt.%

of Mg particles increases cell viability by nearly 160% with respect to neat PLDA cell viability.

PLDA/Mg composites present an enhanced biocompatibility and controllable degradation rates
that can be customized through polymeric matrix crystallinity or Mg particles content.
Considering the in vitro results, these novel materials have great potential to be used as future

materials for biodegradable implants.
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“Every kid starts out as a natural-born scientist, and then we beat
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8. IN VITRO DEGRADATION OF PLA/Mg COMPOSITES: RELEVANCE
OF POLYMERIC MATRIX AND Mg PARTICLES NATURE

8.1. Introduction

The novel PLA/Mg composites are materials with great potential for use as biodegradable
implants. They have better mechanical properties than the unreinforced polymer [1] (Chapter 6),
and moreover, it has been demonstrated that small Mg contents (0.2 — 1 wt.%) increase
significantly the viability of human mesenchymal stem cells cultured on the material (Chapter 7).
However, exhibiting good initial properties is not enough to achieve an adequate performance in
vivo. Stability of the material over time is very important; how long the material keeps its

functional properties is what matters at all.

For a resorbable implant, the optimal strength retention and total mass loss with time depends
on the patient- if it is a pediatric patient or an adult -and the specific orthopaedic application- if it
is for craniomaxillofacial surgery, arthroscopy or spinal area [2-4]. Therefore, resorbable
medical devices must be developed in order to have an appropriate degradation rate in
agreement with the healing rate of bone in the implantation site. This can be achieved by the

control of their degradation kinetics.

Kinetics can be controlled if the chemical reactions that are involved in the degradation of the
composite are understood. Hydrolysis of the polymeric matrix and corrosion of Mg are the two
main reactions that lead to the breaking down of the novel PLA/Mg composites. Understanding
degradation kinetics of PLA/Mg composites will allow the prediction of the stability of the
implant. /n vivo degradation kinetics of polymers based on polylactic acid, can be predicted in
some extent from their in vitro degradation behaviour [5, 6]. In order to control in vitro
degradation kinetics of PLA/Mg composites, it is necessary to control either the hydrolysis of the

matrix and/or the corrosion of Mg.

The hydrolytic degradation rate of poly(a-hydroxyacids) depends on the molecular weight and
structure of the polymer, crystallinity degree, and the incorporation of additives, other polymers
or fillers [7]. It has been found that a molecule with a low molecular weight (4x‘104 Da) has a
increased density of terminal groups (carboxyl and hydroxyl) and hence a higher hydrolyzability
than a high molecular weight molecule [8]. However, small incorporations of D-lactyde units (0.2
— 1.2 %) have greater effect enhancing PLLA degradation rate than the reduction in molecular
weight [9]. Other studies explain that the resistance to hydrolysis of PLA can be improved by
forming blends of poly(L-lactide) PLLA and poly(D-lactide) PDLA or forming poly(L-lactide-co-D-

lactide) copolymers due to the formation of stable stereocomplexes [10].
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The initial crystallinity can also affect the hydrolysis of the polymer. Tsuji et al. [11] reported that
the hydrolyzability of poly(L-lactide-co-D.-lactide) (P(LLA-DLA); 95/5) decreases with increasing
crystallinity. For PLLA [12,13] and PLLA/PDLA blends [14], however, the hydrolytic degradation
rate becomes higher with an increase in the crystalline degree. Regarding the addition of
polymers or fillers, it has been demonstrated that their hydrophilicity enhances the degradation
rate of PLLA [7, 8]. Basic additives like MgO, calcium compounds or tricalcium phosphates were
found to reduce the hydrolytic degradation rate of PLA by the neutralization of carboxylic groups

formed by the hydrolytic degradation of the polymer [15, 16].

Strategies to decrease Mg corrosion rate have been addressed by tailoring the composition and
microstructure of the alloy. Commercial alloys with aluminium (Al) and rare earth elements
(REs) (AZ31, AZ91, WE43, WEb54, ZM21, ZEK100) have been investigated for their application
fixing bone fractures [17]. Although these alloys provide a good initial mechanical performance,
concerns appear regarding the cytotoxicity and biosafety of Al and REs. For instance, Al has
proved to have neurotoxic effects [18]. Studies with rats have demonstrated that long term
intake of REs can change the expression of some genes [19]. Consequently, above certain

levels, these alloying elements could be unsuitable for biomedical Mg materials.

More suitable for the intended medical application is the approach of alloying Mg with
biologically important elements like Ca and Zn. Binary alloys Mg-Ca, Mg-Zn, ternary alloys Mg-
Zn-Ca and bulk metallic glasses improve Mg corrosion resistance and mechanical properties
[20, 21].

This chapter aims to clarify the effects of the polymeric matrix properties -nature, and
crystallinity- and Mg particles composition and shape, on the control of the degradation rate of
the novel PLA/Mg composites. The study of the in vitro degradation behaviour and kinetics is
addressed by hydrogen release assays, pH monitoring, water uptake, mass loss and changes
in morphology. Compressive mechanical properties as a function of degradation time are also

studied to analyse the in vitro strength retention of the composite.

8.2. Materials and methods
8.2.1. Materials

PLA/Mg cylinders of 9 mm high and 6 mm diameter were processed by extrusion and moulded
by compression following the method described in Chapter 6. Two polymers were used for the
matrix: poly-L-lactic (PLLA) from Goodfellow and poly-L,D-lactic acid (PLDA) from Natureworks.
The viscosity average molecular weight and melt flow index (MFI 210 °C/2.16 kg) of both
polymers was very similar: 89 kDa and 35.8 g/10 min for PLLA and 95 kDa and 35.4 g/10 min
for PLDA. As reinforcement, irregular flake-like Mg particles and spherical Mg and Mg5Zn
particles of less than 50 pm in size were used.
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Figure 8.1 SEM images (left) and particle size distribution (right) of a) irregular flake like Mg particles, b)
spherical Mg particles and c) spherical Mg5Zn particles

The irregular Mg particles were delivered by Goodfellow, with a purity of 99.9% and a length to
width ratio of 1.6:1, with a median particle size of 24.6 ym. The spherical particles were
obtained by centrifugal atomization (TLS Technik, Germany) of cast ingots of pure Mg (99.9%
Mg; 0.05% Cu, Fe, Si and Al; 0.001% Ni) and electrolytic Zn with a purity of 99.995%. The

atomized powder was sieved to retain particles of less than 50 pm, resulting in median particle
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diameter of 31.4 ym (Mg) and 32.5 (Mg5Zn). Particle size distribution and aspect ratio were
measured by a Malvern 2000 laser-scattering particle size analyser. Figure 8.1 presents images
of the three powders and their particle size distribution.

The study of the relevance of matrix nature on the degradation of PLA/Mg composites was
performed by comparing the in vitro behaviour of three composites reinforced with 10 wt.% of
irregular-flake shape Mg particles, but with different polymeric matrices: PLLA, PLDA and
crystalline PLDA (hereafter PLDA_TT). The crystalline composite was obtained by a thermal

treatment at 125 °C during 30 minutes.

The study of the relevance of Mg particle shape on the degradation of PLA/Mg composites was
carried out by comparing the in vitro degradation of two composites with the same polymeric
matrix (PLDA) but reinforced with 10 wt.% of Mg particles with different shape: irregular-flake
(IRR) and spherical (SPH). The relevance of the nature of the reinforcement was studied by
comparing two composites reinforced with spherical particles, but one reinforced with Mg and
the other one with Mg5Zn.

For comparison purposes, unreinforced polymers (PLLA, PLDA and crystalline PLDA) and as-
cast pure Mg and Mg5Zn cylinders were also processed with the same geometry of composites
and submitted to the same in vitro testing routine. Table 8.1 summarises the nomenclature used

for the materials studied in this chapter and their main characteristics.

Table 8.1 Nomenclature of the materials used and their main characteristics

Material Matrix Mg wt.% Mg shape fe
PLLA Poly-L-lactic acid 0 - 0.18
PLDA poly-L,D-lactic acid 0 - 0.07

PLDA_TT Poly-L,D-lactic acid 0 - 0.46
PLLA10Mg Poly-L-lactic acid 10 Irregular-flake 0.11
PLDA10Mg Poly-L,D-lactic acid 10 Irregular-flake 0.08

PLDA10OMg_TT Poly-L,D-lactic acid 10 Irregular-flake 0.47
PLDA10Mg_IRR Poly-L,D-lactic acid 10 Irregular-flake 0.08
PLDA10Mg_SPH Poly-L,D-lactic acid 10 spherical 0.07
PLDA10Mg5Zn-SPH Poly-L,D-lactic acid 10 spherical 0.09
Mg - 99.9% - -
Mg5Zn - 94% - -
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The in vitro degradation kinetics was assessed by immersion of the specimens in distilled water

and in Phosphate Buffered Saline solution (PBS), which is a buffered solution (~ pH 7.4) that

simulates human fluids.

8.2.2. Hydrogen release

Measurement of hydrogen release was performed in the PBS solution using a ratio of 20 ml/cm?
of sample surface. Three cylindrical shape specimens (9 mm high and 6 mm diameter) were
used for each condition. Each specimen was placed under an inverted glass funnel with a
burette over the top of each funnel to capture the hydrogen. The solution level in each burette
was measured twice a day and related to the sample area. Experiments were performed twice:

during 7 days and during 28 days.

8.2.3. pH evolution

For the study of pH evolution, specimens were individually introduced into a test tube containing
the media in a ratio of volume of media (ml) to specimen surface (sz) of 20:1, and then closed
to avoid evaporation. Experiments were performed in parallel in a buffered media (PBS) and in
distilled water, to study the nature of degradation products by measuring pH changes also in a
non buffered media. The media were fully renovated every seven days. Experiments were run
at a constant temperature of 37 + 1 °C, by introducing the test tubes in a thermostatic bath. The
results correspond to average values of three specimens. pH was recorded with a Lazar
equipment. The electrode was calibrated every day. Measurements were done after each hour
for the first 10 h and then once a day until completion of the experiment. Two set of experiments

were performed: one lasting 7 days and a second during 28 days.

8.2.4. Mass variation and water retention

The weight of the cylinders was measured before beginning the experiments and after 7 and 28
days in PBS. Wet samples (Wet (t)) were weighted immediately after removing from the solution
and drying their surface with a paper towel; dry samples (Dry (t)) were measured after keeping
them for 8 h under vacuum and 2 weeks in a desiccator. Water accumulation was obtained from
the wet mass of samples and the dry samples mass. The loss of mass was calculated from the
dry samples mass and the initial mass (Mass (0)). A precision balance was employed to weight
all samples within an error of 0.05 mg. The results are given in % of mass with respect to the

reference sample according to Equations 8.1 and 8.2.

Wet(t) - Dry(t)

Water uptake =
Dry(t)

*100% Equation 8.1

Dry(t) - Mass(0) ,, 100%
Mass(0)

Mass variation = Equation 8.2
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8.2.5. Morphology

The cylinders surfaces and longitudinal sections were characterised by optical microscopy (OM)
and scanning electron microscopy (SEM) equipped with energy dispersive X-ray spectroscopy
(EDS). Longitudinal diametric sections were cut and mechanically polished with 9 ym diamond

paste; a thin graphite layer was deposited on the samples for SEM examination.

8.2.6. Mechanical properties

The effect of in vitro degradation on the mechanical properties of composites was assessed by
compression tests. The compressive mechanical behaviour was studied in a universal machine
EM2/100/FR-10kN Micro Tests at ambient conditions, using a strain rate of 5x10° s™.
Cylindrical samples tested for pH measurements in PBS were used for compression tests after

7 and 28 days of immersion.

8.3. Results and discussion
8.3.1. Relevance of matrix nature

The role that plays the nature and crystallinity degree of the polymeric matrix on the degradation
of PLA/Mg composites can be understood by comparing the in vitro degradation kinetics of
PLLA10Mg, PLDA10Mg and PLDA10Mg_TT composites. The joint analysis of the amount of H,
released, the changes in pH in buffered and non-buffered media, variations in mass and
morphology of each material can lead to elucidate the relevance of the polymeric matrix in

tailoring the degradation rate of PLA/Mg composites.

8.3.1.1. Hydrogen release

Figure 8.2 shows the hydrogen release in Hyml / cm? as a function of immersion time in PBS for
three composites with different polymeric matrices: amorphous PLLA, amorphous PLDA and
crystalline PLDA. The hydrogen release of as cast Mg is shown as a reference. In order to
compare the materials with greater clarity and to facilitate an explanation of the results, Figure
8.2 is divided into 4 zones. The first one (I) goes from day 1 to 6, the second zone (ll) from day
6 to 12, the third one (lll) takes the range from 12 — 20, and the last one (IV) from 20 to 28.

Table 8.2 summarizes the slopes of the curves for each material and in each zone.

In the first zone the material that has the highest hydrogen release rate is the PLLA10Mg, and
the one with the lowest rate is the PLDA10Mg. During the first 6 days the crystalline material
(PLDA10Mg_TT) releases more than 1.7 times the hydrogen that releases the amorphous
PLDA10Mg composite. Meanwhile, the composite with the poly-L-lactic acid matrix releases 1.4

times more hydrogen than the material with the PLDA matrix.
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In the second zone, PLLA10Mg and PLDA10Mg_TT release H; at the same rate of the first
week and PLDA10Mg hydrogen release rate increases. In this region, at day 11 all the materials

release the same amount of hydrogen, approximately 5.3 ml/cm?.

In zone Il all materials decrease their hydrogen release rate and tend to achieve stabilization at
day 20. In the third zone the material having the highest rate of hydrogen release is PLLA10Mg,
followed by the PLDA10Mg_TT and the one with the lowest slope is the PLDA10Mg. In zone IV
the hydrogen release reaches equilibrium and slopes of all materials tend to zero. At day 28
PLLA10Mg has released 10% more hydrogen than amorphous and crystalline composites
having PLDA as a matrix. PLDA10Mg_TT releases more hydrogen than its amorphous
homologous during the whole experiment, until it reaches stabilization in zone IV, where it

evolves the same amount of hydrogen as PLDA10Mg.
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Figure 8.2 Accumulated amount of hydrogen released as a function of immersion time in PBS

All the composites release hydrogen at a lower rate than the metallic Mg. A monolithic Mg
cylinder produces in only 7 days the total amount of hydrogen that the PLLA10Mg releases in

nearly a month (8 ml Hzlcmz).

The amount of Mg that reacted was calculated stoichiometrically from the data of volume of
hydrogen evolved. Figure 8.3 shows the mass loss of Mg in terms of mass loss percentage
with reference to the composite material and depending on the immersion time. It is observed
that all the composites lost nearly the 6% of their mass, which means that nearly 60% of all the

Mg present in the materials has reacted after 28 days.
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Table 8.2 Hydrogen release in ml/cm? per day in each zone of Figure 8.2

H2 mlicm” per day

Material
| ] 1 v
PLLA10Mg 0.48 0.49 0.35 0.012
PLDA10Mg 0.31 0.56 0.28 0.038
PLDA10Mg_TT 0.44 0.45 0.30 0.012
Mg 1.8 0.45 0.24 0.24
1004 -
{ & O PLLA10Mg -6.08 (Wt.%) |
< 994 BRo o PLDA10Mg -5.84 (Wt.%)
S ] g4 o PLDA10OMg_TT -6.12 (wt.%) |
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Figure 8.3 Mg loss in terms of mass loss with respect to the composite as a function of immersion time in
PBS

Comparing the amorphous matrices it follows that hydrogen release rate of PLLA10Mg is higher
than that of PLDA10Mg. As both polymers have similar molecular weight, and crystallinity
degree, the explanation of this behaviour relies on the nature of the polymer. The percentage of
D-lactyl units in the polymer affects its hydrolysis [7]. Stereocopolymers poly(L-lactide co-D-
lactide) have greater hydrolysis resistance than PLLA [10]. Tsuji et al. have found that the
addition of poly(D-lactide) to PLLA generates a strong interaction between PLLA chains and
PLDA chains that results in stereocomplex formation [22]. This interaction disturbs the diffusion
of water into the material and lowers the hydrolytic degradation rate [14, 23-25]. Diffusion of

water within PLLA may proceed easier than in PLDA, given the stronger chain interactions
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between PLDA chains. This could explain the higher hydrogen release of PLLA10Mg composite

in comparison to PLDA10Mg.

The composite with the crystalline matrix releases a higher amount of hydrogen during the first
three weeks than its amorphous homologous. This behaviour could be explained by the
analysis of the diffusion of water through both different matrices. Water penetrates uniformly
within an amorphous matrix, whereas it diffuses preferentially into the amorphous regions of a
semi-crystalline matrix [7]. This has been the explanation of some studies that have
demonstrated that a semi-crystalline polymeric coating induces pitting corrosion and enhances
the corrosion rate of Mg substrate [26]. If water penetrates preferentially into amorphous domain
of crystalline PLDA, then the surface of Mg particles in PLDA10Mg_TT is surrounded by
hydrated amorphous domains and non-hydrated ordered structures. The non-uniform
distribution of water around each particle can induce a localized corrosion of the metal, which

eventually can enhance its degradation rate.

8.3.1.2. pH evolution

The evolution of pH in both immersion media, PBS and distilled water, containing the
composites and polymeric reference samples, was monitored during 28 days. Figure 8.4.a
shows the measured pH values for the unreinforced polymers, Figure 8.4.b depicts the pH
evolution of composites in distilled water, and Figure 8.4.c shows the pH behaviour of the

buffered media containing the composites.

Measurements in PBS demonstrate that a controlled neutral pH, ranging from 7.2 to 7.5, is
maintained during the whole test for the polymeric samples used as references (Figure 8.4.a)
and also for composites (Figure 8.4.c). On the contrary, Mg cylinders corrosion in PBS
surpassed PBS buffer capacity, as the pH increased above 10 in only one day (not shown in
Figures). This behaviour of Mg in a buffered solution is widely documented [27-29] and
elucidates one important concern regarding the applicability of Mg alloys in the biomedical field,

the possible alkalization of the physiological environment.

PH of distilled water containing the unreinforced polymers ranges between 6.8 and 5.0 (Figure
8.4.a). All the polymers exhibit the same pH behaviour. In the case of composites, pH rises
sharply up to about 10 during the first day. Behaviour of pH during the first week is the same for
all the composites. From then on pH starts to diminish. During the last week, the material that
more increases the pH of distilled water is PLLA10Mg, the behaviour of both composites with
PLDA matrix is very similar and their pH increment is lower than that of PLLA10Mg. This
behaviour is in agreement with hydrogen release results, where the PLLA10Mg releases the
highest amount of hydrogen, which consequently induces the highest alkalinisation of the
media. PLDA10Mg and PLDA10Mg_TT release a lower volume of H, than that of PLLA10Mg_ If

less hydrogen is produced, this means that less (OH) are released to the media. The
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explanation of this behaviour is elucidated together with the analysis of mass variation, water

retention and morphology in the following sections of this chapter.
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Figure 8.4 Evolution of pH of unreinforced polymers in distilled water and in PBS (a), composites in

distilled water (b) and composites in PBS (c)

8.3.1.3. Mass variation and water retention

The amount of water that the unreinforced polymers and the composites retained after 7 and 28
days of immersion in PBS is depicted in Figure 8.5.a. The accumulation of water (or PBS
solution) within the matrix can be due to the presence of amorphous domains within the
polymeric matrix where water diffuses preferentially, or to the presence of pores, cracks and
capillars that are formed as a consequence of the degradation of the polymeric matrix and Mg
particles. The amount of retained water can be correlated with the extent of composite
degradation [30-32].

Regarding unreinforced polymers behaviour, their water retention does not exceed the 1%.

There are no remarkable differences between the water retention of PLLA and PLDA. However
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crystalline PLDA_TT retains less water than amorphous PLDA after the first week. This is due to

the decrement of water absorption rate with increasing crystallinity degree in polylactic acids
[33-36]. After 28 days, all the polymers exhibit the same water equilibrium content around 0.8
%. This value falls within the range of the equilibrium water content of poly(alpha-hydroxyacids),
which goes from 0.3% to 2.6% depending on the monomer unit [7, 30].
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Figure 8.5 Unreinforced polymers and composites percentage of mass gain due to water uptake (a) and
mass variation (b) after 7 and 28 days of immersion in PBS
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Water diffusion through polymeric matrices increases with the incorporation of Mg particles and
with time. A Mg content of 10 wt.% increases the accumulation of water in the matrix by nearly
ten times after 1 week in PBS. If the unreinforced PLLA and PLDA retained at 7 days 0.65 % of
water, the composites (PLLA10Mg and PLDA10Mg) accumulate around 5.0 % of solution.
Unreinforced crystalline PLDA_TT presented a water uptake of 0.4% but the composite
accumulates 4.2 % of water within the matrix. Comparison of polymers water retention with that
of composites turns out to be more impressive at 28 days. After four weeks, PLLA10Mg and
PLDA10Mg composites retain 30 times the amount of water accumulated by the polymer
references. The water uptake of the crystalline composite (PLDA10Mg_TT) is 50 times the
amount of water that the unreinforced crystalline polymer retains. Therefore, it is demonstrated
that the incorporation of Mg particles within the matrix increases the diffusion of water within the

amorphous domains of the polymer.

If the results are analyzed with respect to time, it is observed that the water retained by
unreinforced polymers after being immersed in PBS for 28 days, increases very slightly in
comparison to the amount that they accumulated at 7 days. However, composites with
amorphous matrices (PLLA10Mg and PLDA10Mg) retained at 28 days 4 times more water than
that retained in a week. The crystalline composite water uptake after 4 weeks is almost ten
times the amount of moisture accumulated during the first week. The increment of water
retention with degradation time implies the increment of paths, like pores or cracks, which
accelerate and facilitate the diffusion of water within the polymeric matrix. The greater increment
in water uptake of the crystalline composite in respect to the amorphous ones implies that it
underwent more changes due to degradation (i.e. Mg corrosion or polymer hydrolysis) than the

other composites.

The evolution of in vitro degradation can also be analyzed by the results of mass variation
(Figure 8.5.b). It is observed that unreinforced polymers underwent a very slight mass loss and
no differences between them are evidenced. On the other hand, composites evidence first a
mass gain at 7 days and all the composites lose mass after 4 weeks. The increment in mass
percentage can occur due to precipitating reaction products (Mg hydroxides or phosphates)
formed during Mg corrosion that can remain in the samples. Then, as material degradation
progresses, Mg particles continue reacting and the polymer starts also to degrade, creating
pores and cracks that may generate mass loss. This hypothesis is verified considering that the
percentage in mass loss calculated by differences in weight (Figure 8.5.b) is larger than the Mg
loss calculated from hydrogen release (Figure 8.3). This implies that the loss of mass is not only

due to Mg reaction, but also it is due to hydrolysis of polymeric matrices.

Composites with amorphous matrix exhibit a similar mass loss (around -12 wt.%). Interestingly,
the material that loses the highest amount of mass is the crystalline composite
(PLDA10Mg_TT). These finding is somewhat puzzling, since the crystalline composite is not the
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material that releases the highest amount of hydrogen after 28 days. This behaviour, however,

can be explained analyzing the morphology of degraded samples, and comparing them with the

original specimens.

8.3.1.4. Morphology

Changes in composites morphology with time are shown through Figure 8.6 — 8.8. Figure 8.6
shows the degraded cylinders, after 7 and 28 days immersed in PBS and as processed original
cylinders. Cross sections of the samples are shown in Figure 8.7 by stereoscopic and optical
microscopy. Figure 8.8 compares the morphology of amorphous PLDA10Mg and crystalline
PLDA10Mg_TT by backscattered images of their longitudinal sections after 28 days of

immersion in PBS.

Amorphous cylinders (PLLA10Mg and PLDA10Mg) swell with increasing degradation time and
consequently their dimensions change and their volume increases (Figure 8.6). On the contrary,
crystalline composite does not present swelling. PLLA10Mg exhibits erosion at composite
surface after 28 days. Cracks are formed on PLDA10Mg composite, after only 7 days. The
cracks become larger and deeper with increasing time. Cracks may be responsible for the
increment on hydrogen release rate in zone Il of Figure 8.2. A crack exposes more surfaces to
the media; therefore, it is easier for the solution to diffuse inside the material. As a
consequence, available reaction sites increase and as a result hydrogen release rate becomes
greater. Regarding the crystalline material, it presents erosion after 7 days. Material is detached

from its surface leaving holes.

O days 7 days 28 days

PLLA10Mg

PLDA10Mg

PLDA10Mg_TT

Figure 8.6 Photographs of the composites from left to right: original, after 7 days, and after 28 days
immersed in PBS.
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Figure 8.7 Cross section pictures taken by stereoscopic microscopy (a) and by optical microscopy (b)

Stereoscopic and optical microscopy images show that degradation of PLLA10Mg and
PLDA10Mg composites proceeds with a very similar behaviour (Figure 8.7). Mg particles at the
surface react first, and as time lapses particles corrosion proceeds from the surface to the core.
This is evidenced by the formation of a white halo at samples surface, which becomes wider
with increasing immersion time. Regarding the crystalline composites PLDA10Mg_TT, the white
halo is thicker than that of amorphous composites at day 7 and it seems that degradation
proceeded through all the sample bulk at day 28, as even Mg particles at the core are corroded.

Cross section of PLDA10Mg_TT shows a wide grey halo distributed non-uniformly through the
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sample at day 7. At day 28 it is evident the erosion of the sample and also the absence of gray

zones across de section, almost the whole sample has become white. The specimen

dimensions decrease, as the borders and edges have detached from the composite. This would
explain the highest water uptake by the system at 28 days (Figure 8.5.a) and the highest mass

loss.

In order to compare the behaviour of an amorphous composite with that of crystalline, cross
sections of PLDA10Mg and PLDA10Mg_TT cylinders were observed by scanning electron
microscopy and the evolution of Mg particles and the integrity of the cylinders was analyzed.
Figure 8.7 shows the images of amorphous (PLDA10Mg) and crystalline (PLDA10Mg_TT)
composites, after 28 days immersed in PBS, at the centre and at the border of cylindrical

samples.

PLDA10Mg PLDA10Mg_TT

Centre

Border

100um

Figure 8.8 Backscattered electron images of longitudinal sections of PLDA10Mg and PLDA10Mg_TT

composites after 28 days of immersion in PBS

It is clearly observed that the crystalline matrix is more deteriorated than the amorphous one.
PLDA10Mg_TT presents corroded Mg particles, cracks and detachments at the border. At the
centre of the cylinder, Mg particles are corroded and polymeric matrix shows evident damage.
On the contrary, metallic Mg is still present at the centre of PLDA10Mg composite, only few Mg
particles with reaction phases at their surface can be seen. Polymeric matrix does not exhibit
deterioration at the centre of the amorphous sample. However, at the border it is evident that

the polymer that surrounds the particles is degraded and Mg is fully corroded.
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Some studies indicate that increasing the crystallinity of poly-L-lactic acid decreases its
degradation rate [37, 38]. However, Tsuji et al. have shown that the hydrolyzability is higher for
the crystallized polymers than for the amorphous, in the case of mixtures of poly-L-lactide with
poly-D-lactide [14]. The enhanced hydrolysis of polylactic films with a higher initial crystallinity
degree can be explained by the increased density of terminal groups (carboxyl -COOH and
hydroxyl -OH) in the amorphous region between the crystalline regions in comparison with that
in a completely amorphous polymer [12]. The high density of hydrophilic terminal groups
enhances the diffusion of water molecules within the matrix and increases the water content.
Additionally, the high number of terminal groups per unit mass cause loose chain packing in the
amorphous region between the lamellae, which increases the diffusion rate of water as well.
The elevated water diffusion rate accelerates the hydrolysis of the amorphous regions in the
semi-crystalline matrix in comparison to the degradation in a completely amorphous one, and

that leads a faster mass loss in a crystallized polymer [7, 12].

8.3.2. Relevance of particle shape and nature

The analysis of Mg particle shape and composition relevance in the in vitro degradation
behaviour of the novel polymer/Mg materials was performed by comparing the degradation
rates of three composites reinforced with different type of particles: Mg irregular shaped

particles, Mg spherical particles, and spherical particles of Mg5Zn.

8.3.2.1. Hydrogen release

Figure 8.9 shows the accumulative hydrogen release of the three composites and the
references Mg and Mg5Zn cylinders. The Figure is divided in four zones where the hydrogen
release rate was calculated for each material and the values of the slopes are summarized in
Table 8.3.

It is observed that particles shape plays a very important role by tailoring the degradation
behaviour of PLA/Mg composites. After 28 days, the composite reinforced with irregular
particles releases more volume of hydrogen than both composites reinforced with spherical
particles. In zones | and Il, the hydrogen release rate of PLDA10Mg-IRR is higher than that of
PLDA10Mg-SPH and PLDA10Mg5Zn-SPH. In zone lll the rate of H, released increases for -
SPH and decreases for —IRR, but the composite with irregular particles keeps evolving more
hydrogen than the material with spherical Mg and Mg5Zn. In zone IV the hydrogen release rate

reaches a slope that tends to zero for all the three materials.

In order to understand the relevance of the particle nature, both materials reinforced with —-SPH
particles are compared. It is observed that after 28 days, composite reinforced with Mg5Zn
releases a higher hydrogen volume (6.5 ml Ho/cm?) than PLDA10Mg-SPH (5.1 ml Hy/cm?). This

is coherent with the behaviour of as-cast metallic references (Mg and Mg5Zn) where Mg5Zn
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evolves much more hydrogen than Mg. Mg alloy produces in only 4 days the volume of H; per

cm? that PLDA10Mg-SPH releases during the whole experiment (5.1 ml H2/cm2). Meanwhile,
Mg5Zn releases more than four times that volume in only 6 days (21 ml H2/cm2) (out of scale in
Figure 8.9).
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Figure 8.9 Accumulated amount of hydrogen released as a function of immersion time in PBS

Table 8.3 Hydrogen release in ml/cm? per day in each zone of Figure 8.9

H2 mlicm*® per day

Material
1 ] 1 v
Mg 1,23 0,40 0,25 0,25
Mg5Zn 3,44 4,62 5,60 5,17
PLDA10Mg-IRR 0,31 0,57 0,25 0,04
PLDA10Mg-SPH 0,21 0,21 0,31 0,02
PLDA10Mg5Zn-SPH 0,29 0,20 0,28 0,03

The amount of Mg that has reacted to evolve the measured hydrogen was stoichiometrically
calculated and depicted as mass loss with respect to the composite in Figure 8.10. It is

important to note that —-IRR composite has lost almost a 6% of its total mass, which corresponds
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to the 60% of the Mg particles. Whereas, the 36% and the 46% of the total amount of Mg and
Mn6Zn particles present in —SPH composites, respectively, have reacted.

Alloying Mg with Zn is reported to reduce Mg corrosion rate when it is found as a solid solution
in the alloy [39]. According to the Mg-Zn phase diagram [40] the limit of Zn content in order to
stay in solid solution during rapid solidification of Mg-Zn alloys is a 6.2% in mass. However, the
hydrogen release results show that neither the Mg52Zn cast alloy, nor the reinforced composites
with atomized Mg5Zn particles exhibit better corrosion behaviour than Mg or PLDA10Mg-SPH
respectively. This can be explained, if it is considered that Zn is not present as a solid solution
in the Mg matrix, but it has precipitated as a second phase. Figure 8.1.c shows a picture of
Mg5Zn particles. The presence of a second phase becomes evident as bright intergranular
zones which, according to the Mg-Zn diagram, correspond to MgZn precipitates. The potential
differences between Mg matrix and the second phase might lead to micro-galvanic corrosion

mechanisms that increases Mg corrosion rate [39, 41].
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Figure 8.10 Mg loss in terms of mass loss with respect to the composite as a function of immersion time in
PBS

Although Mg5Zn alloy releases an immense amount of hydrogen (day 28: 130 ml H,/cm? )ata
rate that increases with time (Table 8.3), the composite reinforced with Mg5Zn spherical
particles releases hydrogen at a controlled rate and in smaller quantities than the material
reinforced with Mg with irregular particles. This fact implies that the reinforcement shape is even
more relevant than the composition of the particle in the control of the degradation kinetics of

novel PLA/Mg composites.
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The more straightforward explanation of the lower corrosion rate of —-SPH composites with

respect to the —IRR relies on the surface area of particles. Keeping in mind that a sphere has
the smallest surface area of all surfaces that enclose a given volume, it results for the same
mass of particles, that the total surface area of Mg irregular particles is much larger than that of
the spherical ones. Therefore, there are more places available for the reaction between Mg and

PBS in the PLDA10Mg-IRR composite, which would explain its faster hydrogen release.

8.3.2.2. pH evolution

Variation of pH in the immersion media containing the composites was monitored for 28 days in
both, distilled water and PBS (with a renewal of solution each week). Figure 8.11 shows the
measured pH values. It is observed that a neutral pH was kept during the whole experiment in
PBS containing the composites. On the contrary, Mg and Mg5Zn cylinders have degraded so
rapidly that surpassed the buffer capacity of PBS in less than 24 hours reaching pH values

close to 10 (not shown in Figure 8.11).

Unreinforced PLDA varies pH values of distilled water between 6.3 and 5.0, whereas PLDA/Mg
composites raise sharply the pH of distilled water up to 10 during the first 1.5 day and then it
diminishes steadily. Worthwhile to point out is that the composite reinforced with irregular flake-
like Mg particles causes the smaller increments in pH. The difference between PLDA10Mg-IRR
and PLDA10Mg-SPH increases with time, so that after 28 days of immersion, the solution of the
composite reinforced with irregular particles has a pH of 7.4 versus 8.9 of the solution of the
composite reinforced with spherical particles. This is a contradictory result, taking into account
that PLDA10Mg-IRR is the material that releases the highest amount of hydrogen, which implies
that it must induce the largest increment in pH as well. This behaviour may be understood
considering that the polymeric matrix can degrade and release lactic acid to the medium, which
induce a pH decrement that can compensate the increment in pH caused by the reaction of Mg

with distilled water.

It is also hypothesized that the polymer reinforced with the irregular particles has degraded
more during melt processing. The greater surface of irregular flake-like shape particles can
increase the friction and thermal stresses that polymer underwent during extrusion leading to
reduction of the molecular weight. Shorter polymer chains are more susceptible to hydrolysis
and release degradation products to the media earlier than a less degraded polymer. As PLDA
reinforced with spherical particles can have undergone less thermo-mechanical stress during
processing, it takes longer for the matrix to release lactic acid to distilled water, so that pH

maintains basic values due to Mg corrosion.
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Figure 8.11 Evolution of pH of unreinforced PLDA and composites in distilled water and PBS

8.3.2.3. Mass variation

The water uptake measurements give an idea of the amount of solution that the cylinders have
absorbed at determined time (7 days and 28 days). In Chapter 7 and section 8.3.1.3 of the
current chapter, it has been discussed that each sample can retain PBS solution due to
amorphous domains and to pores, cracks and capillars that are formed as a consequence of the
particles and polymer degradation [30] so that, the water retention can be correlated with good
criteria with composite degradation. Figure 8.12.a shows the results for the three composites
and the reference (unreinforced PLDA). The most remarkable outcome is that PLDA10Mg-IRR
retains more than twice the liquid retained by —SPH composites (5.2 vs 2.1 %), which increases
to more than three times after 28 days (23.3 vs 6.9%). Composites reinforced with spherical
particles exhibit very similar water uptake values. Water uptake of unreinforced PLDA is

maintained at equilibrium values regardless of the immersion time (0.8 - 1%).

Figure 8.12.b shows the mass variation of the three composites and the reference after 7 days
and 28 days immersed in PBS. Composite materials exhibit a mass gain during the first week,
whereas unreinforced PLDA loss 0.2% of mass. The mass gain indicated that Mg degradation
products (phosphates and/or hydroxides) have remained in the samples. After four weeks
immersed in PBS, all samples lose mass, being the composite reinforced with irregular particles
the one that loses the highest amount (= -12 %). This confirms that the composite reinforced
with the irregular particles degrades much faster than the ones reinforced with spherical
particles. Mass loss of unreinforced PLDA resulted negligible. Both samples with spherical

reinforcements have a similar behaviour, they loss much less weight than the —IRR composite.
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Water uptake and mass variation analysis show that the influence of the particle morphology on

the degradation behaviour of PLDA/Mg composites is much greater than that of particles

composition. This observation is in agreement with hydrogen release results.
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Figure 8.12 Unreinforced PLDA and composites percentage of mass gain due to water uptake (a) and

mass variation (b) after 7 and 28 days of immersion in PBS

8.3.2.4. Morphology

Figure 8.13 shows the cylinders of PLDA10Mg-IRR, PLDA10Mg-SPH and PLDA10Mg5Zn-SPH
composites, as processed and after 7 and 28 days immersed in PBS. It is clearly observed that
degradation of composite reinforced with irregular flake-like particles lead to swelling of the

specimen and subsequent formation of deep and long cracks. On the contrary, the —SPH
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composites neither present cracks nor modification of the cylinder shape after 28 days of

immersion.

0 days 7 days 28 days

= -

PLDA10Mg-IRR

PLDA10Mg-SPH

P
PLDA10Mg3Zn-SPH

Figure 8.13 Photographs of the composites from left to right: original, after 7 days, and after 28 days

immersed in PBS.

The formation of cracks may be the responsible of the increment in PLDA10Mg-IRR hydrogen
release rate after 6 days of immersion in PBS (Figure 8.9 and table 8.3) and also can help to
understand pH decrements in distilled water (Figure 8.11). Cracks expose new polymer surface
to the media, which implies an increment in water diffusion inside the composite, that
accelerates hydrolysis of PLDA and Mg corrosion, which eventually leads to both: an increment

in H, evolved and a decrement on pH due to the release of lactic acid to immersion media.

Figure 8.14 shows the cross sections of the three composites observed by stereoscopic
microscopy (Figure 8.14.a) and by optical microscopy (Figure 8.14.b). The three materials show
similar degradation mechanisms. Mg particles corrosion proceeds from the surface to the core,
forming a white halo. It is observed the surface erosion of the composite reinforced with

irregular shape particles.

Figure 8.15 presents backscattered electron images of the three composites after 28 days of
immersion in PBS solution at the centre and at the border of the specimens. It is clearly seen
that reaction phases (dark contrast) with a higher amount of oxygen are detected at the border
of the samples, but at the centre only some particles appear partially transformed. This partial
transformation seems to be more abundant in the case of —IRR composite. At the border there

is a clear difference between composites. Irregular particles in PLDA10Mg-IRR appear almost
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fully transformed, with the reaction phase broken down into small chips. In the case of —SPH

composites particles appear either with a Mg or a Mg5Zn core, still untransformed. Mg5Zn
particles show a smaller metallic untransformed core, which indicates the faster degradation
rate of this material in comparison with pure Mg.

0 days 7 days 28days

PLDA10Mg-SPH PLDA10Mg-IRR

PLDA10Mg5Zn-SPH

PLDA10Mg-IRR

PLDA10Mg-SPH

PLDA10Mg5Zn-SPH

Figure 8.14 Cross section pictures taken by stereoscopic microscopy (a) and by optical microscopy (b)
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The microstructure of the degraded composites shows that particles that are close to the
surface react before those that are further away. This indicates that degradation of the
composite is controlled by the diffusion of water/PBS within the polymeric matrix. Although the
conditions are given for the composites to underwent bulk erosion [42], water needs time to
diffuse among the polymer chains, when the solution reaches the particles inside the specimen,

corrosion proceeds at the surface of the specimen and surface erosion takes place.

Another important feature that was observed in the photographs of the cylinders in Figure 8.13
is the formation of deep cracks in the degraded PLDA10Mg-IRR composite, already after 7 days
of immersion. Cracks are also evident by SEM, as shown in Figure 8.16, corresponding to the
composites after 28 days immersed in PBS. —SPH composites also present cracks but in a
lower extent. An easier formation of cracks on PLDA10Mg-IRR can be explained due to the
larger surface area of flake like particles in comparison with spherical ones. Hydrogen released
at the surface of Mg particles could lead to specimen expansion, swelling and further cracking.
Moreover, formation of Mg(OH), at the particle/matrix interface produces an increase of the
particle volume that can lead to internal stresses due to the accommodation of the volume, and
help to promote the formation of cracks. Once the cracks are formed, they act as fast paths for

the diffusion of the water into the material and accelerate the degradation rate.

PLDA10Mg-IRR

PLDA10Mg-SPH PLDA10Mg5Zn-SPH

B
-~

Centre

Border

Figure 8.15 SEM images of composites after 28 days of immersion at the centre of the cross section (up)
and at the border (down). (x500)
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Figure 8.16 SEM images at the border of composites after 28 days of immersion (x100)

8.3.2.5. Mechanical properties

Given that PLDA10Mg-SPH was the composite material that exhibited the best in vitro
degradation behaviour; its mechanical performance was studied as a function of degradation
time. Figure 8.17 shows the stress vs strain curves of the as processed cylinders and after 7
and 28 days immersed in PBS at 37 °C. Figure 8.18 shows the results of Young’s Modulus and

compressive strength at yield as a function of immersion time.
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Figure 8.18 PLDA10Mg-SPH compressive mechanical properties as a function of immersion time in PBS

PLDA10Mg-SPH gradually loses its compressive resistance as time passes. The mechanical
loss is desired for a resorbable implant in order to facilitate the transfer of stresses to the
healing bone [43]. The decrease in mechanical properties is thus expected, and can be referred
to the corrosion of Mg particles that enhances the hydrolysis at polymer/matrix interface, leading

to the deterioration of the union between particles and the polymeric matrix. It is observed that a
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week in PBS leads to a reduction of Young’s modulus and compressive strength of only 0.1

GPa and 5 MPa respectively. This implies a lost of 7% in stiffness and 4% in resistance. After
near a month the loss of mechanical properties becomes greater. The modulus and the

compressive strength at yield are reduced by 40% compared with the original material.

Results in the open literature are scarce and limited to flexural and compressive properties of
polylactic acid reinforced with bio-glass fibres for which a compressive strength loss by 60%
and 90% of random and unidirectional composites was reported after only 14 days [44].
Lehtonen et al. [30] developed composites with longer strength retention. The flexural modulus
of these composites decreases by 35 — 65 % after 4 weeks depending on the chemical
composition of the glass fibres. From the comparative analysis of these and our results it follows
that in vitro degradation rate of the novel PLA/Mg composites makes it a good candidate as
resorbable material for load bearing applications. A deeper analysis is meaningless since it is
assumed that the optimal rate of mechanical properties and mass loss depends on the given
orthopaedic application, implantation site, healing rate and load bearing [2-4, 45]. These results,
however, provide a proper understanding before the implementation of finer aspects of
composite processing at semi-industrial or industrial scale, leading to successful trial-and—error

approaches.

8.4. Conclusions

In vitro degradation behaviour of PLA/Mg composites can be tailored by changing the
characteristic of the matrix and/or the metallic reinforcement. These novel composites when

immersed in PBS do not surpassed the buffer capacity of the solution.

Composites exhibit surface degradation. The crystalline composite PLDA10Mg_TT presented
the fastest degradation and the largest mass loss and water uptake, and also higher hydrogen
release than its amorphous homologous. Within the amorphous matrices (PLLA and PLDA),

PLLA allowed the highest hydrogen release rate.

Regarding the characteristics of the reinforcement, it was found that particle shape plays a very
important role controlling the degradation behaviour of PLA/Mg composites. The lower surface
of spherical particles reduced the reaction sites which decrease Mg particles corrosion rate, in
comparison with irregular particles, and additionally retard the appearance of macroscopic

cracks in the composite.
Alloying with 5% of Zn led to the precipitation of intergranular precipitates that impaired

corrosion resistance of Mg. However, the composite reinforced with spherical Mg5Zn particles,
exhibited better corrosion behaviour than the material reinforced with irregular Mg particles. This
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implies that particle shape played a more important role on controlling PLA/Mg degradation rate

than particle nature.

The best in vitro degradation behaviour was obtained with the material composed by an
amorphous PLDA matrix reinforced with spherical particles of Mg. PLDA10Mg-SPH underwent
a loss of compressive resistance of only 4% after 7 days, and 40% after 28 days. This retention

of strength falls within a suitable range expected for bioresorbable composites.
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9. CONCLUDING REMARKS

9.1 Summary and conclusions

In this doctoral thesis novel biodegradable and bioresorbable composite materials for
osteosynthesis devices based on polylactic acid and Mg were designed and developed. For the
matrix, poly-L-lactic acid and poly-L,D-lactic acid with a 4.25% of D-lactyl were used. As
reinforcement, irregular shape Mg particles and spherical Mg and Mg5Zn particles were used.
PLA/Mg composites were fabricated by means of solvent-free common processes used in
industry:  extrusion/compression and injection moulding at a lab scale and
extrusion/compression at a mid-scale. To assess the material processability, physico-chemical,
thermal degradation and mechanical characterization were performed.

The aim was to improve and broaden the applications of current bioresorbable materials used in
osteosynthesis. Benefits of PLA are: (1) it is a bioplastic able to be processed by thermoplastic
processes (2) it is biodegradable and biocompatible and (3) it has been used since the 80's in
orthopaedic surgery, currently being commercially available, which implies that surgeons
already have experience using it. Benefits of Mg are: (1) it has mechanical properties close to
that of cortical bone (2) it is biodegradable and biocompatible and (3) it enhances the activity of

osteoblasts and has antibacterial properties.

However, these materials present also some drawbacks. On one hand, the polylactic acid is
associated with foreign body reactions, osteolysis and weaker mechanical properties in
comparison with permanent metallic devices, which limits its applications to low-load bearing
fractures. On the other, Mg and its alloys present a high degradation rate which leads to the
formation of dangerous subcutaneous gas bubbles and a pH increment that causes bone
damage and osteolysis. This fact has limited the incorporation of Mg alloys into orthopaedic
implants industry. The long-term goal of this thesis focuses on providing solutions that would

lead to cheaper and less intrusive orthopaedic surgery.

In the material developed in this thesis, polylactic acid and Mg particles operate in a kind of
simbiosis, each covering for the other’s limitations: while Mg improves polylactic acid
mechanical properties, and biocompatibility, the polymeric matrix slows down the degradation

rate of Mg, preventing high pH and controlling the hydrogen release.
Experimental results provide evidence that novel PLA/Mg composites have a great potential as
resorbable and biocompatible biomaterials for applications in osteosynthesis, due to their

controllable degradation rate and adequate mechanical properties.

Specific conclusions of this thesis are listed below:
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Incorporation of Mg particles within polymeric matrices reduces their thermal stability,
Mg acts as depolymerisation catalyst, likely reducing polylactic acid molecular weight
and inducing the formation of cyclic oligomers. The decrement in thermal properties is
more evident for PLLA/Mg composites than for PLDA/Mg, due to PLLA’s higher

viscosity.

Mg particles increase polylactic acid compressive Young’s modulus until a specific Mg
content were mechanical properties drop dramatically, due to the effect of Mg on PLA
thermal degradation. Mg particles improve the mechanical properties of neat PLA when
the strengthening effect of fillers is greater than the thermal degradation effect.

Given the severe particle matrix interactions, incorporation of Mg particles in the
polylactic acid matrix also induces significant changes in the rheological properties of
the polymer. Only 1 wt.% of Mg in PLDA can cause an increment of 115% in the flow
activation energy of the polymer. This implies that only composites with low Mg content

(< 1wt. %) could be manufactured by injection moulding at the lab scale.

PLA/Mg composites reinforced with 1 to 15 wt.% of Mg particles were successfully
fabricated by extrusion/compression moulding at a mid-scale. The mechanical
properties of the composites can be tailored by the addition of Mg particles and the
nature of the matrix. These novel PLA/Mg composites exhibit initial mechanical
properties that are suitable for osteosynthesis applications (Young’s modulus: 2.0 - 5.0
GPa, which is higher than that of polymeric matrices, and compressive strength: 95 —
130 MPa, which is similar to that of PLLA and PLDA).

Mg particles reduce the strain softening amplitude of both polymers; this effect together
with the increment of compression strength at plateau implies an increment in material
toughness and an improvement in the energy storage of composites under deformation.

They also increase the resistance of the material to plastic flow and the hardness.

The results of in vitro studies on PLA/Mg composites demonstrate that the degradation
rate of these materials depend in great extent on crystalline degree, Mg content and Mg
particle shape. All the composites release hydrogen at rates that could be tolerated by
human body and, when immersed in PBS, they did not surpass the buffer capacity of
the solution.

Hydrogen evolution rate is larger for materials with a higher crystalline degree and with
higher amount of Mg. A plausible reason for the higher hydrogen release and mass loss
of crystalline composites in comparison with amorphous ones could be the non-uniform

distribution of water within the semi-crystalline matrix. The preferential diffusion of water
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through the amorphous domains can induce a localized corrosion on Mg particles that

enhances their degradation rate.

The strength retention properties of the composites are highly dependent on the
crystallinity degree of the polymeric matrix. After 3 weeks, amorphous composites show
100% strength retention, whereas thermally treated composites, reinforced with 0.2 or 1
wt.% of Mg, lost 20% of stiffness and 15% of compressive strength.

Regarding the characteristics of the reinforcement, it was found that particle shape
plays a very important role controlling the degradation behaviour of PLA/Mg
composites. The lower surface of spherical particles reduced the reaction sites which
decrease Mg particles corrosion rate, in comparison with irregular particles, and

additionally retard the appearance of macroscopic cracks in the composite.

Alloying with 5 wt.% of Zn led to the precipitation of intergranular precipitates that
impaired corrosion resistance of Mg. However, the composite reinforced with spherical
Mg5Zn particles, exhibited better corrosion behaviour than the material reinforced with
irregular Mg particles. This implies that particle shape played a more important role on

controlling PLA/Mg degradation rate than particle nature.

The best in vitro degradation behaviour, within the composites reinforced with 10 wt.%
of Mg, was obtained with the material composed by an amorphous PLDA matrix
reinforced with spherical particles of Mg. PLDA10Mg-SPH underwent a loss of
compressive resistance of only 4% after 7 days, and 40% after 28 days. This retention

of strength falls within a suitable range expected for bioresorbable composites.
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9.2 Future perspectives

This doctoral thesis opens a new path in the long journey of research in biomaterials for medical
applications. Great advances have been reached through extensive research in the design and
processing of polylactic acid-based composites reinforced with Mg. However, in order for these
materials to improve the quality of people’s life and reach an actual impact on society, there is

still a long way to go.

Further research on this topic must consider the up-scale of implants fabrication and all the
process engineering. Rheological properties of PLA/Mg composites must be evaluated with
more extent and solutions to reduce thermal degradation, like the incorporation of a stabilizer to

prevent depolimerization, should be evaluated.

In vivo tests in animals are determinant to test the suitability of PLA/Mg composites for a given
application (spinal, craneo-maxillofacial, ankle, knee surgery...). Long term mechanical and
biological properties must be evaluated. The proper design of in vivo tests must be supported

by an adequate identification of clinical applications.
If the material is focused to a specific application, the optimization of the implant design, and

implant components (polymeric matrix and Mg-based reinforcement particles) is another study
that should be addressed.
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A. APPENDIX

A.1. Biological characterization

Cell viability, surface characterization and response to microbial adhesion of PLA/Mg
composites were studied in collaboration with the Hospital La Paz in Madrid and the University
of Extremadura, under the national project BIOMAGCOM (MAT2012-37736-C05-03).

Dra Laura Saldafia performed the cell viability assays in the Hospital La Paz. Dr Ciro Perez, Dra
Maria Luisa Gonzalez, Dra Amparo Gallardo, Dr Miguel Angel Pacha and Dra Maria Coronada
Fernandez conducted the trials of bacterial adhesion and surface characterization at the

University of Extremadura.

Due to the high relevance of the results, some of the most important outcomes are mentioned in

this section of this thesis.

A.1.1 Cell viability and morphology on PLDA/Mg composites

Mesenchymal Stem Cells (MSCs) purchased from Lonza (Basel, Switzerland) were seeded on
the materials and incubated in growth medium for 1, 7 and 14 days. The culture medium was
replaced with an equal amount of fresh medium at day 7 in cultures maintained for 14 days. Cell
viability was assessed using the alamarBlue assay (Biosource, Nivelles, Belgium), which
incorporates a non-fluorescent redox indicator that turns into a bright red fluorescent dye in
response to metabolic activity. This dye is generally used to measure the viability of a given cell
population, and the assay can be used to measure quantitatively an increase in cell number as
a function of metabolic activity. Briefly, cells were incubated for 3 h in Dulbecco’s modified
Eagle medium containing 10% alamarBlue dye and, after excitation at 530 nm, the fluorescence
emitted at 590 nm was quantified using a spectrofluorimeter (Synergie4, Evry, France). To
visualize nuclear morphology, cells were fixed with 4% (w/v) formaldehyde in PBS and stained
with PBS containing 3 x 10° M 4,6-diamidino-2-phenylindole (DAPI, Sigma, Madrid, Spain). To
examine the arrangement of actin filaments, fixed cells were permeabilized with 0.1% Triton X-
100 in PBS and stained with PBS containing 4 x 10-7 M phalloidine-TRITC (Sigma). Images of
fluorescently stained cells were obtained using a Leica TCS SPE confocal microscope (Wetzlar,

Germany).

In vitro studies show that Mg reinforcement improves viability of MSCs cultured on the materials
for 14 days (Fig A.1, upper pannel). Confocal imaging of MSCs stained for actin filaments (red)
and nuclei (blue) reveals normal nuclear morphologies on all samples (Fig A.1, lower pannel).

MSCs grown on the materials formed a cell monolayer and exhibited a clearly expanded
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typically elongated shape. Actin polymerized in a dense meshwork of well-defined stress fibers

distributed through the cell body of cells on the three polymer-based materials.
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PLDA PLDA 1Mg PLDA 10Mg

Figure A.1 Cell viability and morphology on PLDA/Mg composite

A.1.2 Surface characterization and response to microbial adhesion

The hydrophobicity of PLDA and PLDA/Mg surfaces was quantified by means of contact angle
measurements. For bacterial adhesion studies, the biofilm-forming strain Staphylococcus
epidermis ATCC35983 was used. The bacterial inocula were grown in Trypticase Soy Broth
(TSB). For bacterial adhesion studies, the bacteria were re-suspended in phosphate buffered
saline (PBS). Then, the bacterial suspension was added to the samples and was subjected to
slight orbital shaking of 20 rpm, for 60 min at 37 °C. Quantification of the surface density of
bacteria on samples were carried out with an epifluorescence microscope (Leitz DIAPLAN, Leitz
Wetzlar, Germany) by staining the adhered microorganisms with the kit Live/Dead Baclight L-
7012 (Invitrogen SA, Spain). Bacteria were counted with the software NIS-Elements BR 4.10
(Nikon Instruments INC., Melville, USA). For biofilm formation studies, the incubation with the

samples was performed under orbital motion, for 24 h at 37 ° C, and bacterial biofilm viability
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was quantified through its ATP content by bioluminescence. Statistical analysis was performed

using analysis of variance (ANOVA). All data are presented as mean + SD of at least three

independent experiments in duplicate.

Figure A.2 shows the images of a water drop on PLDA and PLDA/Mg composites surfaces.
Showing contact angles of 96 + 7 for PLDA, 73 + 3 for PLDA1Mg and 77 + 4 for PLDA10Mg. It
is observed that Incorporation of Mg particles in PLDA reduces the hydrophobicity of the
polymer.

PLDA PLDA1Mg PLDA10Mg

Figure A.2 Contact angle of PLDA and PLDA/Mg composites reinforced with 1 and 10 wt.% of Mg

particles

Focusing on the initial viability of adhered bacteria (Figure A.3), all bacteria deposited on the
PLDA surface are 100% viable (green), while bacteria attached to the PLDA1Mg and

PLDA10Mg surface show a loss in viability (yellow-orange).

After 24h, bacterial biofilm viability of the composites PLDA/Mg was reduced in respect with that
of PLDA (Figure A.4). Mg decreases biofilm viability by 65% compared to PLDA control. It can
be concluded that PLDA/Mg composites have high antibacterial action, decreasing viability of

bacteria included in the biofilm, providing added value to be used as an osteosynthesis material.

PLDA PLDA1Mg

Figure A.3 Initial viability of adhered bacteria deposited on PLDA and PLDA/Mg composites
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Figure A.4 Surface density of S. epidermidis bacteria adhered on the samples: PLDA, PLDA1Mg and
PLDA10Mg after 24 hours

A.2. Publications

Authors N. Argarate, B. Olalde, G. Atorrasagasti, J. Valero, S.C. Cifuentes, R.

Benavente, M. Lieblich J.L. Gonzalez Carrasco

Title Biodegradable Bi-layered coating on polymeric orthopaedic implants for

controlled release of drugs
Journal Materials Letters 132 (2014) 193 - 195

Abstract: A novel bone substitute incorporating biodegradable coatings on poly(D,L-lactide-co-lactide)
(PLDL) implant has been developed. The polymer coatings were investigated as carrier of eugenol (EG)
and dexamethasone (DM) which are suitable drugs to give antibacterial and anti-inflammatory function to
the implant. The dip coating method was employed to coat the PLDL implant with poly(L-lactic acid)
(PLLA) polymer. It has been observed that the thickness of the coating increased with the polymer
concentration and the repetition of the dipping process showed an additive coating thickness compared to
the single dipping.Moreover, it has been proved that a sequential drug release of EG and DM has been
reached by incorporating the drugs onto each layer coating.
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Authors S.C. Cifuentes, E. Frutos, R. Benavente, J.L. Gonzalez Carrasco, V. Lorenzo

Title Strain rate effect on semi-crystalline PLLA mechanical properties measured by

instrumented indentation tests
Journal European Polymer Journal 59 (2014) 239 — 246

Abstract: Poly-L-lactic acid, PLLA, is a widely studied biomaterial, currently approved for use in a
range of medical devices. Its mechanical properties can be tailored giving the material different
crystallinity degrees. PLLA presents a complex non-linear behaviour that depends not only on structural
parameters such as crystallinity degree but also on external parameters such as strain rate and
temperature. Failure of polymeric implants is attributed to their intrinsic time-dependent performance
under static loading conditions. This work explores the potential of instrumented indentation tests as a
suitable technique to measure the complex non-linear time-dependent mechanical properties of PLLA.
The applicability of the Oliver—Pharr method, typically used in ceramic and metallic materials, is discussed
through the sensitivity of elastic modulus, hardness and material creep response to different strain rates.
Likewise, the strain rate influence depending on the crystallinity degree is considered, providing important
information about viscoelastic behaviour of PLLA. Whereas possible, results are compared with those

obtained from tensile and Dynamic Mechanical Analysis tests extracted from the literature.

Authors S.C. Cifuentes, R. Benavente, J.L. Gonzalez Carrasco

Title Does magnesium compromise the high temperature processability of novel

biodegradable and bioresorbables PLLA/Mg composites?
Journal Revista de Metalurgia
01/2014 50(2):e011. doi: http://dx.doi.org/10.3989/revmetalm.011

Abstract : This paper addresses the influence of magnesium on melting behaviour and thermal stability

of novel bioresorbables PLLA/Mg composites as a way to investigate their processability by conventional
techniques, which likely will require a melt process at high temperature to mould the material by using a
compression, extrusion or injection stage. For this purpose, and to avoid any high temperature step before
analysis, films of PLLA loaded with magnesium particles of different sizes and volume fraction were prepared
by solvent casting. DSC, modulated DSC and thermogravimetry analysis demonstrate that although thermal
stability of PLLA is reduced, the temperature window for processing the PLLA/Mg composites by
conventional thermoplastic routes is wide enough. Moreover, magnesium particles do not alter the
crystallization behaviour of the polymer from the melt, which allows further annealing treatments to
optimize the crystallinity in terms of the required combination of mechanical properties and degradation

rate.
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Authors S.C. Cifuentes, E. Frutos, J.L. Gonzalez-Carrasco , M. Mufioz, M. Multigner, J.
Chao, R. Benavente, M. Lieblich

Title Novel PLLA/magnesium composite for orthopedic applications: A proof of
concept
Journal Materials Letters 74(1) (2012) 239 - 242

Abstract: This work aims to develop polymer/magnesium composites as new biodegradable and
bioresorbable materials for osteosynthesis implants. The polymeric matrix will benefit from the higher
strength and modulus of the Mg particles, whereas Mg will benefit from the surrounded protective
polymeric matrix that will control its degradation rate. To provide a proof of concept a set of specimens
were processed by combining solvent casting of PLLA (poly-L-lactic acid) loaded with 30 wt% of Mg
particles and further molding by compression. Mechanical characterization reveals that reinforcing the
polymer matrix with Mg particles improves its mechanical properties (hardness up to 340 MPa and yield
strength up to 100 MPa). Interestingly, Young's modulus determined by ultramicroindentation increases
up to 8 GPa. From the DSC analysis it follows that the unloaded and loaded polymer has similar
crystallinity, which indicates that the improvement in mechanical properties is purely the effect of particle

reinforcement.

Authors D. Drummer, S.C. Cifuentes, D. Rietzel

Title Suitability of PLA/TCP for fused deposition modeling
Journal Rapid Prototyping Journal 18(6) (2012) 500 - 507
Abstract:

Purpose — Fused deposition modeling (FDM) is a layer by layer technology with the potential to create
complex and individual parts from thermoplastic materials such as ABS. The use of Polylactic acid (PLA)
and ftricalcium phosphate (TCP) as resorbable composite is state of the art in tissue engineering and
maxillofacial surgery. The purpose of this paper is to evaluate the processing conditions and the
performance of parts (e.g. mechanical properties) manufactured with a FDM machine.
Design/methodology/approach — In this paper, the general suitability of PLA for the processing with
FDM is evaluated and material specific effects (e.g. crystallization and shrinkage) are shown. Therefore,
the characterization of the semi-crystalline biodegradable material by thermal, mechanical and
microscopic analysis is carried out. Findings — Facts, which affect the functional properties of the
samples, are analyzed. Among them, the processing temperature and sample size significantly affect the
morphology of the final components. Components from PLA/TCP with sufficient mechanical properties for
their potential use as scaffolds are obtained. Originality/value — Thus, the paper shows that by thermal

analysis it is possible to identify major influences on processing and part properties.
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A.3.Congress and seminars

Authors S.C. Cifuentes — MIT Technology Review Innovator under 35

Title A new material that improve bone implant

Congress Emerging Technologies Conference — EmTech Spain. Valencia, Spain.
November 12" — 13", 2014

Type Oral presentation

Abstract: Polylactic acid and magnesium operate in a kind of symbiosis, each covering for the other's
“defects”: on one hand, the magnesium gives more robustness to the matrix, so that this can be used as a
bone implant, unlike other biodegradable materials which are not sufficiently solid; on the other, the matrix
slows down the release of magnesium into the organism, therefore preventing high-concentration and

reducing its degradation.

Results are promising, however before being adopted in day-to-day orthopaedic surgery, the new material
needs extensive in-vivo tests on animals, which is what Cifuentes looks forward to, pending the approval
of the necessary funding. Her research project involves PLA producers such as Corbion Purac in the

Netherlands, which are greatly interested in the medical application of this and other biomaterials.

Will the synergy between a bioactive metal and a bioplastic finally turn the tables on steel and titanium

and allow for cheaper, less intrusive orthopaedic surgery?.

Authors S.C. Cifuentes, L. Saldana, V. Lorenzo, M. Lieblich, R. Benavente, J.L.

Gonzélez-Carrasco
Title Suitability of novel PLA/Mg composites for biodegradable implants

Congress 6" Symposium on Biodegradable Metals. BIOMETALS Maratea, ltaly. August
24" — 29", 2014

Type Oral presentation

Abstract: Implants that can be metabolized by the human body have appeared as one of the most
attractive and promising solutions to overcome limitations and improve the features of current implantable
devices. Biodegradable polymers and magnesium (Mg) alloys have played an important role writing the
history of resorbable implants [1,2]. This paper presents the processing by extrusion/compression
moulding, mechanical characterization, thermal characterization and in vitro biocompatibility of a novel

generation of resorbable materials based on a polymeric matrix reinforced with metallic Mg particles.
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Authors S.C. Cifuentes, R. Gavilan, A. San Roman, M. Lieblich, R. Benavente, J.L.

Gonzalez-Carrasco

Title Effect of magnesium particle shape on in-vitro degradation kinetics of novel

PLA/Magnesium composites

Congress 6" Symposium on Biodegradable Metals. BIOMETALS Maratea, Italy August
24" — 20" 2014

Type Poster

Abstract: In some cases, metallic prosthetic devices must be removed by a second surgical procedure.
Biodegradable devices appear as an alternative to avoid this risky and costly practice. One of the main
drawbacks of bioresorbable polymers is their low mechanical strength that leads to the need to oversize
the implants. With magnesium base materials, on the other hand, hydrogen may form so quickly that
became accumulated around the implant at a rate difficult to deal with by the tissue [1, 2]. In the present
work, an alternative material, which consists in the incorporation of Mg particles into a polymer matrix [3],

has been processed and the degradation kinetics studied as a function of the shape of the Mg reinforcing

particles.
Authors S.C. Cifuentes, E. Frutos, R. Benavente, J.L. Gonzalez-Carrasco, V. Lorenzo
Title Strain rate effect on semi-crystalline PLLA mechanical properties measured by

instrumented indentation tests
Congress MACRO - IUPAC. Chiang Mai, Thailand. July 6" — 11", 2014
Type Poster

Abstract: Poly (L-lactide) is a widely studied biomaterial, currently approved for use in a range of
medical devices. Its mechanical properties can be tailored giving the material different crystallinity
degrees, and with this different applications. This material, as a polymer, is prone to creep under relative
low stresses at ambient temperature. In fact, this is the principal cause of loosening of biodegradable
polymeric fixations. Therefore, the need of a reliable mechanical test that considers time dependencies of
the material arises in order to predict the viscoelastic behaviour of PLLA components properly. This work
explores the potential of instrumented indentation as a suitable technique to measure the complex non-
linear time-dependent mechanical properties of PLLA. The sensitivity of elastic modulus, hardness and
material creep response to strain rate is investigated. The applicability of the Oliver-Pharr method is also

discussed. Likewise, the strain rate influence depending on the crystallinity degree is considered. The

results of this study provide important information about PLLA viscoelastic behaviour.
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Authors S.C. Cifuentes, R. Benavente, T. Osswald, F.A. Lopez, J.L. Gonzalez-Carrasco
Title Processing and characterization of novel melt injected PLDA/Mg composites
Congress EUROMAT Seville, Spain. September 8" - 13", 2013

Type Oral presentation

Abstract: The biodegradable polymer-based composites (ie: polylactic acid - PLA) loaded with particles
of Mg, respond to a new strategy to solve the high in vitro degradation rates of Mg alloys and the
limitations posed by polymers currently bioreaborbibles [1]. These materials have a degradation profile
modulated by the volume fraction and particle size of Mg, thus, it is expected that as reabsorption occurs,
it allows the regeneration of bone tissue, maintaining stable the mechanical performance of the system
implant-bone. To fabricate the PLA bone fixation implants the polymer is usually processed by injection
moulding. This paper studies the influence of Mg particles on the mechanical properties of PLDA / Mg
composite processed by injection. Composites with different mass fractions of Mg (0.2%, 0.5% and 1%)
have been manufactured from a homogeneous mixture of PLDA and cpMg particles of about 50 m in
diameter. The mechanical characterization has been addressed by tensile and compression tests. The

crystallinity and thermal stability of the material have been determined by means of DSC and TGA

techniques.
Authors S.C. Cifuentes, E. Frutos, R. Benavente, J.L. Gonzalez-Carrasco
Title Study of the effect of the PLLA crystallinity on its creep behaviour at ambient

temperature by using instrumented microindentation techniques
Congress  Micromaterials European User Meeting. Valletta, Malta. October 24" — 25",
2012

Type Poster

Abstract: Most of the resorbable osteosynthesis materials are composed by poly-L-lactic acid, PLLA.
This kind of materials must be suitable to gradually lose their mechanical strength while degradation
products are metabolized by the human body during the bone regeneration. So that the system
Bone+Implant can maintain its mechanical strength. There are three challenges to be addressed: good
mechanical properties, control of degradation times and the degradation products must be biocompatible.
The mechanical properties and degradation times depend on the crystallinity of the material. This property
can be tailored with the cooling rate during processing, with isothermal treatments from the melt or with
annealing processes. The aim of this project is to deep into the potential of the ultramicroindentation
techniques to analyse the relevant mechanical properties at ambient temperature of PLLA with different

crystallinity degrees.
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Authors S.C. Cifuentes, J. Chao, T. Osswald, R. Benavente, J.L. Gonzalez-Carrasco

Title Comportamiento mecanico de materiales compuestos PLDA/Mg, de interés en

aplicaciones médicas, procesados mediante moldeo por inyeccion

Congress XXXV Congreso de la Sociedad Ibérica de Biomecanica y Biomateriales.
Madrid, Spain. October 19" — 20", 2012

Type Oral presentation

Abstract: A partir de una mezcla homogénea de PLDA (4,25% D-lactyl) y particulas de Mg puro de
tamafo inferior a 50 micras, se fabricaron, mediante inyeccién, probetas de traccién y compresién con
diferentes fracciones de magnesio (0.2%, 0.5% y 1% en masa). Las condiciones de procesado llevaron a
obtener materiales con un 13+4% de cristalinidad. Dicha cristalinidad aumenta a un 40+4% tras un
tratamiento de templado, cuyas condiciones (125 +1 °C, 1 h) se optimizaron a partir del estudio mediante
DSC de una serie de tratamientos térmicos. La caracterizacion mecéanica en las probetas con y sin
tratamiento térmico, se abordd con ensayos de traccion, y compresién. La Figura muestra, a modo de
ejemplo, los resultados de ensayos de compresion en muestras sin tratamiento térmico. La cristalinidad
de los materiales y el efecto del Mg en la cristalizacién del polimero fueron determinadas por medio de
DSC y Rayos-X. A través de imagenes de microscopia optica y de barrido se analizé la superficie de
fractura y la buena eficiencia del procesado en la dispersién homogénea de las particulas metalicas en la

matriz polimérica.

Authors S.C. Cifuentes, R. Benavente, F. Lopez, M. Mufioz, J.L. Gonzalez-Carrasco

Title Andlisis térmico de nuevos materiales compuestos PLLA/Mg de interés en

aplicaciones médicas

Congress XXXIV Congreso de la Sociedad Ibérica de Biomecanica y Biomateriales.
Cordoba, Spain. November 4" — 5" 2011

Type Oral presentation

Abstract: El desarrollo de materiales compuestos PLLA/Mg como biomateriales biorreabsorbibles
responde a una nueva estrategia para, por una parte, mejorar la bioactividad y las propiedades
mecanicas del polimero y, por otra, modular la velocidad de degradacion del Mg, sin la necesidad de
incorporar elementos de aleacién no biocompatibles. El procesado de este tipo de materiales puede
abordarse mediante diversas rutas que, en la mayoria de los casos a nivel industrial, incluyen una etapa
a temperatura elevada. Resulta entonces de gran interés, el estudio de la estabilidad térmica del
material para predecir su comportamiento térmico durante su procesado. El analisis se realiza mediante
termogravimetria, TGA, y calorimetria diferencial de barrido, DSC, en materiales con diferentes
contenidos de Magnesio haciendo posible vislumbrar el efecto del metal en la degradacién térmica y la

cristalizacién del polimero.
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