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Abstract

Biomaterials used for implants may be metallic, ceramic, polymeric or
composite. Currently, metals that are gradually broken down in the body
have been attracting much attention, as a new generation of biodegradable
implants. Magnesium (Mg) and related alloys are promising candidates for
degradable biomaterials, comprising temporary mechanical properties with
biological acceptance to the human body. However, the target periods set
clinically, with respect to the practical uses of Mg for biodegradable stents,
have yet to be achieved. Hence, improved understanding of the corrosion

behaviour of Mg in the biological environment is needed.

Novel Mg narrow walled minitubes, for degradable stent applications, have
been produced using radio frequency magnetron sputtering (RF-MS) physical
vapour deposition (PVD). The microstructural development of the as-
deposited minitubes have been investigated, as a function of annealing
temperature, using the combined complementary analytical techniques of
scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy
(EDS), X-ray diffractometry (XRD) and microhardness indentation. The as-
deposited minitubes exhibited columnar grain structures with high levels of
porosity, but were very brittle. Slight alteration to the crystal structure, from
columnar to more isotropic grain growth, was demonstrated at elevated
temperature, along with increasing material densification, hardness and
corrosion resistance. It is suggested that stabilisation of the columnar grains
and the formation of oxide layers during the sequential Mg-layer deposition
process, acted as a barrier, preventing the development of a fully dense,

equiaxed structures.

The onset and development of Mg corrosion may be addressed by the use of
coatings or near surface modification processes. Accordingly, the corrosion
resistance of ~ 1-2 um thick Al coatings, deposited by RF-MS on polished Mg
surfaces, within Ar and Ar/H, environments, were appraised. The coatings
were heat-treated at 300°C and 450°C, with the aim of inducing the
formation of bioinert Al,O3;, and samples were corroded within phosphate
buffered saline (PBS) solution at 37°C to mimic the biological environment.
Both as-deposited and heat-treated coatings were found to delay the onset of
corrosion, but showed higher initial corrosion rates, once established, as

compared to the polished Mg surfaces. Slight improvement in coating



performance was achieved through the addition of H, to the system, which
acted to inhibit Al-Mg alloying and enhance Al,O; formation. However,
localized accelerated corrosion associated with substrate polishing damage
emphasised the need for improved process control and coating uniformity. Si-
H coatings deposited on Mg surfaces within Ar/H, ambient using a PVD
technique was also investigated. The as-deposited coatings comprised dense,
crack-free amorphous a-Si-H layers with thickness of ~ 1 um. Fourier
transform infrared spectroscopy (FTIR) and X-ray photoelectron spectroscopy
(XPS) analyses provided evidence for the presence of SiH, as well as SiO.
The corrosion resistance of a-Si-H coated Mg increased significantly in contact
with PBS, in both electrical and immersion tests, due to improved coverage of

the substrate.

The effect of rapid thermal processing techniques on the corrosion resistance
of Mg surfaces was also investigated. Mg surfaces treated by large area
electron beam (LAEB) irradiation showed refinement of the surface grain
structure, with increased grain boundary delineation, although localised
ablation, roughness and crater formation increased with increasing cathode
voltage and number of pulses. The corrosion potential and corrosion rate of
LAEB modified surfaces generally increased with increase the energy imparted
to the surface. The extended corrosion performance of low energy EB
processed surfaces, under immersion testing was consistent with the trend of
improved corrosion resistance during the early stages of immersion in PBS.
However, surfaces over-processed at high energies experienced higher
corrosion rates in both potentiodynamic and immersion testing, due to the

development of inclusions, craters and cracks on the modified surface.

Further, Mg surfaces, modified by laser surface melting (LSM) under
conditions of low energy laser irradiation, experienced rapid melting, causing
surface smoothening and grain refinement centred along the laser beam
tracks, whilst coarser grains decorated the overlapping regions, due to the
Gaussian shape of the laser beam profile. More uniform surface processing
was achieved by increasing the laser beam spot size, which acted to improve
the corrosion resistance of Mg. Under high energy LSM processing conditions,
Mg surfaces showed conventional laser melting rippled patterns, along with
craters and cracks, and the redeposition of MgO particles, causing an increase
in surface roughness and corrosion rate. The corrosion performance under
immersion testing showed the corrosion rate similar to that of the original

polished Mg samples, due to non-uniform surface modification and the mixed



development of fine and coarser grains. However, observation revealed that
refined grain regions along the centre of the laser tracks were able to resist

corrosion for longer times.

Generally, annealed Mg-minitubes produced by PVD, and the near surface
modification of Mg by EB and LSM, showed that fine grained Mg can affect the
electrochemical response of Mg within the physiological environment, due to
the rapid, enhanced development of the passivation layer, promoted by
improvements in surface homogeneity and an increase in grain boundary

density.
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Chapter 1 Introduction

CHAPTER 1 Introduction

Biomaterials are natural or synthetic materials, used to make structures or
implants to replace damaged or diseased biological structures, or support the
body to fully repair. For materials to help improve the quality of life and
longevity of people, they must be biocompatible [1]. Biocompatibility refers to
the ability of a material to prompt an appropriate host response, to allow the
body to repair without any deleterious changes to the material or body [2]. A
few examples of biomaterial applications are intravenous, urinary or gastric
catheters; heart-valves, stents and vascular grafts; orthopaedic devices such
as joint replacement components, pins, screws, plates, rods, tacks, suture
anchors and fixators; dental and ophthalmic implants; tissue adhesives;
wound dressings; and suture materials [3]. Initially, readily available
materials were used, but today biomaterials science is becoming more
sophisticated and filled with endless possibilities for construct design, across a
variety of biomedical applications.

Biomaterials as used for implants can be metallic, ceramic, polymeric
or composite [4]. Metals such as stainless steel, cobalt-chromium alloys and
titanium alloys, for example, have received much attention due to their
biocompatibility combined with their excellent mechanical properties such as
strength, hardness, stiffness, toughness, ductility, wear resistance and
corrosion resistance [4] [5]. Such properties make these materials suitable
for orthopaedic load bearing implants, fixation devices and dental and

cardiovascular applications.

There is current interest in developing advanced biomaterials
comprising temporary mechanical properties with biological acceptance to the
human body, for coronary stent applications. The selection requirements for a

metallic stent, a small tubular mesh placed and expanded inside a blocked
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blood vessel, should be benchmarked against the mechanical properties of
stainless steel, which is the preferred standard for clinicians. Furthermore,
when considering mechanical properties as a function of degradation time,
the stent properties should not be compromised by the corrosion process until
physiological arterial remodelling has been completed (~ 6-12 months) [4].
Additionally, the corrosion processes that stent materials experience should
not have a negative effect on patient physiology and health. For instance, the
corrosion products must not generate toxic, carcinogenic or mutagenic
effects; they must not block vessels somewhere in the vascular bed, nor
generate particles with geometries larger than a few microns; they must be
safe to be adsorbed by blood and cells, and should be eliminated by

conventional physiological mechanisms.

Biodegradable metals have been investigated during the last decade,
as an alternative to currently used permanent metallic implants [6] and more
bulky degradable polymeric stents [4]. Polymeric stents in particular suffer
from non-linear degradation, autocatalytic effects resulting in acid burst [7]
and subsequent high inflammatory response, and more importantly require
larger wall thicknesses due to their inferior mechanical properties compared
to metals [8] [9] [10]. Recently, particular attention has been paid to
biodegradable magnesium (Mg) alloys, which provide the potential for patient
recovery without the need for secondary surgery to remove the implant [11].
The first use of Mg was reported in 1878, in stopping bleeding vessels [12],
but it has rarely been used clinically due to its high corrosion rate. However,
the ability of Mg-alloys to degrade safely within a biological environment may
allow for the development of temporary intravascular stents, e.g. for use
within growing babies [13-16]. In addition, the degradation products of Mg
may be involved in various biological processes, such as enzyme co-factors,

without toxic effects [5] [17].
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Although there has been much promise in this area, the target periods
set clinically and scientifically for Mg and Mg-alloy biodegradation have yet to
be achieved, with a target corrosion rate of 0.02 mm/year [18]. Mg has a
tendency to degrade quickly in the range of 2.7 mm/year within a
physiological environment, before vessel remodelling and the healing process
are complete [19] [20]. In practice, the corrosion of Mg / Mg-alloys is both
rapid and non-homogeneous, due to localised attack [21], with galvanic
corrosion taking place wherever there are impurities or secondary phases.
Further, the high rate of corrosion of Mg results in the formation of hydrogen
gas bubbles within ~ 1 week, which disappear after ~ 2-3 weeks [22], being
associated with a local change in pH and a possible decrease in

biocompatibility [21].

Mg-alloys, e.g. AE21 (2% Al and 1% rear earth elements Ce, Pr and
Nd) and WE43 (0.4% Zr, ~ 4% Y and ~ 3% rare earth elements) have been
studied, with a view towards the development of biodegradable stents [23]
[24]. However, the main problems related to Mg-alloys were revealed, in the
form of rapid galvanic corrosion, both in vitro and in vivo, leading to
premature failure of the stents before the arterial healing process was
functionally complete. The complexities of the associated degradation
mechanisms for such metallic biomaterials in the physiological environment
are not well understood. Hence, the purpose of this thesis, to conduct a
detailed investigation and gain improved understanding of the corrosion
behaviour of pure Mg within biological media, as current candidate Mg-alloys

do not perform well under physiological conditions [17, 25].

Metallic stents may be produced using various micro- and nano-scale
processing techniques, including minitube casting, powder metallurgy and
electroforming, in order to achieve the desired stent dimensions [4]. In

particular, the technique of physical vapour deposition (PVD) provides for
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effective control over the diameter and wall thickness of fine-scale Mg stents.
However, the grain structures produced by PVD need to be refined before
being brought into contact with physiological solution. In this context, an
initial feasibility study to produce a novel Mg stent, fabricated by radio
frequency magnetron sputtering (RF-MS) is reported on in Chapter 4, along
with an appraisal of the effects of post deposition thermal treatments. The
findings of this work pointed towards a need for improved understanding of
the surface processing of Mg, in order to delay the onset of corrosion and
provide for improved control of the corrosion rate. This led to a comparison of
surface coating and near surface modification strategies for the processing of
Mg. For example, an investigation of Al-O and Si-H based coatings, developed
using PVD and thermal annealing procedures on Mg, and their corrosion
properties in phosphate buffered saline (PBS), is reported on in Chapter 5. An
alternative strategy to refine the near surface structure of Mg using the rapid
solidification techniques of electron beam and laser surface melting is
reported on in Chapter 6. In particular, a detailed investigation of the
enhanced passivation and corrosion performances of these processed Mg

surfaces is presented.

Throughout this investigation, the examination of material
microstructure was performed using the combined complementary
characterisation techniques of scanning electron microscopy (SEM), energy
dispersive X-ray spectroscopy (EDS), X-ray diffractometry (XRD), X-ray
photoelectron spectroscopy (XPS), Fourier transform infrared (FTIR)
spectroscopy and microhardness testing, with corrosion performance

appraised by potentiodynamic polarisation and immersion corrosion testing.

Accordingly, this thesis is organized into eight chapters. Chapter 1
provides an introduction to the technical requirements for biodegradable Mg

stent development and outlines the organisation and structured development
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of the thesis. Chapter 2 presents a literature review and the research context
for the development of stents, including a review of current materials used,
degradable metals, Mg structure, corrosion mechanisms, types of corrosion,
measurement procedures, factors affecting the corrosion of Mg and strategies
for the protection of Mg. Chapter 3 describes the techniques used to
manufacture Mg minitubes, the conditions for the deposition of PVD coatings
and the near surface modification of Mg, as well as outlining the basis of the
characterisation and corrosion testing techniques employed. Chapter 4
presents a feasibility study of the PVD fabrication of pure Mg minitubes and
the effect of thermal treatments on their structured development, and their
mechanical and corrosion properties. Chapter 5 describes an investigation of
the development of Al-O and Si-H based coatings, as protective barrier layers
on Mg surfaces, and their corrosion performance within PBS solution. Chapter
6 reports on the use of electron beam and laser surface melting procedures to
refine the Mg near surface, in order to appraise the effects of microstructure
and homogeneity on corrosion performance. Chapter 7 presents an overview
discussion of the corrosion behaviour of Mg, as a function of the developed
microstructures and processing strategies applied. Chapter 8 provides the
general conclusions of this thesis and outlines some opportunities for future

developments in this field of study.
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CHAPTER 2 Literature review

2.1 Introduction

Degradable metallic stents have attracted research attention because they
can perform their required mechanical function over a specific period of time
and then dissolve gradually by corrosion, as healing progresses [26].
Magnesium (Mg) / Mg-alloys is a promising materials system for stent
applications due to its biocompatibility. The main issue with Mg is its relatively
low corrosion resistance when in contact with the biological environment.
Hence, improved control over the corrosion rate of Mg is needed, in order to
extend the time period for dissolution and to achieve optimal temporary

mechanical function.

This Chapter presents a review of established literature, relevant to the main
themes of this thesis. The context is the development of biodegradable
stents, candidate materials and their methods of manufacture, and the
potential of Mg and Mg-alloys. Emphasis is given to the corrosion of pure Mg
in the biological environment, including types of corrosion, methods of
measurement and the factors affecting corrosion behaviour. Various
strategies for protecting Mg are examined. The surface coating of Mg with a
protective oxide layer, by physical vapour deposition (PVD), is a promising
technique. The near surface modification of Mg using electron beam and laser
surface melting, for grain refinement and homogenisation, is an alternative
strategy which can affect the corrosion properties of Mg. Alloying of Mg with
various elements, as another route towards corrosion protection, is also
reviewed briefly. Although the literature review will consider a range of Mg-
alloys being used in biomedical application, this thesis will be focussed mainly

on the performance of pure Mg in the biological environment.
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2.2 Introduction to stents

2.2.1Stents - application & environment

The implant market is increasing, with more than one million stents implanted
in human arteries each vyear [27]; of which, 80% cardiovascular
interventional surgeries are coronary stents [28]. Stents are used widely to
treat severe coronary artery disease by restoring blood flow [29]. Generally,
stents are permanent implants placed and expanded inside an artery to
provide mechanical support and keep the lumen of arterial vessel open [16],
(Figure 2-1). Stents are categorised into two major groups; i.e. balloon
expandable and self-expandable [30]. Balloon expandable stents are
fabricated, traditionally, from a mesh of narrow diameter stainless steel tubes
or wires mounted on an angioplasty balloon and then deformed plastically to
their final diameter, once located within the artery, by inflation of the balloon
[30] (Figure 2-2(a)). Sigwart et al. [31] introduced a self-expanding coronary
stent, made from stainless steel, for scaffolding blood vessels after balloon
angioplasty. Such self-expandable stents comprise a small diameter tube or
wire mesh made from stainless steel, Nitinol (Ni-Ti alloy) or Tantalum (Ta),
manufactured in expanded shape and then compressed into a small diameter,
delivery catheter, and then positioned and expanded at the required site
(Figure 2-2(b)) [30]. Vascular stents may also be used in peripheral vascular
sites, e.g. lower limb, renal, carotid and neurovascular, as well as in coronary

vessels [30].
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(d) Catheter is removed. Stent remains to hold artery open.

(b) Balloon is inflated to expand the stent.

Figure 2-1 Stent procedure inside a coronary artery [32].

Such stent implants remain within the blood vessel for the rest of the
patient’s life [33]. However, this is largely unnecessary, since the healing
process for a blocked artery takes ~ 6 - 12 months [34], and the presence of
a stent for a long time period could interfere with artery remodelling and
provoke in-stent restenosis, a re-occurrence of a narrowing of the blood
vessel in the presence of the stent due to cell proliferation at locally injured
tissue [35] and later stent thrombosis [15]. In addition, metal stents based

on stainless steel and Ni-Ti alloy can release Cr and Ni ions, which are

considered to be carcinogenic [36].

Figure 2-2 (a) Balloon expandable stainless steel stent (ParaMount Stent) [37]; (b)
Self-expanding Nitinol stent (Zeus SX stent) [38].


https://www.ev3.net/peripheral/intl/be-stents/paramount-mini-gps-balloon-expanding-peripheral-stent-system.htm
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2.2.2 Materials for stents

Current stents made from corrosion resistance metals such as stainless steel
(316L SS), Nitinol and cobalt-chromium (Co-Cr) alloys [16] are typically
fabricated from a narrowed walled, small diameter tube and laser cut into the
desired pattern, followed by annealing, electrolytic polishing, cleaning and
rinsing [39]. 316L SS is the most commonly used metal for stents providing
for good mechanical properties and high corrosion resistance, and hence
regarded as a standard reference material against the development of new
materials for stents [9]. Nevertheless, the use of 316L SS for stents is limited
due to its ferromagnetic nature, being non-compatible with magnetic
resonance imaging (MRI), as well as exhibiting low biocompatibility and being

associated with possible allergic reactions [9].

The shape-memory alloy Nitinol may be used as a self-expanding stent
because of its shape memory effect, transforming from martensite at room
temperature to austenite at body temperature which drives the expansion
process inside the arteries [40]. However, the use of Ni-Ti shape memory
alloys is restricted because of the considerable amount of Ni content, hence
the alternative shape memory alloy Ti-Nb-Sn now under development for
implants [41]. Co-Cr alloys have attracted the stent industrial sector due to
their high elastic modulus and strength, making it possible to produce stents
with ultra-thin struts [9]. However, Co-Cr alloys are also limited due to the

risk of dissolution of toxic Cr into the blood stream [6].

2.2.2.1 Biodegradable materials for stents

Implants have been fabricated typically from bioinert metals such as stainless
steel or Ni-Ti alloy. However, their clinical need is only for a maximum of six
months, to allow the healing process to occur [42]. In order to remove the
implant, second surgery is required, which puts the patient at risk along with

additional cost. The alternative is to leave the implant for the rest of patient’s
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life, but this carries a risk of adverse effects such as allergic reaction to the
metal [42]. The development of an effective bio-absorbable implant can
overcome these problems, providing potentially a temporary opening for the
artery during the first stage of healing followed by remodelling as the stent
safely degrades. Degradable stents can also be replaced and another inserted
in the same place if the initial treatment is un-successful [43]. Hence,
degradable implants can potentially reduce healthcare costs and clinical

difficulties associated with the use of permanent stents [44].

Biodegradable polymeric stents are also becoming established in clinical
applications, as a solution for long-term complications. The first materials
used for degradable stents utilised polymers, e.g. from the highly bio-
compatible Poly-L-Lactic acid (PLLA) [33], glycolic and caprolactone families
[45] [46] [47]. However, polymeric stents face difficulties in reproducing the
mechanical properties of stainless steel, and hence metallic stents are gaining
more attention [48]. Bio-degradable metals such as Mg-based and Fe-based
alloys exhibit mechanical properties similar to that of 316L SS [16]. The first
degradable iron stents (Fe > 99.5%; Armco iron), implanted in the descending
aorta of New Zealand white rabbits, maintained their mechanical properties
without failure [49]. However, pre-clinical studies showed that the Fe-stents
did not corrode completely during the test time, and hence acceleration of the
degradation rate of Fe-based stents is required [49]. The ferromagnetic
nature of Fe would interfere with MRI observations, making it necessary to

alloy with Mn to become anti-ferromagnetic [16].

Table 2-1 compares different stent materials, with regard to mechanical and

technical viewpoints.

10
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Table 2-1 Properties & trends of candidate materials for stent applications [50].

Metallic stents Polymers stents
Remarks Non-degradable Degradable Degradable
(SS, Co-Cr, Nitinol) (Fe-, Mg-alloy) 9
Manufacturing Laser cuttlng_; wire Laser cutting Casting; |n_Ject|on
process technologies moulding
Main Verified biocompatibility; Degradability; no I
advantages radiopacity; high radial force inflammatory Degrac::lt:;l?é, drug
(SS, CoCr); superelasticity effects
Main dis- Low radiopacity Recoil; local
advantages Fatigue issues; no potential (visualisation); inflammation; poor
as drug carrier degradation visualisation; poor
uncontrolled mechanical properties
Lyl high moderate low
performance 9
Clln!cal e + "
experience
Current
market +++ n/a n/a
Price trend SS! , Co-Cr — , Nitinol — Mg T None on the market
Expected
growth rate + tt tt
Need for
further - ™ ™
research

2.2.2.2 Magnesium alloys for degradable metallic stents

Mg is a promising candidate for biodegradable implants with significant
advantages of high strength to weight ratio, and visualisation via
intravascular ultrasound and MRI techniques [51]. Recently, in vivo and in
vitro studies showed implants based on Mg to have good biocompatibility [52]
[53]. The Mg®* cation represents the fourth most abundant cation stored in
the human body, being involved in many enzymatic reactions as well as the
transmission of nerve signals [54] [55]. The adult body contains ~ 21-28 g of
Mg, with bone accounting for more than half of this concentration, while only
1% (85-121 mg/L) is present in blood and serum [56] . Mg ion regulation
occurs naturally, being eliminated from the human body by the kidneys and
through urine to maintain its concentration in an acceptable range [44]. The

release of Mg ions also can enhance Mg/cell surface interactions and show

antibacterial properties [57].

11
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The development of Mg and alloys as biodegradable stents addresses the
current disadvantages of traditional metallic and polymeric implants, such as
restenosis and late thrombosis (Figure 2-3). The first application of Mg as an
implant material was reported in 1878, when Huse used Mg wire to stop
vessels bleeding [12]. In more recent years, Heublein et al. [58] [23]
investigated the use of AE21 alloy for stents in the coronary arteries of
domestic pigs and found that the stents showed positive remodelling, but fast
degradation rates. The results of these experiments led to a new generation
of Mg-alloy stents (Biotronik-Germany) [4] and it is anticipated that these will
be able to scaffold the arterial wall until the healing process has completed,

then degrade normally and be expelled from the body [33].

Figure 2-3 Comparison of Mg-alloy (WE43, left) and stainless steel (316L SS,
right) stents in a normal porcine coronary artery showing partial restenosis in
the 316L SS stent [59].

However, Mg has an inherent low corrosion resistance, especially in the
presence of aggressive e.g. Cl" ions, which affects its mechanical properties
and limits its applicability as an implant [4]. The corrosion rate considered
acceptable for a degradable implant application is 0.02 mm/year [18]. The
main challenge with Mg is its rapid degradation which results in a local
increase in OH™ and H,, leading to an increase in pH which may be deleterious
to cells [44], raising the possibility of inflammation around the implant and
leading to a loosening between the implant and surrounding tissue [60]. Fast

degradation leads to a decrease in mechanical properties, especially the

12
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strength of Mg, risking stent failure before the tissue has fully healed or
recovered. It is thought that Mg can remain in the body and maintain

mechanical integrity for ~ 12-18 weeks [53].

2.2.2.3 Commercial Mg-alloy stents

In the field of cardiovascular devices, significant progress has been made with
the development of degradable Mg stents, to the stage of pre-clinical and
clinical trials [61]. Early pre-clinical work reported on a stent made from AE21
Mg-alloy, containing 2% Al and 1% RE, implanted in pig coronary artery [23],
with the stent losing mechanical integrity due to fast degradation. Further,
Waksman et al. [24] reported on the safety and efficiency of WE43 Mg-alloy
(Lekton Magic) stents containing Zr, Y and RE metals (Figure 2-4 (a,b)), as
compared with stainless steel (Lekton Motion) stents, for 3 months, finding
that Mg-alloy stented vessels were positively remodelled, with no sigh of
thrombosis and inflammation, as compared to stainless steels stents

segments.

Figure 2-4 Photo-micrographs showing an Mg-alloy stent (a) unexpanded; and
(b) expanded in a coronary artery [24]

Indeed, clinical studies utilizing WE43 Mg-alloy (Lekton Magic-Biotronik)
stents containing 5%Y, 5%Zr and 5% RE on human peripherals [59]; AE21
alloy (Biotronik) stents in males coronary arteries [62]; and Mg-alloy (93%

Mg and 7% RE; AMS; Biotronik) stents in baby arteries [63] [64], all showed

13
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improved corrosion resistance and degradation over four months compared to
the two months degradation in initial animal studies [62]. However, even
though these studies showed promising developments for the safe
degradation of stents in humans, the corrosion rates were still faster than the
desired clinical values [61]. Table 2-2 summaries the mechanical properties,
degradation rates and grain sizes of various Mg-alloy biodegradable stents,
with the properties of 316 SS presented for comparison [4]. It should note
that whilst Mg has limited ductility compared with SS, ductility can be

improved by alloying or by employing advanced processing techniques, e.g.

hot extrusion [16].

Table 2-2 Mechanical properties, electrochemical degradation rates and grain
sizes of different Mg-alloy biodegradable stents [16] [4] [65].

Material Yield Tensile Elongation Degradation Average
strength | strength / % rate / grain size
/ MPa / MPa mm/year /um
316L SS 190 490 40 - 12-30
annealed
Pure Mg: 20 86 13 6.02 -
as-cast
WEA43: 195 280 2 1.35 10
extruded
AMG6OB-F: - 220 6-8 8.97 25
die cast
ZW21: 200 270 17 - 4
extruded
Wz21: 140 250 20 - 7
extruded

In order to address the issue of fast corrosion rates, coatings of degradable
polymers, such as PLLA for drug eluting stents (DES), have been investigated,
with drugs, such as antagonists of restenosis, being released into surrounding
tissue during the degradation process to help overcome the problem of stent
thrombosis [4]. However, polymer coatings can experience rupture, due to

their poor mechanical properties, which can release small particles into the

bloodstream.

14
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2.2.3 Stent manufacturing methods

The general manufacturing process for a metallic cardiovascular stent is
summarised in Figure 2-5. The first step of the process is the production of a
metallic ingot through casting [4]. The melting process is performed under
vacuum conditions to prevent oxidation and remove dissolved gas to avoid
porosity [66]. The ingot is either directly cast into shape, or subsequently
formed by forging, rolling or extrusion at high temperature [4], with hot
working processes followed by cold working and heat treatment being used to
achieve the desired shape, and physical and mechanical properties [67].
Next, the formation of a minitube can be achieved through weld-redrawing or
seamless processes [4]. After achieving the final minitube shape, laser cutting
is used to pattern the minitube to the final stent design. Annealing processes
are then used to relieve the residual stresses generated during drawing and
laser cutting, and to improve the mechanical properties [68]. The stent then
undergoes acid pickling to remove burrs and debris [4]. The stent is then

electro-polished, in ionic solution, to obtain a smooth surface.

There is particular demand to obtain stents with the smallest possible size, to
allow access to very narrow vessels in growing children and to minimize the
contact area between stent and vessel wall [69]. Hence, new processes for
the fabrication of biodegradable metallic stents are being investigated, such
as powder metallurgy (PM) which involves powder metal compaction and heat
treatment to densify the material, e.g. as used to produce Nitinol stents [4].
However, high oxygen content and porosity are the main limitations of PM.
Alternative manufacturing methods include electroforming, photoetching and
micro-electro-discharge machining, which have been used to fabricate metal

foils from which stents have then been produced [69].
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Figure 2-5 Conventional fabrication process for a cardiovascular stent [4]
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Based on the interests of Mg stent development, the structure and properties

of Mg / Mg-alloys will be presented in the following section.

2.3 Introduction to Magnesium and Mg-alloys

2.3.1 Mg-structure and properties

The term “pure-Mg” refers to highly pure Mg comprising 99.99 wt.% Mg with
an Fe level less < 40 ppm [13]. There are effectively unlimited supplies of
Mg, discovered in 1774, being the sixth most abundant element on Earth
[70]. It is widespread in the form of magnesite (MgCO3;) and dolomite
(MgC03.CaC0s3), as well as in seawater which contains 0.13% Mg [70]. Mg
has the appearance of a silvery white metal with a density range between
1.7-2.0 g/cm? [55]. The atomic mass and diameter of Mg are 24.30 amu and
0.32 nm, respectively, and it is able to support a wide range of solute
elements having £15% difference in atomic size [70]. Hence, Mg can form
various alloys with unique properties which can be utilised as lightweight
materials [70]. Table 2-3 summarises the physical and mechanical properties

of pure Mg.
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Table 2-3 Properties of pure Magnesium [70, 71]

Properties Magnesium
Atomic Symbol Mg
Element classification Alkaline earth metal
Atomic number 12
Atomic weight 24.3050(6) amu
Atomic volume 14.0 cm?/mol
Atomic radius 0.160 nm
Ionic radius 0.072 nm
Orbital electron states in free atoms 1s2,252,2p6,3s2
Electrons per shell 2,8,2
Most common valence (oxidation) 2"
Physical Density (at 20°C) 1.738 g/cm?®
Melting point 650 + 1°C
Boiling point 1090°C
Linear coefficient of thermal expansion 26.1x107% oC!
at 20 - 100°C
Thermal conductivity (at 20°C) 157.5 W/m °C
Mechanical Elastic Modulus 41-45 GPa
Fracture Toughness 15-40 MPam ?
Compressive Yield Strength 65-100 MPa
Hardness 40-41
Ultimate tensile strength 160-195 MPa
(annealed sheet)

Mg adopts the hexagonal close packed (hcp) structure; hence, the four-index
Miller indices system (h k i {) is used to represent atomic planes and
directions [70], with i, which is equivalent to — (h + k), being a redundant
index, showing variation symmetries. The Mg lattice parameters at 25°C are
a=0.32094 nm, ¢=0.52108 nm and c¢/a=1.6236; with angles a: 90°, B: 90°
and y: 120° [70]. Figure 2-6 illustrates the crystal structure and the principal
planes and directions in Mg. Slip in Mg occurs mainly on the basal planes and
there are two independent slip systems. Due to its hcp structure and high c/a
ratio, plastic deformation in Mg at ambient temperatures occurs by slipping
on the basal plane (0001) and {10103} in the close-packed direction of <1120>;
and by twinning on the pyramidal {1012} planes [72]. At elevated
temperatures > 250°C, the pyramidal {1011} slip planes become active [72]

(Figure 2-6) In particular, polycrystalline Mg shows a tendency towards

brittleness [72].
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Figure 2-6 Magnesium crystal structure: a) lattice positions; b,c) principle basal,
pyramidal and prismatic planes; d) principal directions [73].

2.3.2 Mg-alloys and properties

A diverse range of solute elements can be added to Mg, in order to improve
its mechanical and corrosion properties. However, some general observations
should be made when choosing an alloying elements [74]: i) Mg can form a
continuous solid solution with hexagonal metals such as Zn, Cd and Zr; ii) Mg
is electropositive which promotes the formation of compounds with less
electropositive metals, such as Si; iii) the formation of a solid solution is
restricted by atomic size factors (£15% difference). Figure 2-7 indicates

those elements whose size factors favour solid solution formation.

Currently, binary systems with chemical elements showing considerable
solubility tend to be used for Mg stents, falling roughly into the following
categories [74]: Peritectic systems incorporating In, Mn or Zr; eutectic
systems with solid solubility exceeding ~ 1%, incorporating Ag, Gd, Sn, Al or

Zn; and eutectic system with solid solubilities up to 1%, incorporating Au, Ce,
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Ca, Co, Fe or Si. The main beneficial influence of such alloying elements with
Mg is improved corrosion resistance, through the development of a more
uniform protective layer combined with the removal or passivation of

impurities [75].
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Figure 2-7 Favourable sizes of elements with respect to Mg [73].

The code system applied for the designation of Mg-alloys was adopted from
the American Society for Testing and Materials (ASTM) index. In this system,
the first two letters indicate the principle alloying elements, with the greatest
quantity used in front. The following code shows the most common letters
used in Mg-alloys: A: aluminium; B: bismuth; C: copper; E: rare element; H:
thorium; K: zirconium; M: manganese; Q: silver; S: silicon; Z: zinc; and W:
yttrium [76]. These letters are followed by numbers denoting the weight
compositions of the alloy components [70]. Table 2-4 summaries the

compositions of common Mg-alloys.
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Table 2-4 Minimal composition of common Mg-alloys (wt.%)[77].

Alloy Al Mn Zn Zr RE Y
AMG60 6 0.15

AZ31 3 0.2 1

AZ61 6.5 0.15 1

AZ91 9 0.13 0.68

WE54 0.5 3.5 5.25
ZE63 5.8 0.7 2.6

ZK21 6 0.8

ZM21 1.2 2.2

The degradation of metals such as Mg in the physiological environment
depends mainly on the corrosion processes occurring at the metal/solution
interface, hence the principles of corrosion processes in general, and for Mg in

particular, are described in the following section.

2.4 Introduction to Corrosion

2.4.1Electrochemical corrosion

Generally, the corrosion phenomena of metals in metal-fluid media can be
defined as an electrochemical process that destroys the bulk material,
starting at the metal surface [11]. For example, the corrosion of metal in
aqueous media is caused by an unalterable oxidation-reduction reaction [70].
In this electrochemical process there are two reactions: Firstly, anodic, in
which the metal dissolves in the medium, providing ions to the electrolyte,
expressed as [70]:

M > M + ne” Eq 2-1

At the same time, the released electrons from the metal will be consumed by
other species in the electrolyte, giving rise to a cathodic (reduction) reaction,

given by the following equation in natural or alkaline solution:

02+2H20+4'e_ - 40H™ Eq 2-2
The corroded surface reaches equilibrium as metal ions enter and leave the

solution at the same rate, in which case the flow of current is equal in
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opposite directions and the net current is zero. However, the dissolution of
metal ions leads the metal surface obtaining a negative charge which attracts
ions from solution to the surface. This causes a non-homogenous distribution
of ions at the metal surface, with the formation of an electric double layer
which is the origin of the potential difference across the metal/solution
interface [78], and any increase in anodic or cathodic reaction acts to disrupt
the equilibrium state of this layer, affecting the open circuit potential (OCP),

allowing passivation/corrosion to proceed [79].

The tendency of any metal to corrode in aqueous media is given by the
standard electrode potential E°, which is a thermodynamic equilibrium
potential and the more negative the value the stronger the tendency of the
metal to spontaneous corrosion. E° is measured relative to a standard
hydrogen electrode (SHE) which has a potential value of 0 V [70]. Table 2-5

summaries the standard electrode potentials for various metals.

Table 2-5 Standard electrochemical series for selected metals [80].

. Potential
Reaction /V
Noble Aut + 3e = Au 1.42
Pt2* +2e = Pt 1.20
Agt + e o Ag 0.80
0O, + 2H,0 + 4¢e” = 40H" 0.40
HY + e = 1/2 H, 0.00
2H,0 + 2¢e° = H,+20H" -0.83
AP + 3e” = Al -1.66
Mg?* + 2e” =9 Mg -2.37
Active Na* + e = Na -2.71

The OCP, also termed the corrosion potential, is a mixed potential from the
anodic and cathodic reactions [70]. For example, if Mg showed values E >
OCP it would mean that the Mg was not in direct contact with solution due to
the development of a passivation film. Indeed, OCP values can vary as a
function of the physical and chemical condition of the metal surface and
solution [70]. The galvanic series, a list of corrosion potentials with respect to
a reference saturated calomel (Hg,Cl,) electrode (SCE), allows the relative
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corrosion resistance of different metals to be compared. The OCP of Mg at

25°C in sodium chloride is 1.63 V (SCE) [81].

2.4.2 Corrosion mechanisms of pure Mg

Mg-alloys in an aqueous environment degrade through an electrochemical
reaction with water: with the production of dissolved Mg?* ions, magnesium
hydroxide (Mg(OH),) and hydrogen gas (H,) [55]. The corrosion mechanism
is insensitive to oxygen concentration [82]. The general chemical formula for

Mg reaction with water is [25, 82, 83]:
Mg, + ZHZO(aq) = Mg (OH), (s) +H, (g) Eq 2-3

However, this overall reaction may involve the following partial anodic and

cathodic reactions [25]:

Mg = Mg%;q) + 2e” (anodic reaction) Eq 2-4

2H,0 +2e”~ = H; g +20H,, (cathodicreaction) Eq2-5

The formation of a surface passivation film occurs through the following

precipitation reaction [84]:

Mg%;;) +20H,q = Mg (0H); s (product formation) Eq 2-6

Figure 2-8 illustrates this coupled electrochemical reaction at the Mg surface

in aqueous solution. The electrons lost by oxidation of Mg are consumed in

the reduction of water to form hydroxide and hydrogen gas.
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Figure 2-8 Coupled electrochemical reactions occurring at different sites on a Mg
surface in aqueous solution

The formation of hydroxide from the reduction reaction of water is typical for
implant metals, and the formation of magnesium hydroxide raises the pH to ~
11 [82]. However, atomic hydrogen produced at the corroding surface
combines to form hydrogen molecules which evolve to form H, bubbles from
the surface which may account for a proportion of cracking in Mg(OH), [85].
It is also possible for atomic hydrogen to enter the metal and dissolve in its

lattice, and Mg has significantly capacity for the storage of hydrogen gas [85].

2.4.3 Negative difference effect

The negative difference effect (NDE) was observed for Mg by Petty et al. [86]
and Song et al. [84] [87]. In most metals, when the applied surface potential
increases above the corrosion potential (Espp > Ecorr), as illustrated by
Figure 2-9, the anodic reaction rate increases and should follow the solid line
I, until reaching the point Inge. Consequently, the cathodic partial reaction
normally follows the line I. until the point I,. indicating a reduction of the
hydrogen evolution rate. The case of Mg is contrary, with the hydrogen
evolution reaction rate increasing, following line Iy until the point I ,, as the
potential of the surface increases. Hence, the anodic and cathodic reactions
increase with an increase of applied potential, and the difference A for an

applied galvanostatic current density I.,p (Iappi = Img,m - In,m)[88] is given by:
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A= IO_IH,m EC| 2-7

Where I, is the spontaneous hydrogen evolution reaction rate on Mg in the

electrolyte at the corrosion potential and Iy,, is the measured hydrogen
evolution rate for corresponding applied current. Iy ., is higher than I so the

difference value for Mg is negative.

IT“:'-T"*' lm[_!,m

Potential, E

Current, log|l|

Figure 2-9 The negative difference effect (NDE) [84].

The NDE is based on experimental observations of the anodic dissolution of
Mg, for which: i) the anodic dissolution of Mg, line Ivg, produced by the
applied anodic current is higher than that predicted electrochemically,
following line I,, and the measured weight loss, Iugm is higher than that
predicted using the Faraday law at I,p; and ii) an increase in the applied
anodic current or potential causes an increase in the amount of hydrogen
evolved, rather than a decrease [84]. Consequently, a univalent Mg* model is
proposed for Mg dissolution in an electrolyte, noting that during cathodic

polarization, a passivation film covers the Mg surface at sufficient cathodic
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potential (E < pitting potential E,) [87]. During anodic dissolution, the
protective film partially breaks down, as the external potential or current
density increases above a critical value, termed the “pitting potential Ep.”, and
the film becomes progressively disturbed [75]. On film free areas, anodic
dissolution becomes easier and involves the intermediate species of mono-

valent Mg* ions, produced electrochemically [75]:

Mg - Mgt +e Eq 2-8

Mgt > Mg** +e Eq 2-9

However, it must be stated that unitary Mg* has not been observed in
experimental work [89] [90]. Song et al. [84] assumed that Mg* is a very
short lived intermediate which cannot be detected. It is considered that these
mono-valent Mg* ions react to produce hydrogen, according to the following

reaction sequence [75]:

2Mg* + 2H" > 2Mg** + H, (Chemical reaction) Eq 2-10
Or

2Mg* + H,0 - 2Mg?** + 20H™ + H, Eq 2-11

2H,0 + 2e” = H, + 20H" Eq 2-12

The dissolution of Mg?* and the production of H, become difficult on a surface
covered by a passivation film. The amount of H, produced on a free surface
involves the reaction of both Mg* and Mg?* with water to produce molecules
of H, which accounts for the high amount of H, produced during anodic
dissolution. A study by Bender et al. [91], however, assumed that during the
investigation of Mg corrosion by external polarization two cathodic processes
occur; one indicates electrons are consumed by the potentiostat as more Mg
ions go into solution; and the other is associated with water dissociation and

the formation of H, gas bubbles.
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2.4.4 Passivity and passivation layer breakdown

Passivity, i.e. the formation of a protective film, happens due to the reaction
of a metal with its environment, leading to a reduction of the chemical or
electrochemical activity of the metal [92]. The corrosion resistance of Mg in a
specific environment depends generally on the characteristics of the surface
film. For example, the exposure of Mg to air results in the formation of a
spontaneous amorphous film, being a mixture of inner MgO and outer
Mg(OH), a few nanometres (20-50 nm) thick [93], with the concentration of
Mg(OH), being greater than MgO [94] which provides for limited protection.
In aqueous solution, the initial layer will hydrate to form a duplex layer of
MgO and Mg(OH), with an inner MgO layer next to the metal Mg and an outer
porous Mg(OH), layer at the surface, being similar to an air-formed film [94]
[82]. The Pilling-Bedworth ratio (PBR), used to predict the sign and
magnitude of growth stress induced by a surface oxide layer, given by the
ratio of molecular volume of oxide to molecular volume of metal, returns
values for MgO and Mg(OH), of 0.81 and 1.77, respectively [95]. The
combination of MgO in tension and Mg(OH), in compression may account for

the cracking and curling of hydroxide films [70].

Nordlien et al. [93] used transmission electron microscopy (TEM) to study the
morphology of surface passivation films on pure Mg after immersion in
distilled water for 48 h. They reported that the film had a three-layer
structure, consisting of an inner porous MgO layer of 0.4 - 0.6 um thickness,
a middle dense region of MgO, ~ 20 - 40 nm thick, and an outer Mg(OH),
layer with platelet-like morphology ~ 1.8-2.2 um thick, giving a total film
thickness of ~ 2.2-2.8 um (Figure 2-10). Further, Santamaria et al. [96]
reported that Mg(OH), increases in thickness with increasing immersion time,
whilst the inner oxide layer retains a constant thickness.
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Figure 2-10 Schematic illustration of the passivation film structure formed
on Mg immersed in water (after 48 h) [93].

The combined oxide and hydroxide films act as a protective layer on the Mg
surface [82] [87], by inhibiting the transformation of metal ions to solution,
the migration of solution anions to the metal, and the migration of electrons
across the interface. However, when the surrounding environment contains
chloride CI" ions, the Mg(OH), tends to become extensively nanoporous, with
very high surface area, which results in rapid non-protective corrosion [97].
The Mg(OH), tends to breakdown and become highly soluble MgCl,, thereby
making the Mg surface more active, by decreasing the protective area,
leading to an acceleration of the electrochemical reaction rate and further
dissolution of Mg to magnesium univalent ions [25], in the form of pitting

corrosion. This reaction is expressed as [55]:

Mg + 2C1- —» MgCl; + 2e Eq 2-13

Mg (OH), +2ClI~ = MgCl, +20H" Eq 2-14
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Brun et al. [98] studied the film formed on Mg immersed in 3% sodium
chloride using infrared spectroscopy and X-ray diffractometry, and reported
Mg(OH),, along with the presence of chloride containing compounds,

corresponding to MgCl,.6H,0 and Mgs(OH)sCl.4H,0 (hydroxychloride).

The passivation layer on a metal surface is regarded as a barrier to corrosion
[80]. Metal used in biomedical applications depend on the formation of this
spontaneous oxide film to limit metal ions reaching the surface. Jacobs [80]
commented that such oxide must be continuous, without pores or voids, and
hence capable of limiting the migration of metal ions and electrons across the
interface. Further, the passivation layer must be stable under mechanical
loading and stress. Any defect structures, such as vacancies or impurities,
within the oxide layer act to reduce the ability of the kinetic barrier to resist

corrosion.

The dissolution of Mg?* ions in media and hydrogen evolution during the
corrosion process occur for Mg, depending on the conditions at the surface
and into the bulk metal. The different types of corrosion observed on Mg
surfaces are now reviewed, in advance of a description of methods used to

measure corrosion rate.

2.5 Types of corrosion
The resistance of pure Mg to corrosion is weakened considerably due to the
nature of its surface hydroxide layer and impurity elements [81, 82]. The

following section describes the main types of corrosion observed in Mg-alloys

2.5.1 Galvanic corrosion
Galvanic corrosion occurs when two metals with different electrochemical
potentials are in contact, in the presence of an electrolyte [27]. The metal

having less noble potential becomes an anode which corrodes and produces
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corrosion products on the contact site with the cathode [99]. Mg is a very
reactive metal in the electrochemical series and hence will behave as an
anode in most corrosion reactions. Further, Mg containing impurity elements,
typically Ni, Fe, Cu and Co, with electrochemical potential lower than Mg, are
also susceptible to galvanic corrosion [81]. These elements, once present in
pure Mg or Mg-alloys, act as cathodic sites, while the Mg behaves as an
anode. Galvanic corrosion can also occur in the presence of intermetallic
alloys in an Mg matrix, because each secondary phase results from the

interaction of Mg with a nobler metal [75] (Figure 2-11).

Anodic Reaction Cathode Reaction

Mg—Mg*+2¢e 2H,0+2¢ —2(OH) +H,
B-phase (MgnAlx
Catho:le7

\&/

\g//—

Mg matrix (¢— phase)

Inter-metallic Element ——
(Al, Fe, Mn)

Figure 2-11 Galvanic corrosion in the presence of intermetallic elements [99]

2.5.2 Pitting Corrosion

An initial layer of MgO/Mg(OH), is formed immediately on the surface of Mg
when exposed to atmosphere. This layer is thin, amorphous, dense and
relatively dehydrated [70]. In ambient air, the initial oxide layer thickness on
pure Mg is ~ 2.2 £ 0.3 nm and increases linearly in thickness with exposure
time [70]. This very thin layer is not stable when subjected to mechanical
loads or presented to an aggressive environment. In natural solutions

containing chloride ions, the passivity of the Mg surface breakdowns, leading
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to the formation of an electrolytic cell between protected and non-protected
surfaces [81]. The more electro-active sites on the surface start to dissolve,
and a corrosion pit forms as a hemi-spherical shape (Figure 2-12) [81]. The
mouth of the pits is narrow such that the environment inside the pits is very
aggressive and saturated with chloride and Mg ions which enhances the

growth of the pits [99].

Pitting corrosion is considered to be more serious than other forms of
corrosion because the pits are small, corrosive and grow deeper, harming the
metal matrix. Pitting corrosion can develop further in the presence of
impurities due to the galvanic effect. The parameters usually used to indicate
the resistance of Mg-alloys to pitting corrosion are: i) the passive current
density i, that measures the protective quality of the passivation layer; and ii)
the breakdown potential E,, which denotes the resistance of the passivation
layer to breakdown and pitting attacks [82]. The more nobler the E, values,

the stronger the protective ability of the surface film [82]

Corrosion Body Fluid Environment
Products cr ] )
e x’? OH o Cl

M g2+ M g2+
Pit Formation

Figure 2-12 Pitting corrosion on the surface of Mg [99].

2.5.3 Crevice, filiform and intergranular corrosion
Crevice corrosion is initiated at sites where metal and metal/or non-metal
components are in contact. There must be a narrow gap, with sufficient width

between them, to allow for solution flow (Figure 2-13). Stagnant fluid leads to
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a difference in Mg?* concentration between the entrance and the bottom of
the gap, and hence a corrosion cell is generated which attacks the Mg surface

[99].

OH

Crevice Formation

Figure 2-13 Crevice corrosion of Mg in solution [99].

Further, thread-like filiforms are initiated on the Mg surface, having a
protective coating in which pitting corrosion starts and then narrow semi-
cylindrical filaments develop from the pit [70]. The head of each filament is
anodic and the tail is cathodic [81]. The propagation of filiform corrosion is
driven by hydrogen evolution occurring on the head and outside each filament

[76] [100].

Intergranular corrosion is a deep and narrow pathway and can develop at an
Mg-alloy surface as a result of grain boundary corrosion [81]. Localised attack
can occur at the interface between the Mg matrix and precipitates of impurity

aggregates, segregated along grain boundaries during solidification [81].

However, Makar and Kruger [82] argue that true inter-granular corrosion
does not occur for the case of Mg-alloys, as the grain boundaries always act
as cathodic sites for the grains of the Mg matrix. Instead, granular attack
leads to the undercutting and removal of grains, delineated by their

boundaries with the Mg matrix.

31



Chapter 2 Literature review

Overall, the corrosion of Mg in contact with aqueous solution occurs through
the dissolution of Mg?* ions and the development of Mg(OH), and hydrogen
gas. Methods used to measure the corrosion rate of Mg in detail are

presented in the following section.

2.6 Measurement of corrosion

The corrosion of Mg in a biological environment (termed bio-corrosion, e.g. in
simulated body fluid (SBF) [13]) is a complex process which requires different
approaches for complete characterisation [13]. In vitro tests provide an initial
step to determine the suitability of an Mg model for in vivo study. However,
strong correlation between in vivo and in vitro testing has not been
established to date, due to the required use of different techniques in

different environments, leading to possible mis-interpretation of data.

2.6.1 In vitro testing

Generally, the in vitro methods used to measure corrosion rates are
categorised as: static-steady state and dynamic, depending on the test
conditions and parameters applied [13]. Further, static corrosion tests are
denoted as un-polarised and polarised, related to the force, i.e.
electrochemical polarization, driving the material to corrode, either applied or
measured during the testing process [13]. In vitro studies should be carried
out in solution which close to the real body fluid composition, e.g. Hank’s
solution, SBF, artificial plasma (AP), phosphate buffered saline (PBS) solution
or minimum essential media (MEM). Experiments should also be performed at

the physiological temperature, T (37 £ 1°C) and pH 7.4 £ 0.05 [13].
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2.6.1.1 Steady state testing

2.6.1.1.1 Immersion or weight-loss testing

The mass loss experiment is the simplest corrosion test which requires a
sample, test media and microbalance. The examined sample is washed with
acetone, dried, weighed and then placed in the corrosion medium for a set
time [76]. The sample is then removed and the corrosion products are
removed from the specimen surface using dilute chromic acid, and the final
mass measured accurately using a microbalance [55]. According to the ASTM-
G31-12a protocol, the corrosion rate in vitro can be measured under these

test conditions, and calculated using:

CR = % Eq 2-15
where CR is the corrosion rate (mm/year); K is constant (8.76x 10*), AW
refers to the weight loss (g); A is the original surface area exposed to the
corrosive media (cm?); t is the exposure time (h); and p is the standard

density (1.74 g/cm?) [101] .

Since the removal of the corrosion layer is minimised, without affecting the
bulk material, the results obtained from this test are considered accurate.
However, the immersion test does not describe the mechanisms involved in
the corrosion process, even though it can observe whether specific samples
corrode faster than others [13]. Other techniques may provide more
appropriate information about what actually happens during the corrosion
process, other than just the observation of Mg mass loss [102]. For
examples, the polarization curves obtained from potentiodynamic testing
present differences in corrosion potentials and reaction kinetics, which differ
for different Mg treatment methods [13]. The potential changes at the
implant surface, and the related anodic and cathodic reactions, are important

to the components of the physiological environment [13], because the Mg
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corrosion products, Mg*, OH™ and H,, released into the surrounding medium,
cause a localised increase in pH. A passivation layer of Mg(OH), and CaP may
develop on the sample surface, leading to a steady state in the corrosion rate,
and may cause a weight gain [13, 76]. In addition, the ratio of the volume of
the medium to the sample surface area is affected by the change in pH value.
The standard volume of the test solution (0.2-0.4 ml/mm?3) is not suitable to
accommodate the change in pH, and hence the examination of Mg corrosion

[13]. The best conditions require a larger volume-to-sample area ratio.

2.6.1.1.2 Hydrogen evolution test

The general corrosion formula for Mg indicates that the dissolution of one Mg
atom in media equates to the evolution of one hydrogen molecule [75, 76,
88]. Hence, the cathodic reaction results predominantly in hydrogen evolution
whilst the reduction of oxygen is negligible [76]. The measured volume of
hydrogen gas is equivalent to the mass loss of Mg, from immersion tests

[13].

Mg +2H,0 - Mg?*" + 2(0H)™ + H, Eq 2-16
Hence, one mol., i.e. 24.31 g of Mg corrodes for each mol, i.e. 22.4 L of H,
gas produced [88]. The H, evolution rate, V, (ml/cm?/day), is related to the

Mg weight loss rate, AW (mg/cm?/day):

AW = 1.085 Vg Eq 2-17

Hence, the corrosion rate (mm/y) corresponding to hydrogen evolution [88]:

CRy =2.279Vy Eq 2-18
In the hydrogen evolution experiment, the sample is immersed in the
corrosion medium and a collector for the H, gas is placed on the sample
surface (Figure 2-14). The collector contains an inverted funnel and burette
which is filled by the test solution and replaced by the hydrogen gas released

[103].
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Figure 2-14 Schematic showing the experimental arrangement for H, gas evolution
experiments [102]

The main advantage of H, testing is that direct measurement, at any time
during the experiment, does not affect the corrosion process [75]. Hence, the
data obtained from hydrogen evolution reveals the different stages of Mg-
alloy corrosion. However, similar to the mass-loss test, the H, evolution
method cannot explain the behaviour of Mg-alloys during the corrosion
process [13], i.e. the test does not give exact reasons for changes in the H,
evolution rate [13]. Furthermore, during the initial corrosion period, a low
amount of H, gas is emitted, which makes it is difficult to capture and
measure accurately [13]. In particular, the solubility of H, gas in water varies,
depending on temperature and the medium volume to sample surface area.
Hence, H, solubility is a source of error that must be taken into consideration
[13]. Consequently, this test is limited for the measurement of corrosion rate,
in the early stages of corrosion and for high corrosion resistance metals that
emit very low volumes of H, gas. Capturing and measuring H, gas volume is
difficult for such metal when the experimental set-up involves the effect of

the flow of solution [13].
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2.6.1.1.3 pH monitoring

According to the general corrosion reaction, corroding Mg results in the
generation of hydroxide ions (OH"), which causes a local increase in pH at the
surface and a subsequent rise in pH of the bulk solution [12]. This overall
change in pH of the corrosion medium can be used to monitor the corrosion
rate of Mg-alloys. This method has been used widely to study the activities of
Mg biomaterials, by measuring pH levels close to and away from the surface
[104-106]. However, by exceeding the natural biological pH ~ 7.4-7.6 level,
the corrosion medium becomes an unrealistic environment for the
measurement of Mg corrosion [13]. Hence, this test tends to be used to

monitor the set-up of experiments in which the pH is closely controlled [13].

2.6.1.1.4 Electrochemical, potentiodynamic polarization testing

If the metal is not in equilibrium in contact with an electrolyte, a change of
electrode potential from the steady state potential is termed polarization.
When a change in potential occurs by an external source, the composition of
the double layer at the surface will change, leading to the production of an
electric current. By apply a potential, in the anodic direction, the material will

produce a current as it corrodes, which can be measured.

Hence, potentiodynamic polarisation is an electrochemical technique widely
used to measure corrosion rate. The measurement of polarisation curves is
preceded by measuring the open circuit potential (OCP), which allows the
material surface (working electrode (WE)) to reach a stable potential within
the electrolyte [13]. A controlled voltage rate change, e.g. 5mV/minute, is
then established between varied pre-set potentials, changing the flow current
between the WE (Mg) and the counter electrode ((CE), inert metal). Firstly, a
negative potential < OCP is applied, and then progressively scanned towards a
more positive value [13]. The produced curve of potential verses log current

density is then plotted (Figure 2-15). The point of intersection between the
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anodic and cathodic Tafel region is termed the corrosion potential (E.) and
corresponds to the corrosion current density (icor). The electrochemical
corrosion rate can then be measured by Tafel extrapolation of the anodic and
cathodic branches of the polarization curve, based on following equation

[107]:

CR; = K’T EW Eq 2-19
where CR; is the corrosion rate; K is constant = 3.27x10° mm.g/pA cm

year); i.r is the corrosion current density (uA/cm?); EW is the equivalent
weight (atomic weight / number of electrons required to oxidise an atom of
the element in the corrosion process, EWwg=12.15); and p is the standard

density of Mg (g/cm?). The above equation can be simplified to [88]:

CR; = 22.85i,,y, Eq 2-20

The current density i, can be extracted from the polarization curve in which
the linear portion of Tafel region, the straight lines shown in Figure 2-15, can

be extrapolated back to corrosion potential Eg,r.

The polarization curve can indicate the development of active regions,
resulting from an increase of the dissolution rate with increasing electrode
potential; the active/passive transition at the flade potential when the passive
film is being formed on the metal surface; and passive regions, which form
when the dissolution rate decreases slightly under the application of a nobler
potential due to the formation of passive film [92]. The dissolution rate rises
again at very high potential to form a trans-passive region, which indicates
the evolution of oxygen by breakdown of the water in the electrolyte.
Figure 2-15 summaries the key values that can be extracted from the

polarisation curve.
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Figure 2-15 Typical polarization curve illustrating active-passive behaviour and the
extraction of key parameters. The active region refers to hydrogen evolution and Mg
dissolution; the passive region refers to the formation of a passivation film on the
Mg surface; and the trans-passive region refers to oxygen evolution.

2.6.1.2 Dynamic testing

The conventional (static mode) methods used to assess the potential of a
metal during corrosion are valuable tools [11]. However, they do not reflect
truly the dynamic environments that stents will experience during
implantation: In the physiological environment, body fluid is in continuous
exchange in a constant circulation process [55]. Hence, it is appropriate to
design in vitro tests that mimic physiological systems, in terms of
refreshment and circulation, and improved understanding of the behaviour of
degradable stents from an in vitro dynamic test will help to improve the
development of biodegradable cardiovascular implants [108]. This could be
achieved by applying a specific test bench to simulate the changing
physiological conditions, and assist in studying the interrelationship between
degradation rate and physiological parameters, such as temperature, pH,

blood flow rate and shear stress [33].
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2.6.2 In vivo testing

The development of Mg stents requires a stage of clinical trials, initially on
animals and eventually on humans. It is known that the degradation of Mg in
vivo is slower than in vitro from electrochemical studies, due to the lower CI°
ion concentration in blood plasma (150 mmol/l [27]) [11]. Witte et al. [11]
studied the corrosion behaviour of AZ91D and LAE443 in vitro using
immersion and potentiodynamic testing, and in vivo on guinea pigs. They
found that the in vitro and in vivo corrosion tests showed contrary corrosion
rates, with both Mg-alloys showing corrosion rates in vivo four orders of
magnitude lower than results obtained from in vitro testing. Li et al. [109]
also investigated the corrosion rates of Mg-Zr-Sr alloys, using a range of in
vitro and in vivo tests, and similarly obtained inconsistent results.
Consequently, whilst the corrosion mechanism in vitro is well established, the
degradation process of Mg in vivo is more complex and the corrosion

mechanism remains uncertain [110].

Many factors impact upon the use of in vivo tests, such as time and cost, in
addition to the harm and discomfort caused to experimental models [13]. The
use of dynamic corrosion tests with suitable test solution, i.e. human blood

could minimize the need for animal testing.

The tendency of pure Mg to corrode in aqueous solution can be effected by
material microstructure and ions in the corrosive environment. Accordingly,
the factors positively or negatively influencing the corrosion performance of

Mg will be addressed in the following section.

2.7 Factors influencing Mg corrosion behaviour
The corrosion resistance of Mg in physiological environments is dependent on
microstructure, impurity elements and the characteristics of the environment

such as pH.
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2.7.1Influence of microstructure

Grain refinement is a process used to improve material mechanical
properties, e.g. the strength of Mg and Mg-alloys. According to the Hall-Petch
equation, the tensile strength of a material is inversely proportional to the

square root of grain size [111]:

g

y =09 + k,d™1/? Eq 2-21

Where o, is the friction stress (12 MPa for Mg); k, refers to Hall-Petch
parameter (0.22/m for Mg); and d is the average grain size, in m [112]. This
effect is attributed to the increased area fraction of grain boundaries which
act as barriers to the motion of dislocations [113]. From a corrosion point of
view, strength can be improved without chemical alteration of the Mg
structure by alloying, and without sacrificing the corrosion performance of Mg
[112]. Based on this, the electrochemical response of Mg can be altered by
changing the grain structure. Birbilis et al. [114] suggested a relationship
between corrosion current density and grain size diameter, similar to the
Hall-Petch type dependence. Ralston et al. [115], in their work on pure
metals, reported that the corrosion current density i, for a metal is

proportional to the reciprocal square root of grain size (gs), given by;

leorr = (A4) + (B) gS—O.S Eq 2-22

Where A is constant, as a function of the environment, because the same
material may show a varied corrosion rate depending on the electrolyte; and

B is a material constant, which depends on composition and impurity level.

Argade et al. [116] reported a relationship between grain size and corrosion
rate, given by CR = Cd™®3, where C is a constant and d is the grain size
diameter, as observed during constant immersion testing, with lowest
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corrosion rates reported for ultrafine grains of Mg-Y-RE alloy and highest
corrosion rates for coarse grained samples. The grain boundaries are areas of
high energy which can lead to the formation of galvanic couples between the
cathodic interior grains and the anodic grain boundaries, which promotes high

corrosion rates [116].

Kim et al. [117] noted that AZ31Mg alloy, prepared by the high-ratio
differential speed rolling (HRDSR) technique, showed a decrease in anodic
reaction rate through variation of grain size, while the cathodic reaction rate
was not affected by grain refinement. They also found that E., became
nobler and the breakdown potential decreased with grain size reduction,

suggesting enhancement in passivity of the surface film.

Further, the corrosion resistance of Mg-alloys may be enhanced by reducing
the size of the second phase. Kim and Kim [118] reported that nanosized B-
particles on grain boundaries decreased the tendency of microgalvanic
corrosion within the Mg matrix of AZ61 alloys processed by HRDSR. The
corrosion rate, measured by both polarization and immersion tests, was found
to have a linear relation with the reciprocal square root of the average grain

size.

However, studies on pure metal show contradictory results, regarding the
effect of the applied grain refinement process on corrosion rate, such as the
study on grain refinement of Mg by equal channel angular pressing (ECAP),
with detrimental effects on Mg corrosion resistance being attributed to an
increase in dislocation content, although fine grain structures produced by
extrusion acted again to improved corrosion resistance [119]. The study by
Hoog et al. [120] [121] reported improved corrosion resistance of Mg in NaCl
solution, processed by various mechanical deformation routes. Similarly,
Birbilis et al. [114] found that ECAP processed Mg showed a linear increase in
icorr With the logarithm of increasing grain size, i.e. a smaller grain size was
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associated with a lower ig,r. It was concluded that the ECAP process was able
to reduce the anodic kinetics, with an increase in the number of ECAP passes
further helping to reduce the cathodic kinetics on Mg. The improvement in
corrosion resistance of fine-grained Mg was attributed to improvements in the

passivation layer formed on Mg surfaces [120] [121] [122] [123].

In addition to grain size, Gollapudi [124] highlighted the importance of grain
size distribution on the development of the passivation layer (Figure 2-16). It
was proposed that in passive environment (pH > 10.5), a uniform passivation
layer forms as a result of the distribution of fine grains and triple junctions at
the surface, hence nano-crystalline structures can develop a more compact,
passive film (Figure 2-16(a)), while more open passive layers may form on
coarser grains due to irregular distribution of these defects (Figure 2-16(b)).
Hence, the grain distribution effect can be observed from the development of
uniform and compact layers in some locations, and non-uniform layers in
others locations (Figure 2-16(c)). Gollapudi [124] stated that the distribution
of grain sizes in nanocrystalline materials should be decreased for high
corrosion resistance. Additionally, under active environments, nanostructures
can enhance shallow pitting and promote more uniform corrosion, rather than

the corrosion associated with large isolated pits.
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(a) Passivation in fine grained (b) Passivation in coarse grained
microstructure microstructure

(c) Passivation in a microstructure with a
large grain size distribution

Figure 2-16 Formation of passive layers in: (a) a fine-grained microstructure;
(b) a coarse-grained microstructure; and (c) a microstructure with a large grain
size distribution [124].

2.7.2 Influence of impurities

The corrosion performance of pure Mg is known to be negatively affected by
impurity elements such as Fe, Ni, Cu and Co [125]. The corrosion rate of Mg
increases when the concentration of impurities rises above the tolerance limit,
i.e. a critical contamination limit (Table 2-6) [125]. The mechanism of this
deleterious effect can be attributed to the segregation of these elements
within the Mg matrix. Due to the low solid solubility of certain impurity
elements in the Mg matrix, they tend to participates and form cathodic sites,
enhancing galvanic corrosion within the electrolyte. This makes the Mg
surface more susceptible to localized corrosion and intergranular attack.
Furthermore, when Mg corrodes, the impurity elements dissolve into the
electrolyte and may interact with ions in solution, precipitating on the Mg

surface and accelerating the localised corrosion process.

Table 2-6 Tolerance limits of impurities in pure Mg [99] [112] [126].

Elements Fe Cu Co Ni

Tolerance 150-180 1000-1300 5 5
limit (ppm) | 0.03-0.04 wt.% | 0.1-0.01 wt.% | 0.017 wt% | 0.0005 wt.%
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Hanawalt et al. [127] studied the effect of impurity elements on the corrosion
rate of pure Mg, Mg-Zn and Mg-Mn alloys, and the results showed that
corrosion rates increased dramatically when the level of common impurities
exceeded the tolerance level (Figure 2-17(a)). In addition, the effect of
alloying elements on the corrosion mechanisms of Mg in 3% NaCl solution
was reported (Figure 2-17(b)). The tolerance level for Ni was found to
increase in the presence of Zn or Mn, while increase of alloying element of Zn
and Mn had no effect on tolerance level for Fe and Cu, indicating that the
presence of Mn reduced the harmful effects of certain impurities and alloying
elements, but did not necessarily improve the corrosion resistance [127].
Further, tolerance limits in Mg are found to be affected by the manufacturing
method, and the way in which elements such as Fe are introduced to the Mg
melt, e.g. from the steel casting moulds in the form of impurities [128]. Mn is
usually added to Mg to reduce or remove Fe impurities by the formation of

intermetallic phases, thus improving corrosion resistance [129].
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Figure 2-17 (a) General curve showing the effect of an impurity element (x) on the
corrosion rate of Mg; the corrosion rate increases rapidly above the tolerance limit of
~ 50 ppm. (b) The effect of alloying additions on corrosion behaviour of binary Mg-
alloys in 3% NacCl solution [127].
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2.7.3 Influence of environment (electrolyte)

The interaction between metal surface and electrolyte plays a major role on
the corrosion/passivation process. Mg rapidly forms a surface oxide/hydroxide
layer in aqueous media. However, this layer does not provide for suitable
corrosion protection, such as in Al and Ti [112]. According to the Pourbaix
(potential E-pH) diagram (Figure 2-18), Mg forms dissolved Mg?* over a wide
range of pH, from acidic pH 2 to base pH 10.5. In the high alkaline conditions
of pH = 10.5, a stable insoluble film of Mg(OH), forms which provides a
protection layer from the solution [75], and even though Mg s
thermodynamically unstable in natural media, the Mg surface still exhibits
some level of passivity, with the surface showing filiform type attack instead

of uniform corrosion [130].
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Figure 2-18 E-pH diagram for Mg in H,0 at 25°C; the water stability region
lies between the (a) and (b) lines. At potentials below (a), hydrogen is
evolved; whilst above (b), oxygen is evolved. (Adapted from [112] [131]).
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The investigation of Mg corrosion in the laboratory needs a solution with
composition close to physiological media. However, for solutions containing
high concentrations of hydrogen carbonate (HCO5) and phosphate (H,P0,*)
and dissolved carbon dioxide (CO,), such as SBF, the increase in pH during
Mg corrosion increases the tendency for Mg passivation, which can occur
faster due to the precipitation of insoluble hydroxyapatite (HA) and carbonate
apatite (CA) at 37°C, (Figure 2-19) [18]. This can cause problems during
polarisation testing, leading to the precipitation of apatite and a subsequent
decrease in corrosion rate. Even though PBS does not contain a carbonate
component, the possible dissolution of CO, in PBS (CO,+H,O0 — H,CO3) can
lead to the slight precipitation of carbonate [55]. Xue et al. [132] compared
the dissolution of Mg-alloys AZ31 and AZ91D in DI water, SBF and PBS,
immersed for 14 days. A slow weight loss in DI water solution was identified,
in which the sample surfaces became covered with passive Mg(OH),, whilst
faster dissolution was observed in SBF solution, associated with the
development of a complex layer of hydroxide, carbonate and phosphate. Kim
et al. [117] reported on the corrosion products formed on AZ31 alloy surfaces
after immersion testing in PBS, finding that the inner layer in contact with Mg
was composed of nanocrystalline MgO, which was well-adhered with no pores

at the interface, and an outer layer of crystalline Mg(OH)..

The pH for normal human blood is 7.4 £ 0.05 and this value is controlled by
the lungs, with respiration affecting the rate of removal of CO, from blood;
and through the kidneys, by extraction of acid and base from the body [18].
Hence, it is expected in such normal body conditions that passivation layers
can easily dissolve in solution. Furthermore, body fluids contain aggressive
ions such as CI° which can influence the dissolution rate and passive
behaviour of Mg. Song et al. [87] studied the electrochemical response of

pure Mg in NaCl and Na,SO, across a wide range of pH, and demonstrated
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that the presence of CI" could affect the passivation behaviour of Mg, by
making the surface more active or by increasing the film free area, thereby
accelerating the electrochemical reaction from Mg to Mg™*. It was claimed that
Cl" has a more harmful effect on the corrosion resistance of Mg than sulphate

ions.

The flow rate of the corrosive environment is also thought to influence
corrosion rates and the stability of passivation films. The Mg(OH), layer on an
Mg surface could be mechanically disrupted due to the flow of bio-liquids
[25], preventing local increase in pH of solution and hence increasing the

corrosion rate [75] .
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Figure 2-19 pH-potential diagram of Mg and its alloys in various SBF and bovine
serum albumin (BSA) [27]

Figure 2-20 shows a schematic diagram summarising different parameters
positively and negatively affecting corrosion rate, i.e the corrosion resistance

of Mg.
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Figure 2-20 Schematic diagram summarising parameters: (a) positively and (b)
negatively affecting the corrosion behaviour of Mg.

As mentioned in section 2.4.2, pure Mg has a spontaneous tendency to
corrode in aqueous solution. Hence, various strategies have been adopted to

control the corrosion rate of Mg, as discussed in the following section.

2.8 Strategies for the protection of Mg

The elements within degradable implants for use inside the human body
should be biologically safe [133]. A balance between daily allowance and
corrosion rate is necessary in order to avoid toxicological problems. Ideally,
the acceptable corrosion rate should no higher than 0.02 mm/year [134]. If
the corrosion rate of the bulk material exceeds this value, then anodised
alloys, coatings or thermal treatment processes may be applied to the
implant, to delay the onset of corrosion and slow down the initial rate of
corrosion. Controlling the degradation rate of Mg may be achieved using two
main strategies [21]: i) Altering the composition and microstructure of the
base Mg by alloying or manufacturing methods; and ii) Near surface
modification treatments, or coating formation on the Mg surface using a

polymer, ceramic, metal or composite barrier layer. In this context, the focus
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of the next stage of this literature review is concerned with controlling

corrosion by modification of the Mg near surface.

2.8.1 Surface modification

The Mg implant should possess appropriate functional and durable bulk
material properties, as well as promoting a positive biological response to the
surface [20]. Initial cell-biomaterial interactions are affected by surface
properties. Hence, surface characteristics may need to be modified to improve
surface biocompatibility and corrosion resistance [20]. The modification of
surface texture, energy and potential, for a specific clinical need, can reduce

restenosis by affecting thrombosis and neointimal proliferation [9].

Surface modification may be classified into three categories (Figure 2-21):

i) Physiochemical surface modification which includes; chemical conversion
by coating [135] [136] [137] [138]; electrodeposition [139] [140];
anodization [141] [142, 143]; chemical vapour deposition (CVD) [144]
[145]; physical vapour deposition (PVD) [146] [147] [148] [149]; ion
implantation [150] [151] [152] [153]; thermal spraying [154] [155,
156] [157]; and laser processing [158] [159].

i) Functional surface modification [160] [161].

iii)  Morphological processing [162] [163].
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Figure 2-21 Classification of Mg surface modification techniques.

The modification of Mg surfaces is now considered, by either PVD surface
coating, i.e. adding a barrier material layer to the surface; or by near surface

modification, i.e. refining the near surface microstructure.

2.8.1.1 Physical vapour deposition (PVD) coating

A physical barrier such as a coating is an appropriate route to the protection
of Mg surfaces from attack by aggressive species from the surrounding
environment [160]. The coating must prevent the transport of ions, oxygen
and water through it to reach the substrate [77]. The number of layers used

could range from one to many, with coating thicknesses up to tens of

micrometres, providing for adhesion to the substrate, and corrosion and wear
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resistance [160]. The coating must be dense, uniform, free of porosity, and

well adhered to the base material [77].

Generally, there are two approaches for forming a physical barrier to Mg; i.e.
surface conversion and coating deposition [21]. Surface conversion is the
process of forming a protective film, using chemical or electrochemical
techniques [21, 82], i.e. non-reactive surface layers may be formed by the
chemical reaction of the metal surface with a solution containing the coating
materials [82]. Rudd et al. [164] reported on the formation of Ce, La and Pr
coatings on the surface of pure Mg and WE43 alloy. These systems showed a
significant improvement in corrosion resistance of the base material after
immersion in borate buffer solution (HsBOs (0.15 mol/dm) / Na,B,0, (0.05
mol/dm)) up to 10 h. This method is considered suitable for short term

protection, e.g. in the case of atmospheric corrosion [82].

PVD techniques provide for the direct deposition of atoms or molecules onto a
substrate surface, using highly pure target materials, under varying
processing conditions [77]; including sputtering deposition, ion plating,
diffusion coating [165] and laser deposition [77]. The basics of sputter
deposition involves the generation of energetic ions in spark discharge plasma
positioned in front of a target (cathode). The ions are attracted to the cathode
and bombardment causes the removal (sputtering) of target atoms which

then condense onto the substrate to form a thin layer [166].

The deposited material may be metallic, organic or inorganic [21]. Metallic
coatings are usually slowly degradable or non-degradable layers, e.g Al,
deposited on the surface of Mg-alloys. Wu et al. [167] successfully deposited
pure Al and Ni thin films on AZ91D Mg-alloy using radio frequency magnetron
sputtering (RF-MS), and showed after 48 h treatment at 350°C, that the Ni

coating improved in cohesive strength, hardness and wear resistance,
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compared to Al coatings which showed the development of a brittle Al;,Mg;5

phase.

A major challenge for the PVD coating of Mg is that the deposition should be
done at temperatures < 180°C, the stability temperature related to Mg alloys
where transformation starts at such processing temperature [77]. This can be
achieved by applying a bias voltage to the substrate. Reiners and Griepentrog
[168] deposited TiN coating on AZ91 alloy using direct current (DC)
conditions, applying a 60 V bias voltage, producing very well adhered and
pore free coatings. The PVD deposition of Al coatings on AZ31B alloy, under
different sputtering conditions [169] [170] confirmed that Al coated surfaces
showed a lower corrosion current density and a more positive corrosion
potential, compared to the AZ31B substrate, when using sufficient sputtering
current of 1.6 A under an Ar pressure of 0.7 Pa. Alteration of the deposition
parameters, such as substrate speed, also improved coating adhesion. Taha
et al. [171] deposited pure Al and Al-12.6%Si coatings on AZ31 alloy, using
different substrate speeds and plasma activation, and reported good adhesion
and corrosion resistance when Al/Mg diffusion occurred across the

coating/substrate interface.

Binary Mg-alloys may also be coated using PVD, e.g. Mg-Zr [172] [173], Mg-
V [174] [175] [176] [177] and Mg-Ti [178] coatings all exhibited columnar
microstructures with high porosity, giving lower corrosion resistance

compared to cast Mg.

Table 2-7 summarises some recent, relevant PVD coating literature: It can be
noted that although the corrosion resistance of Mg surfaces improved slightly
under test conditions, galvanic corrosion was an issue regarding the use of
metallic coatings. It is recommended that the use of insulating coatings, e.g.

oxide, can overcome the galvanic differences within the coating/Mg substrate.
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Additionally, the adhesion of coatings with the Mg substrate is mainly
dependent on mechanical interlocking of the coating/substrate interface,
hence the deposition conditions need to ensure that sufficient adhesion
occurs. It is recommended that film thickness should be in the range of a few
um because of the use of thick film can result in increased residual stress and

hence introduce cracking within the coatings.
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Table 2-7 Overview of PVD coating literature on Mg-alloys

Subst. Coating PVD Parameter altered Coating Properties studied Ref
thickness / um Mechanical Corrosion resistance
AZ31B Al DC Sputtering current / Ar - - Improved under 3.5%NacCl [170]
pressure /
deposition time
AZ91D Al/Ni RF Post thermal treatment 2 Hardness, wear, strength - [167]
AZ31 Al/ Substrate speed 1-6/ Good adhesion Under humidity [171]
Al-12.6%Si 2
AZ31 CrN - - 3.3 Good adhesion & hardness CrN & (TiAl)N under 0.0001 [179]
TiN 0.9 M NaCl
(TIADN 1.5
NbN-(TiAI)N 1.0+1.5
TiN/AIN 0.5+1.0
NbN/CrN 4.8
3.0
AZ31 Ti-MgAIN DC Ar/N; gas Hardness In 5% salt spray / 0.05% [180]
NaCl EIS
AZ91 TiN DC Ar/N; gas 0.8 Hardness & - [168]
adhesion
AZ91 Cr/ RF Ar/N, gas 7/ Good adhesion & wear Unstable in 3% NacCl [181] [182]
hp CrN 8-9
AZ91 TiMgAl/ RF Ar/N; gas 17/ Wear Salt spray [183]
CrN/ 18/
POX'A|203 3.5
AZ31 Mg DC Substrate temperature 65 Poor adhesion Salt spray [184]
AZ31 TiO, - - 0.3 Poor adhesion 3.5%NacCl [185]
AlL,O3 0.9
AZ31 Ti-Al-N / DC Ar/N, gas 3 Satisfactory adhesion; Improved under 3.5%NacCl [186]
Ti-Al Improved hardness
AZ31 Ti DC Ar gas 2 Densification of the oxide layer Improved under 3.5%NacCl [187]
AZ31 AIN/AI/DLC* - Ar/N,/C,H; 1 Wear, hardness Improved under 3.5%NacCl [188]

*Diamond-like carbon (DLC)
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2.8.2 Near surface modification (LSM, EB)

Rapid solidification processing (RSP) techniques have attract scientific interest
to modify the surface of materials due to their ability to induce high power
densities of 10°-10'? W/cm? on the sample surface, in a very short duration
[189]. RSP techniques include the use of energetic ions, electrons or laser
beams, leading to rapid melting and quenching of shallow depths near the

surface, due to the focused conduction of heat into the bulk [190].

The important features of high energy deposition methods include rapid
heating, melting, solidification, evaporation/ablation and thermal stress, and
shockwave formation [191] [192]. Consequently, non-equilibrium
microstructures of e.g. nano-sized grains, saturated solid solutions and
amorphous phases can develop within the treated layers. Thermal stress and
shockwaves can cause severe deformation in the sublayer. However, these
mechanisms can enhance the physical, chemical and mechanical properties of

the surface layers formed with respect to corrosion [189].

2.8.2.1 Pulsed electron beam techniques

Intense pulsed electron beam surface modification techniques include: Low
and high current pulsed electron beam (LCPEB, HCPEB); Low energy high
current pulsed electron beam (LEHCPEB); and Large area electron beam
(LAEB) techniques. These irradiation methods use high density EB, without
focusing the beam on the treated surface, to cover a wide area (~ 60 mm
diameter) with uniform intensity to minimise the need for overlapping

procedures and subsequence re-heating and re-crystallisation.

EB techniques have been applied to improve surface roughness [193] and

corrosion resistance, as well as surface hardness and wear resistance. Okada
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et al. [194] reported that bio-titanium alloy (Ti-6Al-4V) surfaces were greatly
smoothed, with improved roughness from ~ 10 ym to ~ 1 um, by LAEB
irradiation. This finding agreed with the study of Gao [195] who reported that
the surface roughness of pure Ti—-(TA2) could be reduced to ~ 0.04 um after
LEHCPEB treatment with low energy density, whilst roughness increased
under conditions of higher energy density and/or longer pulse duration and/or
longer pulse times, due to the formation of craters. Furthermore, another
study by Gao [196] reported that the value of surface roughness of TC4
titanium could be decreased to ~ 40 nm by HCPEB under the energy density
range of 12-18 J/cm?, whilst further increase in energy density caused an
increase in roughness. This was attributed to a transition from melting to

evaporation, when the beam energy increased beyond a certain limit.

In addition to improving surface roughness, EB processing can improve the
corrosion resistance of wide range of metals [192] [197] [198] [199]. The EB
modified layer usually involves three continuous layers with different depths:
i) a melted and solidified layer on the surface; ii) a heat affected zone; and iii)
a stress wave affected zone [200]. The melted layer may favour the formation
of a homogeneous, continuous passivation layer during the corrosion process
and thereby improve the corrosion resistance of the EB treated samples. Hao
et al. [201] used HCPEB irradiation to modify surfaces of AZ91HP, with
treatment parameters of energy density 2.2 J/cm?, pulse duration 1 ps and
number of pulses 5 and 10. The corrosion potential of 10 pulsed EB irradiated
specimens shifted positively and the corrosion current density decreased by
four orders of magnitude. This improvement in corrosion resistance was
attributed to the formation of a homogenous passivation layer and the
disappearance of the inhomogeneous second-phase Mg;;Al;,, with the surface
left as a supersaturated solution after HCPEB treatment. Gao et al. [197]

tested an irradiated AZ91HP-Mg-alloy, processed by HCPEB with beam energy
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density of 3 J/cm? and 10 pulses, immersed under 5% NaCl. The existence of
an MgO layer and the disappearance of second phase Mgi7Ali2 in the melted
layer was reported, again having a positive effect on improving the corrosion
behaviour [192]. Further, Uno et al. [193] reported that LAEB irradiated steel
surfaces showed no rust after one year exposer to atmosphere, again

indicating improved corrosion resistance after EB treatment. Table 2-8

summarise the key findings in literature.

Table 2-8 Summary of key findings in literature for Mg and Mg-alloys modified by EB

processing
Material EB Energy No of Mechanical Corrosion ref
source pulses properties Media mechanism
AZ91HP HCPEB 3 J/cm? 5,10,15 Microhardness 5% Presence of Mg; [197]
wear NaCl disappearance of
second phase in
the melted layer
ZK60 HCPEB 3 J/cm? 15 - 3.5 Formation of [202]
wt. % ceramic layer
NaCl
ZK60-1Y HCPEB 2.5 J/cm? 15 Wear - - [203]
resistance
AZ31 HCPEB 2.53/cm? 5,10,15 Microhardness, - [204]
wear
resistance
Pure Mg HCPEB Voltage / 10,15, - - - [205]
and 25 keV 20
AZ31B
AZ31 and HCPEB 331/ cm? 5,10,15 wear 5% Formation of [206]
ZK60-1Y resistance NaCl compact oxide
film
Mg67Zn3 HCPEB 2.53/ cm? 10 wear - - [207]
0oyY3 resistance
quasicrys
tal
alloy
AZ91HP HCPEB 2.23/ cm? 5,10 Microhardness, 5% Surface layer in [201]
wear NaCl a state of
resistance supersaturated
solution
AZ31 and LE- 2.5 J/cm? 5,10 Wear 5% Al-over [208]
AZ91 HCPEB and and 15 resistance NaCl supersaturated a
~31/cm? (Mg) solid
solution,
nanograined
MgO layer
2.8.2.2 Laser surface melting

Secondary phases and impurities at the Mg surface can impose negative
effects on corrosion resistance because they provide sites for cathodic
activity, leading to galvanic corrosion [209]. Laser surface melting (LSM) has
the potential to redistribute these secondary phases and impurities through

the melting and rapid solidification of near surface volumes, leading to the
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development of non-equilibrium (metastable) microstructures. LSM can have
significant influence on the corrosion behaviour of Mg-alloys due to the
refinement of secondary phase grains. Abbas et al. [209] used a continuous
wave CO, laser to produce overlapping (50%) melt tracks on AZ31, AZ61 and
WE43 alloys, with a laser power of 1.5 kW, traverse speed of 160 mm/s and
beam diameter of 2 mm. After immersion in 5 wt.% NaCl solution for 10 days
at 20°C (pH 10.5), it was found that the average corrosion rates reduced by ~
30, 66 and 87% for the AZ31, AZ61 and WE43 alloys, respectively, because
the melted layers did not dissolve fully during the corrosion test period of 10
days. The improvements in corrosion rate were attributed to microstructure
refinement, with grain size being reduced by a factor of ~ 10, combined with
a more uniform distribution of the secondary phase, acting as a barrier to
prevent corrosion propagation. Similar results were obtained by Guan et al.
[210] who modified the surface of AZ91D alloy using a Nd:YAG pulsed laser
(power density 3.82x10% W/cm?). After laser treatment, the original a-Mg and
lamellar Mg;;Al;;  microstructures were refined to form a more
cellular/dendritic structure, combined with a continuous network of fine B-
Mgi-7Aly», providing an effective barrier against corrosion. Further, Majumdar
et al. [211] tested MEZ alloy under continuous wave COz2 laser, with incident
power of 1.5 - 3 kW and a scan speed of 100 - 300 mm/minute. LSM was
found to improve pitting corrosion resistance, being attributed again to grain
refinement which enhance the attachment and retention of the Mg(OH),
passivation film. Mondal et al. [212] noted also the absence of intermetallic
phases at grain boundaries and an increase in the solid solubility of Al and Ca
in Mg, which acted to minimise the tendency of ACM720-Mg alloy to pitting

corrosion after Nd-YAG laser treatment.

Padmavathi et al. [213] used the electrochemical impedance spectroscopy

(EIS) technique to study the corrosion resistance of laser melted AZ91C alloy

58



Chapter 2 Literature review

and found that the Mg(OH), film formed on the surface was more stable than
that formed on as-cast specimens, even with the presence of the CI, as a
result of the finer grain size of the matrix. Conversely, Dubé et al. [214]
reported that even though near surface microstructure refinement was
achieved after pulsed Nd:YAG laser modification of AZ91D and AM60B alloys,
corrosion resistance in sodium solution was not affected and laser processing
under conditions of high input power which acted to reduce corrosion

resistance.

Guan et al. [215] studied the effect of overlap (25-90%) on the
microstructural evolution of AZ91D alloy, treated by pulse Nd:YAG laser
surface melting and found that with increasing overlap, the morphology of the
solidification microstructure altered from cellular grains, to cellular-dendritic
and equiaxed dendritic grains. Improved corrosion resistance of the laser
treated AZ91D alloy was reported, compared to as-received surfaces, with
variation in corrosion rate values being attributed to coarse microstructure
and cracks formed in the melt pools of low overlap. Differences in the
corrosion performance on overlapping zones and the central laser track was
also observed by Gao et al. [216] and Guo et al. [217], being attributed to
the dissolution of Mg;,Nd. Table 2-9 summarises key findings in literature
regarding the use of lasers to modify Mg surfaces. It is noted that grain
refinement and redistribution of second phases after laser surface melting can
enhance the corrosion resistance of Mg-alloys due to improvements in the

self-passivation behaviour of Mg surfaces.
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Table 2-9 Overview of literature for Mg-alloys, surface modified by laser processing

Material Laser Power / W Scan speed spot size / mm Improved Corrosion Comments Ref
Properties media
ACM720 CW-Nd:YAG 2000 600 mm/minute 3.8 Microhardness 5 wt.% Absence of 2nd phase Al,Ca | [212]
& wear NaCl at grain boundaries,
resistance microstructural refinement
and extended solid solubility
of Al
AZ91C Pulsed-Nd:YAG 100-300 5-10 mm/s 1.17-1.14 Microhardness 3.5% NaCl Grain refinement and [213]
redistribution of Mgi7Al;>
intermetallic precipitates
along grain boundaries
ZE41 Excimer laser 100 mJ 250-50 um/s rectangular 24x10 | Microhardness 0.5M NaCl Uniform distribution of RE [218]
solution and elements
salt-spray
test
ZE41A CW-Nd:YAG 1818-1856 0.5-19.875 6.5-1 - 0.001 M NaCl | Insignificant improvement in | [219]
mm/min corrosion resistance
AZ91D Pulsed-Nd:YAG 3.82 x10* 10 mm/s 1 mm - 3.5% NaCl Different corrosion rates due | [215]
W/cm? to coarse structures in [220]
overlapping areas
ZE41A CW-Nd:YAG 1856- 820 19,875- 12,000 1 mm - 0.001 M NaCl Surface crack-free [221]
mm/min microstructure and
homogeneous
distribution of alloying
elements
Mg-alloy Pulsed Nd:YAG 1.0J 140 mm/min 300 pm Microhardness 3.5 wt.% Strong oxidation nature of [222]
with (wt.%), NaCl Ce resulted in the formation
8.57Al, of new oxide film. Increase
0.682n, Al concentration.
0.15Mn,
0.52Ce
and Mg-
balance
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Table 2-9 continued.

Mg solid solution

Material Laser Power / W Scan speed spot size / mm Improved Corrosion Comments Ref
Properties media
AZ91D CW- high- 375-600 45-90 mm/s - Microhardness 3.5 wt.% Corrosion rate increased [223]
power diode with increasing laser power
laser (HPDL) and decreasing laser
scanning speed
AZ91D & Pulsed 100 - 300 W 3-20mm/ s - - 5wt% NaCl No significant improvement | [214]
AM60B Nd:YAG in corrosion resistance
AZ31, AZ61 CW- CO; laser 1.5 kW 160 mm/s 2 mm - 5wt% NaCl Refinement in the [209]
& microstructure of the alloy
WE43 and even distribution of p-
phase
AZ91D Pulsed-excimer 6.0 J/cm? - 4.0 mm - 3.5 wt.% Significant dissolution of [224]
laser NaCl intermetallic
and the formation
of a highly homogeneous a-
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2.8.3 Alloying (commercial approach)

Current Mg-alloys used for temporary implants were developed originally for
the transport and aerospace industries. Alloying elements are added usually
to improve the mechanical properties of the Mg. However, Mg and Mg-alloys
used in biomedical applications must consider the biological effect of the ions
released and their acceptable tolerance levels. The alloying material released

from the implant to body fluids and tissue must not be toxic [55].

The development of alloys for controlling corrosion may be achieved through
the addition of elements which alter the grain structure and precipitate
phases, in addition to the effects of oxide layer composition [61]. Mg-alloys
are under investigation to understand the influence of specific elements on
the formation of protective layers [25]. Minimising the chemical potential
difference (E°) between Mg and the alloying elements could result in a
reduced anodic tendency, and hence affect the corrosion rate in general
[225]. Presently, Mg alloys used as biomaterials are divided into three major
groups: i) Pure Mg with traces of other elements; ii) Al containing Mg-alloys
with a trace of Zn and Mn, which suggests that Al can modify mechanical
properties and improve corrosion resistance through the formation of an
insoluble and stable oxide layer of Al,O; [61] [25] and; Al-free Mg-alloys
containing RE elements and mixtures of Zn, Ag or Zr which enhance the fine
grain structure, mechanical properties and the formation of intermetallic
compounds to reduce microgalvanic effects [25] [61]. Alternative alloys
containing Ca are under development which reduces the dissolution of Mg due
to the formation of cathodic phase at grain boundaries. A brief summary of
various Mg-alloys, their phases and their effect on mechanical and corrosion

properties within a biological system are presented in Table 2-10.
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Table 2-10 Overview of Mg-alloys used as biomaterials [55, 133, 226]

Material Alloy Alloying elements Main Effect of alloying elements Biological effect
family wt.% ph
Mechanical Corrosion normal positive effect high dosage
properties properties serum level
Pure Mg Mg 99.9 Mg Mg - Fast corrosion in 0.73-1.06 Energy Toxicity
presence of Fe, mmol/L me