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Abstract
Magnesium (Mg) and its alloys provide numerous unique benefits as potential resorptive
biomaterials and present the very real possibility of replacing current metallic implant
materials in a variety of roles. However, considerable research remains before Mg alloys may
be accurately screened and used in vivo. Most critically, a more comprehensive understanding
of the corrosion of Mg alloys in vitro is needed.
This research program critically examined the types of in vitro experiments that may be
performed on Mg alloys, investigated the numerous variables that affect Mg biodegradation
when undertaking these experiments, explored the electrochemical performance of several
biocompatible Mg alloys, and developed a novel process for producing ordered Mg
structures.
The benefits and drawbacks of a range of in vitro tests were first investigated. The key
strengths and weaknesses of each test were identified and recommendations provided for
their respective use in the quest to determine Mg alloy biodegradation. The most common
variables applicable to all in vitro experiments were then explored in detail, and their effect
on the biocorrosion of a number of Mg alloys was determined. Recommendations were then
made for the appropriate control of the different experimental variables based on these
findings.
For the first time, the mechanistic control of Mg biodegradation by the microstructure of
biocompatible alloys has been examined. This allows for greater understanding of the reasons
for varied corrosion of alloys in bio-electrolytes, and is a step towards the effective design of
Mg alloys for different bio-applications.
A novel method to produce ordered Mg structures was developed, with relevant processing
parameters investigated in light of their effect on biocorrosion and mechanical performance.
Overall, the results and findings from this research further our understanding of the potential
of Mg alloys as suitable biomaterials, and advance our knowledge of how to proceed towards
the goal of using such alloys for biological applications.
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CHAPTER 1: Introduction
1.1. Overview
Magnesium (Mg) has been investigated as a potential biodegradable implant material for
more than a century [1]. Although early trials displayed varying levels of success, there has
recently been a surge of renewed interest in Mg biomaterials. Mg breaks the paradigm of
biometal science, an area traditionally dominated by permanent, bio-inert fixtures, as it offers
a ground-breaking approach to implant design by providing a temporary structural material
which can be used in a wide variety of applications.
The potential for Mg biomaterials, particularly in orthopaedic applications, is clear. Mg is the
fourth most abundant metal ion found within the human body, is a vital nutrient for life and is
present in every cell type for all organisms [2-7]. Mg is a fundamental dietary requirement,
and is efficiently controlled in the body by homeostatic mechanisms [8, 9]. As a result,
toxicity of Mg implants is generally not considered to be a problem.
Mg and its alloys offer a number of other potential benefits over current implant materials.
These include: low density, high damping capacity, ease of machinability, elastic modulus
close to that of bone, biocompatibility and osteogenicity. However, what truly separates Mg
from current metallic implants is its ability to biodegrade in vivo. This creates the potential
for designing implants that remain in the body only long enough to perform their intended
function without the eventual need for surgical retrieval. In orthopaedic applications,
implants have been dominated by load-bearing designs based on permanent, nonbiodegradable metals such as stainless steel and titanium. The benefits of such a temporary,
biodegradable approach to implant design are numerous. Most importantly, they save the
patient and healthcare provider time and money, and they lessen the likelihood of
complications associated with implant removal or revision.
The renewed interest in investigating the potential of Mg alloys as biomaterials has been due
in part to decreased impurity levels – a problem that plagued early trials [10-19]. In its much
purer forms, Mg exhibits substantially decreased rates of corrosion [20]. Nevertheless,
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despite renewed interest there still exist significant barriers to the development of Mg and its
alloys as effective implant materials.
These barriers are manifold. The development of a clinically relevant biomedical implant
would ideally require thorough in vivo testing, first using animal models but followed later by
trials in humans. Unfortunately, several factors significantly hinder the effective use of these
tests, including time, cost, and most notably the potential harm and discomfort such studies
can cause to experimental animals. Government agencies around the world strictly regulate
the approval of in vivo studies, generally requiring the material to exhibit significant potential
promise as an implant before animal studies can be commenced. Thus, it is vital to first
undertake appropriate in vitro tests to screen Mg alloys for potential problems before
proceeding to in vivo studies.
In vitro tests for Mg alloys have generally focused on either: (i) degradation behaviour, or (ii)
toxicity. However, the latter is strongly related to the former, as rapid degradation can lead to
concentration toxicity and associated problems. Degradation experiments appear to hold the
key to determining the suitability of a given Mg alloy (assuming mechanical and structural
properties are met), since acceptable biocompatibility (i.e. non-toxicity) of Mg has been
reported [3, 8, 21-26].
There are several commonly used in vitro tests for examining Mg degradation behaviour,
from simple immersion or mass loss experiments to electrochemical investigations, which
provide mechanistic information on how Mg degrades. The various in vitro methods each
have their own unique benefits and limitations. It will be shown through the present work that
studies in the literature have frequently made wide-ranging and imprecise assumptions by
utilising unsuitable in vitro tests not designed for the intended use. Inappropriate testing and
the interpretation of the consequent results could potentially justify the use of in vivo
experiments where they are not warranted. It is therefore crucial to fully understand the
correct usages of each type of experiment, and, perhaps even more important, the
shortcomings that need to be considered before drawing conclusions. In this thesis, a primary
aim is to elucidate the principal benefits and drawbacks of each experiment with respect to its
role in the investigation of Mg biodegradation.
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The literature also appears to exhibit a lack of understanding as to the impact that different
variables may have on the results of Mg in vitro experiments. Many studies have overlooked
important aspects that have the potential to seriously affect the derived outcomes and
conclusions. Some variables (e.g. pH, temperature, medium) are common to all in vitro
experiments and play crucial roles in the degradation mechanisms of any metal. However,
these variables are particularly influential with respect to Mg alloys, since these alloys
corrode rapidly in even mildly aggressive environments. The absence of sufficient emphasis
on the effects of these variables within the literature suggests that most studies to date have
drawn inaccurate conclusions with regard to the biodegradable nature of Mg in vitro. Thus, a
real need exists to more clearly determine the relative importance of in vitro test variables on
Mg biodegradation. This thesis attempts to do this.
Over the years, a wide range of Mg alloys have been investigated as potential implant
materials, especially those containing aluminium, calcium, and zinc. Due to the limited
solubility of these elements in Mg, many of these alloys contain secondary phases consisting
of a mix of Mg and the element(s). Although the performance of these alloys has been
investigated on a macro-scale, very little work has been done to clarify the individual
contribution of each phase to the degradation mechanisms. Therefore, developing a greater
understanding of these mechanisms is a necessary step on the path to effectively identifying
an alloy for eventual implantation. This thesis contributes to this understanding by illustrating
some of the effects that alloying can have on Mg degradation performance.
One aspect of Mg biomaterial design that has been largely overlooked in the literature is a
suitable method to produce the variety of shapes required by different biomedical
applications. Open cell designs provide numerous benefits in the biomaterials field, such as
allowing the channelling of bone growth and providing a larger surface area for cellular
attachment. To this end, considerable work has been performed on a variety of materials from
titanium to bio-active hydroxyapatite-based materials to create a wide range of 3D structures
[27]. However, until recently no method has been available to produce optimised ordered Mg
structures both accurately and safely for use as potential implants. This has severely limited
the possible applications for alloys that show promise, as many applications (such as spinal
fusion) significantly benefit from an ordered porous macro-topology, which can lead to
increased osteogenesis and bone integration. A novel method, developed in part by the
author, shows real potential as a prospective process for producing a variety of ordered
3

shapes using only biocompatible materials, opening the possibility for development of
appropriate Mg implant designs.
To summarise, the overall aim of this study was to critically assess and discuss the various in
vitro tests that are currently available and to explicate the impact of important variables
related to these tests. In addition, this study endeavours to determine the effects of some
common alloying additions on biodegradation mechanisms. Finally, an innovative ordered
structure technique is investigated to determine its potential as a production method for Mg
cellular implants.

1.2. Outline of thesis
The chapters of this work are summarised as follows:
Chapter 2 provides an overview of magnesium and its alloys and their potential as
biomaterials. Background is provided on both corrosion science techniques and the biological
aspects of the body that affect implant success. Finally an overview of current in vitro test
methods is provided.
Chapter 3 outlines the research goals of this dissertation based on a critical review of the
available literature.
Chapter 4 explains how the Mg alloys used in this study were produced, prepared, tested and
analysed. Details are provided on the mechanics of several experimental methods in order to
provide a basis for understanding the interpretation of the results.
Chapter 5 provides an investigation into the most common in vitro test methods used today.
The benefits and drawbacks of each are discussed in light of the data that is obtained.
Chapter 6 critically assesses the common experimental variables in vitro. The effects of
temperature, pH, buffering system, media, medium flow rate and sample preparation are
examined and discussed. Experimental data are provided to elucidate their relative
importance to Mg corrosion in vitro. Some recommendations are made on the appropriate
control of experimental variables based on these findings.
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Chapter 7 investigates the effect of several common biocompatible alloying elements on the
corrosion properties of Mg in various simulated body fluids. The contributions of individual
phases are clarified with respect to their effect on the degradation mechanism.
Chapter 8 presents a synthesis of topologically-ordered porous Mg that is aimed at
orthopaedic applications. Processing parameters are investigated for the purpose of
explaining their effect on the corrosion and mechanical performance of the resultant porous
structures.
Chapter 9 presents the overall conclusions of the research.
Chapter 10 discusses areas for future research that need to be undertaken to eventually
develop an appropriate in vitro screening test for using Mg alloys for biomedical applications.
Appendix A describes the standard “reference human” in terms of macroscopic parameters
and mechanical and physiochemical conditions.
Appendix B provides a table of the main in vivo tests that were collected and analysed as part
of this work.
Appendix C provides a table of the main in vitro tests that were collected and analysed as
part of this work.
Appendix D displays a table of the elemental composition of all alloys created in this work.
Appendix E describes the preparation protocol used to create a novel in vitro corrosion
medium first presented in this dissertation.
Appendix F provides a list of common techniques used to determine protein adhesion.
Appendix G provides a list of all references used in the appendix.
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CHAPTER 2: Literature Review
2.1. Introduction to magnesium and its alloys
By molarity, magnesium (Mg) is the eighth most abundant element in the world, constituting
approximately 2.5% of the earth’s crust [1]. Whilst first discovered by chemist Joseph Black
in 1755, it was isolated by Sir Humphrey Davy in 1808. He created the metal electrolytically
from a mixture of magnesium and mercury-oxide. In 1831 Antoine Bussy prepared Mg in its
coherent form by mixing magnesium chloride (MgCl) and potassium (K), which precipitates
Mg and KCl [2]. Several years later Michael Faraday reduced dehydrated MgCl by
electrolysis obtaining pure Mg [3]. Magnesium production has since grown to a >1.17
Mton/yr industry [4].

2.1.1. Production history
To the mid 1990’s, Mg was primarily obtained by extraction from fused chloride compounds
using electrical current to oxidise the chloride, resulting in the reduction of the Mg metal [5].
However, as Chinese manufacturers began to dominate the global production market, the
Pidgeon process has become more common. This involves thermally extracting the
magnesium metal from magnesia (MgO) using a high temperature reaction with silicon (Si).
This produces silica and Mg vapour that is condensed into solid Mg metal. This process
consumes comparative energy to the reduction method, but results in a highly pure metal
extraction [6]. Presently, China produces 65% of Mg metal globally, with the US, Russia,
Canada, Norway and Israel also having a significant Mg industry [7].

2.1.2. History of use
Mg usage has historically been limited by three factors: i) difficulties with isolation, ii) rapid
corrosion, and iii) relatively poor mechanical properties. With yield and ultimate tensile
strengths which are poorer than most structural metals, Mg was ignored by industry for many
years and considered primarily a curiosity [5]. It remained in production principally for
pyrotechnical/photographical use, such as lighting wires for flash photography [8] and for use
as the principal alloying element in the majority of aluminium alloys (in which it improves
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the range of properties). However, the advent of aviation and the two World Wars resulted in
an increase in interest - Mg's low density (1.738 g/cm2) and moderate yield strength enabled
it to be employed in several aircraft with success. The Northrop XP-56 is an example of such
implementation and was the first plane made almost entirely of Mg alloys (Figure 2-1).

Figure 2-1 : Northrop XP-56, the first Mg plane. [9]

However, the renewed interest in Mg was short lived as, after the 1940’s, other materials such
as aluminium proved more economically viable [5]. Although the Mg industry attempted to
develop a number of new applications the majority failed to be successful, with the notable
exception of Ferdinand Porsche’s engine for the VW Beetle. It was not until the 1990’s that
serious efforts were made to attempt to solve some of the issues limiting the widespread use
of Mg alloys. This was driven primarily by automobile manufacturers working with Mg
producers to develop new alloys and coatings to provide necessary properties to meet modern
vehicle needs, with the main benefit being significant weight savings in the context of 'green
engineering' and reduced emissions. The advent of high purity Mg, and its concomitant
improvement in corrosion resistance, has also enabled the possibility of new areas of
research, such as biomaterials, to be conducted [5].

2.1.3. Properties of pure Mg
Magnesium is an alkaline earth metal (found in Group 3 of the periodic table) which displays
a similar electronic structure to beryllium (Be), calcium (Ca), strontium (Sr) , barium (Ba)
and radium (Ra). The atomic and physical properties of pure Mg are shown in Table 2-1.
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Table 2-1 : Atomic and physical properties of Mg.
Atomic
Property

Value

Elemental Symbol

Mg

Atomic Number

12

Atomic Weight

24.3050

Atomic Diameter

0.320 nm

Atomic Volume

14.0 cm3/mol

Atomic Isotopes
78.99%

24

Mg

10.0%

25

Mg

11.01%

26

Mg

Physical
Property

Value

Melting Point

650°C ± 2

Boiling Point

1107°C ± 10

Latent Heat of Fusion

0.37 MJ/kg

Latent Heat of Evaporation

5.25 MJ/kg

Heat of Combustion

25.1 MJ/kg

Specific Heat
At 20°C

1030 J/(kg K)

At 600°C

1178 J/(kg K)

Electrical Resistivity at 20°C

4.45 µΩ cm

Thermal Conductivity at 25°C

155 W/(kg K)

Linear Coefficient of Thermal
Expansion at 20°C

25.2 x 10-6 K-1

Density
at 20°C

1.738 g/cm3

at 600°C

1.622 g/cm3

at 650°C (solid)

1.65 g/cm3

at 650°C (liquid)

1.58 g/cm3

Volume Change During
Solidification
Data from [5, 8, 10-12]
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4.2%

The crystal structure of pure magnesium is hexagonal close-packed (HCP). The unit cell and
principle crystallographic planes for an HCP crystal are shown in Figure 2-2.

Figure 2-2 : Unit cell and principal planes. [5]

Selected mechanical properties of pure Mg are shown in Table 2-2 after various processing
routes.
Table 2-2 : Mechanical properties of pure Mg at 20°C.
Tensile
Strength
(MPa)

Tensile Yield
Strength
[0.2%] (MPa)

Compressive
Yield Strength
[0.2%] (MPa)

Elongation
(%) 1

Brinell
Hardness 2

Sand Cast (13mm)

90

21

21

2-6

30

Extrusion (13mm)

165-205

69-105

43-55

5-8

35

Hard Rolled Sheet

180-220

115-140

105-115

2-10

45-47

Annealed Sheet

160-195

90-105

69-83

3-15

40-41

1

for 50 mm, 2 for 500 kg load, 10 mm diameter ball
Data from [8, 10]

2.1.4. Composition and properties of Mg alloys
In reality, very few commercial items are made of pure Mg. Alloying is mainly used to
improve physical and mechanical properties, such as creep resistance and compressive
strength. For example, if the elements remain in solid solution, they can result in solid

solution strengthening [5, 8, 13].
13]. Secondary or minor phases form when the solid solubility of
any alloying element is exceeded; these phases further enhance strength via precipitate
strengthening. However, the presence of these minor phases often leads to a reduction in
corrosion resistance through micro-galvanic corrosion [14, 15]. Additionally, alloying
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provides grain refinement, particularly for cast alloys, which strengthens Mg through grainboundary strengthening (exploiting the Hall-Petch relationship) and improves ductility [16].
Mg will form solid solutions with many elements although the most common commercial
alloys are based on additions of aluminium (Al) and zinc (Zn), with minor additions of
calcium (Ca), manganese (Mn), cerium (Ce), lithium (Li), silver (Ag), zirconium (Zr) and
rare earth elements (RE) [11]. A summary of some of the most common alloying systems and
their properties is presented in Table 2-3.
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Table 2-3 : Mg alloying systems and basic properties.
Alloying System
(Series)
Mg-Al
(AE, AZ, AM, AS)

Solid
Solubility in
Mg (wt. %)
12

Background
• Widely used
• One of few elements to form
extensive solid solution [17]
• Most contain Zn (AZ series)
•

Mg-Zn
(ZM, ZE)
Mg-Zn-Cu
(ZC)

6.2

Mg-Mn

0.1

•

Mg-Zr

0.6

•

•
•

•

•

Mg-Zn-Zr
(ZK)
Mg-Th
(ZH, HZ)
Mg-Ag
(QE)
Mg-RE-Zn-Zr
(EZ, ZE)
Mg-Y
(WE)
Data from [5, 8, 11]

• Grain refinement
• β-phase results in significant
increase in strength
• Ease of casting
• Corrosion improvement
• Solid-solution strengthening
Not extensively used
• Corrosion improvement [18]
Cu added to improve ductility • High tensile strength
Forms Mg(Cu, Zn)2 phase
• Fatigue strength
reducing negative effect of Cu • Good castability
• Limited micro-shrinkage
• Sequesters Fe from solid solution,
Mn can be added to stabilize
improving corrosion
aging process
• Significant grain refinement
Rarely used without other
elements
Cannot be used with Al or Mn
• Excellent grain refinement
Few applications due to
limitations
• High strength

10
15

Key Advantages

• Most widely used is QE22

• Ease of casting
• Good weldability
• Low tensile properties

• Role of Zn not fully
understood but beneficial

12.5

• Ease of casting
• Grain refinement
• Good weldability
• Typically added with other RE • Improved strength and ductility
• Grain refinement
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Disadvantages
• Susceptibility to microporosity, microshrinkage
• Mechanical properties can decrease
significantly at higher temperature
(>120 °C)
• Grain refinement difficult by
superheating / inoculation
• Relatively poor corrosion resistance

• Low strength
• Microporosity
• Poor weldability

2.1.5. Corrosion of metals
All metals exposed to an aqueous environment will undergo electrochemical reactions at the
surface, commonly referred to as REDOX reactions. This process is composed of the
cathodic (reduction) reaction, which involves the gaining of electrons from the anodic
(oxidation) reaction. Both these reactions must occur simultaneously.
The tendency for REDOX reactions to take place is based on the electropotential of the
material. The electrochemical series is the most commonly used reference to rank the
potentials of cathodic reactions of various elements in comparison to the equilibrium of H2
[19]. The series is measured at 25 °C and 1 atm with the hydrogen gas dissolution arbitrarily
set to 0.00 V (Table 2-4).
Table 2-4 : Electrochemical series for a number of elements versus a standard hydrogen
electrode.
Element

Electrode Potential (VSHE)

Gold

1.692

Platinum

1.18

Palladium

0.951

Silver

0.7996

Copper

0.521

Hydrogen

0.00

Iron

-0.037

Lead

-0.1262

Nickel

-0.257

Cobalt

-0.28

Chromium

-0.744

Zinc

-0.7618

Manganese

-1.185

Titanium

-1.37

Zirconium

-1.53

Aluminium

-1.662

Magnesium

-2.372

Sodium

-2.71

Calcium

-2.868
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The magnitude of this potential is indicative of the reaction’s tendency to proceed, whilst the
sign designates the direction of that tendency. Therefore, elements which possess a strong
tendency to be reduced will possess a large positive potential (noble), and elements with a
tendency to be oxidised possess a large negative potential (active). Mg has a very large
negative potential and therefore reacts readily in mildly aggressive environments. The greater
the potential difference, the larger the driving force for a reaction to proceed [20]. This is
revealed by a change in Gibb’s free energy, which is controlled by the potential difference as
shown in Equation 2-1.

∆G = -nFE

Equation 2-1

Where ∆G is the change in Gibb’s free energy, n is the number of equivalents, F is Faraday’s
constant, and E is the electrochemical potential. With a decrease in Gibb’s free energy the
likelihood of a change in state also decreases.

2.1.6. Mg electrochemical behaviour
The anodic reaction for Mg is given according to Equation 2-2.
Mg(S) → Mg2+(Aq) + 2e-

Equation 2-2

This process reduces the ion to its base element [21]. The element that is reduced depends on
the reaction pathways available. When Mg is placed in the presence of water with pH < 11,
the cathodic reaction involves the evolution of hydrogen gas (H2) according to Equation 2-3.
2H2O + 2e- = H2 + 2OH-

Equation 2-3

The OH- is normally ignored as it is considered a “spectator ion” [22], leading to Equation
2-4.
2H+(Aq) + 2e- → H2

Equation 2-4

These reactions can be combined into the overall reaction shown in Equation 2-5 [23-25].
Mg(S) + 2H2O = Mg(OH)2 + H2
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Equation 2-5

Equation 2-5 reveals the origins of a magnesium hydroxide (Mg(OH)2) layer that develops on
the Mg substrate.
However, in an electrolyte, metal ions (Mg2+) are surrounded by water molecules upon
entering into solution. These shield the ions from the attractive forces of the excess electrons
(2e-) at the metal surface, allowing metal ions to diffuse away from the substrate. Positively
charged ions in the electrolyte (2H+) are then attracted to the negatively charged metal
surface, where electrons are consumed to produce H2. In general, a corroding metal is never
in equilibrium so that metal atoms will continue to be oxidised if not protected by a
passivation layer.

2.1.7. Passivation layer and general corrosion of Mg
In moist air, magnesium alloys form a thin (< 1 µm) surface layer, primarily consisting of
Mg(OH)2. Whereas Al forms a continuous inert oxide layer that protects the underlying metal
from further oxidation, the layer that forms on Mg is discontinuous, offering little corrosion
protection [12, 26]. The irregular nature of the Mg(OH)2 layer is due to the hexagonal closepacked (HCP) unit cell of Mg that creates a volumetric mismatch with the constituents of the
passivation layer. The Pilling-Bedworth ratio (RP-B) which is given by the ratio of volume of
the unit cell of metal oxide to that of the corresponding metal from which the oxide is created
[27], is only 0.81 for Mg [5]. In comparison, the value for Al is 1.38 which results in
complete coverage of the metal surface.
Mg does not form a passivated layer at pH values under 11, as depicted on the Pourbaix
diagram (Figure 2-3). This is one of the reasons for the continued dissolution of Mg and its
alloys in even slightly aggressive solutions. The MgO layer, or Mg(OH)2 in solution, has an
equilibrium pH at 10.4 and is therefore stable in most bases, but will rapidly break down in
the presence of acids [28]. However, at pH values of between 8.5 and 11.5 Mg can form a
semi-protective Mg(OH)2 layer.
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Figure 2-3 : Pourbaix diagram for pure Mg in water at 25 °C. [28]

Corrosion of Mg in neutral environments (ph of ~7) is often described as localised corrosion
[29-32]. It is typically initiated as irregular localised corrosion that spreads laterally and
covers the whole surface, primarily via pitting corrosion [33]. In general, however, there is
not much tendency for deep pitting [29].
Metallurgical factors play a significant role in the corrosion of magnesium. For example, the
rate of dissolution can be increased with the addition of trace amounts of impurities,

particularly iron (Fe), nickel (Ni) and copper (Cu) [5, 34]. The acceleration of corrosion due
to these impurities is primarily due to galvanic corrosion [34]. The impurities typically
support the cathodic reaction very well, which in turn speeds the dissolution of the Mg
matrix. A summary of the effect of common alloying
alloying elements and impurities can be seen in

Figure 2-4.
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Figure 2-4 : Corrosion rates of binary Mg alloys due to immersion in 3% NaCl aqueous
solution. [29]

Overall, the combination of a soluble, cracked and sparse Mg oxide layer and large negative
potential means that Mg suffers continued degradation in any ionogenic (i.e. capable of

forming ions) solution [3].

2.1.8. Mg corrosion in chloride solutions
The vast majority of solutions that are utilised to test the corrosion properties of Mg alloys

contain chloride (Cl-). Immersion, electrochemical and salt-spray testing of Mg is usually
carried out in the presence of Cl- as it is commonly encountered in the natural environment.

Cl- greatly influences the corrosion of Mg at solution concentrations greater than 30 mmol/L
[26]. The Mg(OH)2 layer’s low density and susceptibility to cracking
cracking results in a weak ability
to protect the Mg subsurface. In addition Mg(OH)2 is soluble in the presence of Cl-, and the

halide magnesium chloride (MgCl2) is formed more favourably due to the higher
electronegativity of Cl- compared to (OH)- (Equation 2-6).
2Cl- + Mg(OH)2 → 2OH- + MgCl2
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Equation 2-6

MgCl2 is highly water soluble due to its strong tendency to form hydrogen bonds, resulting in
the release of the chloride back into solution where it can continue to attack the Mg substrate.

2.1.9. Overview
When considering Mg for traditional structural and industrial applications there are a number
of significant issues to overcome. Although a wide range of alloying systems have been
developed, offering improvements in properties such as creep resistance or strength, the
relatively rapid dissolution of Mg in even mildly aggressive environments has severely
limited its use and implementation. This is especially important for long-term applications
where the lifetime of the material is of key importance. Combined with relatively poor
mechanical properties, significant increase in corrosion due to minute impurity levels, and a
relatively under-developed understanding of the specific effects of alloying elements and
processes (when compared to the aluminium or steel industries), Mg presents many
challenges which hinder its widespread use. However, many of these issues and limitations
may be beneficial in the biomedical industry.
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2.2. Magnesium as a biomaterial
2.2.1. An introduction to biomaterials
At the outset, it is useful to define what is meant by “biomaterial”. Although there are many
different definitions, there does not seem to be one that is universally accepted. A broad
classification defines it as a “synthetic material used to replace part of a living system or to
function in intimate contact with living tissue” [35]. However, this does not include natural
biomaterials, which are of particular importance to tissue engineering. One of the more
commonly accepted definitions, proposed by the Clemson University Advisory Board for
Biomaterials, defines it as “a systematically and pharmacologically inert substance designed
for implantation within or incorporation with living systems” [36]. Again this definition does
not include those biomaterials that are not inert within the body. Therefore it is unsurprising
that one of the most relevant definitions is also one of the longest, namely “materials of
synthetic as well as natural origin in contact with tissue, blood, and biological fluids, and
intended for use for prosthetic, diagnostic, therapeutic, and storage applications without
adversely affecting the living organism and its components” [37].
Biomaterials have been used in societies for thousands of years. The Romans, Aztecs and
ancient Chinese all used gold in dentistry, while glass eyes have appeared in historical
references for almost as long [36]. However, designs and material choices progressed very
little until the turn of the last century.

Increased scientific knowledge and improved

equipment have seen the number of biomaterials and their implementation dramatically
increase. For example, after World War 2, experimentation was carried out using parachute
cloth as a vascular prosthesis [38]. It was also in this century that orthopaedic biomaterials
truly started to be clinically tested and understood. John Charnley’s experimentation with the
use of poly(methyl methacrylate) (PMMA) and stainless steel for total hip replacement
improved the human condition and spurred further interest in orthopaedic biomaterials
replacements [39, 40]. A summary of common currently used biomaterials and their
applications is given in Table 2-5.
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Table 2-5 : Comparison of several current biomaterials and applications.
Biomaterial

Applications

Advantages

Disadvantages

Polymers:
Dacron
Nylon
Teflon

• Blood vessels
• Ligament
replacement
• Ear & nose
replacement
• Soft tissue
applications

•
•
•
•
•

• Low compressive
strength / hardness

Ceramics:
Alumina
Hydroxyapatite
Carbides

• Dentistry
• Hip sockets

• High compressive
strength
• Biocompatible
• Bone conducting

• Difficult to
manufacture
• Brittle
• Not resilient

Composites:
Carbon-carbon

• Heart valves
• Joint implants

• Mechanical strength

• Difficult to
manufacture

Metals:
Stainless steel
Titanium
Co-Cr alloy
Gold
Data from [35, 41]

• Joint replacement
• Bone fixation
• Maxillofacial
applications

• Mechanical strength
• Wear resistance
• Ductile

• Corrodes (metal ions)
• Dense
• High modulus (stress
shielding)

Ease of fabrication
Processability
Low cost
Resilient
Part biodegradable

• Deformation over time
• Degradation

Biocompatibility is the primary concern when considering the suitability of any material as
an implant. Most of the commonly used elements that are included in the composition of
metallic implants (e.g. iron (Fe), chromium (Cr), nickel (Ni), titanium (Ti), tantalum (Ta),
niobium (Nb), molybdenum (Mo), tungsten (W), cobalt (Co)) can only be tolerated in the
body at low levels [42]. Although the presence of these elements may be vital to bodily
functions, only trace concentrations are tolerable.
The biocompatibility of metals is of considerable importance where there is some
susceptibility to corrosion in vivo. Corrosion of metal implants over extended periods can
lead to implant failure and release of particles; the latter of which may result in problems
including inflammation and localised toxicity.
Implant materials are exposed to a harsh environment in the human body – an oxygenated
saline solution with a salt (NaCl) content of ~0.9 wt. % at a pH of 7.4 and temperature of
37.1 °C [43]. Bodily fluids consist of water, dissolved oxygen, complex compounds, large
amounts of sodium, potassium, calcium, magnesium, phosphate, sulphate, amino acids,
proteins, plasma, and a number of other substances [43]. Moreover, the in vivo environment
can change dramatically in the immediate area of an implant after a surgery, further
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complicating the expected biomaterial conditions. Consequently it is vital that in such an
aggressive environment the release of elements is accommodated by the physiological system
without side effects.

2.2.2. Mg and the body
Recent studies have cited Mg and its alloys as potential materials for biomedical orthopaedic
implants

[44-53].

The

advantages

of

Mg-based

materials

include

non-toxicity,

biocompatibility, mechanical compatibility with bone, and biodegradability in the body [54]
(see Chapter 2.2.4. ). However, it is first necessary to elucidate the role of Mg in the body, as
foreign body toxicity is the primary factor in determining the in vivo compatibility of any
biomaterial.
Mg is the most abundant free divalent cation (Mg2+) and fourth most abundant metal ion
found within cells in the human body [55]. Mg is a vital nutrient for life and is known to be
present in all cell types [56-58]. As an intricate part of cellular metabolism, Mg2+ dependant
enzymes are in almost every metabolic pathway [59]. A significant amount of nucleic acid
biochemistry requires Mg, where Mg2+ often functions as a signalling molecule [60].
Adenosine triphosphate (ATP), the main source of energy in cells, is bound to Mg2+ in order
to become biologically active (commonly referred to as Mg-ATP) [61, 62].
The importance of Mg to the physiological system cannot be overstated. The US Food and
Nutrition board recently re-established the recommended daily allowance (RDA) of Mg as
420 mg/d and 320 mg/d for men and women, respectively [63]. Mg depletion has been
attributed to cardiac arrhythmias, development of artherosclerosis, vasoconstriction of
coronary arteries and increased blood pressure [64]. Mg deficiency is also implicated as a risk
factor for osteoporosis [65], with Mg supplementations resulting in significantly increased
bone density and strength [66]. Along with calcium (Ca), sodium (Na) and potassium (K),
Mg is efficiently controlled in the body by homeostatic mechanisms and toxicity is normally
not a problem [67].
When Mg is implanted it is hypothesized that the corrosion products are phagocytosed
(engulfed) by multinucleated cells [50]. An excess of Mg in serum is controlled by the body
using bone and muscle areas to store Mg and excretion via the kidneys [68].
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2.2.3. History of Mg as a biomaterial
In the late 1800s, American physician Edward C. Huse used Mg as a biomedical implant
material. In this seminal work, Mg wires were used in the form of a ligature to stop bleeding
vessels in three patients [69]. Huse was excited by the potential of Mg after observing its
biodegradable nature in vivo [69]. Later in 1892, Austrian physician Erwin Payr began
experiments on Mg resorption [70]. Payr was the first to propose that the combination of
dissolved salts, tissue oxygen, water content and chemical processes in cells were responsible
for in vivo corrosion of Mg [70, 71]. In 1907 Albin Lambotte used a plate of pure Mg, with
steel nails, to secure a lower leg fracture [72]. The Mg implant was not successful, with the
implant surviving only 8 days, along with a large amount of gas liberated subcutaneously.
Jean Verbrugge, an assistant to Lambotte, also continued to investigate Mg with a number of
animal and clinical studies [73-75].
In 1934 Verbrugge found that a Mg-8Al alloy dissolved completely in the body, producing a
large amount of gas [76]. A later study by Troitskii and Tsitrin reported 34 surgeries in which
Mg-Cd alloy plates and screws were used [77]. Of these, 9 of the procedures were
unsuccessful, with the failures attributed to infection and inadequate treatment of the
subcutaneous gas. Further, this work was one of the first written records of the potential
bioactivity of Mg with respect to new bone formation. Mg-Cd alloys were observed to
stimulate the formation of a hard callous at the fracture site [77] with total resorption of the
material occurring after 10-12 months. Znamenski found that devices based on Mg-10Al
alloys fused the fractures of 2 patients in 6 weeks and that the screws and plates were
completely resorbed after 4 and 6 weeks, respectively [78]. It is noted that in all of these
studies no systematic toxicity-instigated reactions or acute inflammatory response were
reported. A thorough historical account of the early studies of Mg as a biomaterial is provided
by Witte [79].
In some cases the early accounts of Mg biomaterials reported poor performance, primarily
due to a fast biodegradation rate. The rapid biodegradation of Mg was primarily due to high
levels of impurities that can lead to subcutaneous gas bubbles close to the surgical site.
Recent production of high purity Mg combined with advances in alloy design and
microstructure control has allowed a renewed interest into the potential for Mg as a
biomaterial.
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2.2.4. Benefits of Mg biomaterials
Magnesium and its alloys have a number of advantages over other metals in biomedical
applications, including:
Low density / High specific strength
Mg is the lightest of all structural metals, at 1.738 g/cm3 compared to 2.7 g/cm3 for
aluminium or 7.85 g/cm3 for low carbon steel [80]. Despite the obvious benefits in
commercial applications, low density is beneficial in the biomaterial field as it allows the use
of Mg for large orthopaedic implants with a minimal increase in weight. The specific gravity
of pure Mg is very close to that of bone, which ranges between 1.75-2.1 g/cm3 [81]. For
comparison, common medical-grade titanium alloys are typically 50% denser (4.5 g/cm3)
[82].
Pure Mg has a strength to weight ratio of approximately 130 kN•m/kg, however rapidly
cooled alloys can reach 490 kN•m/kg [83]. This is 2 x greater than one of the most commonly
used titanium alloys, Ti6Al4V (260 kN•m/kg). As a result less material may be used to
provide a similar mechanical function in the body.
High damping capacity
Mg is unique due to its extremely high damping capacity (ability to absorb energy), the
highest of any metal [8]. In the biomedical field this can be very important in heavy loadbearing applications, where the shock and vibration absorbing properties of Mg could provide
significant benefit over other materials.
Machinability and dimensional stability
Mg is recognized as the easiest structural metal to machine, and stable final dimensions are
easy to achieve [13]. Consequently complex shapes are easily producible. This is crucial for
the often intricate shapes that are required for medical applications, which frequently have to
be tailored individually to fit each patient.
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Stress shielding
The mammalian skeletal system is constantly remodelling its bone mass and density in
response to changes in the load-bearing environment. If physiological loads are increased in a
region, the skeletal system responds by increasing bone tissue density in those areas required,
and vice versa when load is reduced. The introduction of a metallic implant can upset the
normal remodelling process due to differences in modulus to that of natural bone. A
relatively stiff implant will transfer loads away from the adjacent bone, causing a reduction in
bone density (also known as stress shielding). Stress shielding is known to be a problem with
current orthopaedic devices based on stainless steel or titanium [84]. These materials have a
density, elastic modulus, and yield strength an order of magnitude higher than that of bone
[84]. This can cause poor integration with the surrounding bone with a correspondingly
higher risk of fatigue or loosening of the implant [85-88].
Pure Mg has an elastic modulus of ~45 GPa, which is much closer to that of human cortical
bone (~20 GPa) than most common Ti alloys (110-120 GPa) [54]. Combined with a density
very close to that of bone, stress shielding related problems can be greatly reduced for many
orthopaedic implants, most critically in high load bearing areas.
Biocompatibility and osteogenesis
Current biomaterials such as pure Ti are relatively inert in the body, meaning they exhibit
little host response, positive or negative [89, 90]. In contrast, Mg is considered biocompatible
and non-toxic [55, 67, 91-94], and has been shown to increase the rate of bone formation [92,
95]. Mg is also an important ion in the formation of the biological apatites that make up the
bulk of bone mineral, a key part to new bone formation [96, 97]. Mg is known to have a
positive influence on bone fragility and strength [46, 92, 98]. Over 50% of the Mg in an adult
is found within bone, while the remainder is mainly located in muscle and soft tissue [99].
This close relationship with the formation and maintenance of healthy bone provides Mg
significant advantages over other inert materials. The most obvious of these benefits is a
potential for faster bone formation, as the Mg would not only provide a base for attachment
but actually supply some of the necessary elements for new bone.
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Safe degradation
Current metallic implants, made of titanium, stainless steel, and Co-Cr, are not designed to
degrade safely in the body. However, all surgically implanted metal alloys undergo some
electrochemical degradation due to the complex and corrosive environment of the body [43].
Combined with significant wear that can occur in load-bearing applications, particles of the
implant can be released into the surrounding tissues, causing discomfort and potential health
risks [100, 101]. In addition this wear and corrosion can lead to the need for a second implant
during the patient’s lifetime.
Although the bulk material may be considered bio-inert, the way in which the particles are
metabolised within the body can lead to acute inflammation and eventually implant failure
[102].
Mg has the unique position of being able to minimise all these issues. The gradual release of
Mg ions in the body is dealt with effectively [55, 67, 91-94]. The corrosion of Mg in the body
would result in an eventual complete degradation. This means the implant would not remain
in the body for longer than is needed to perform its task and/or be replaced by bone. This also
means that patients would benefit from only temporary exposure to a “foreign” object in their
body. This is extremely crucial, as over time complications can and do occur for many
implants, with more issues likely to arise the longer an implant remains in vivo [103].

2.2.5. Problems facing Mg biomaterials
A number of problems face current Mg alloys, limiting their immediate use in biomedical
applications.
Low elastic modulus
Although the lower elastic modulus of Mg may be beneficial with respect to stress shielding,
it also means that there may be a greater chance of failure in high-load applications, such as
the spine where compressive loads during certain activities may exceed 3500 N [104]. It is
vital to ensure that any implant is designed to sustain its load without deformation. However
this aspect is even more vital when considering degradable materials, as an appropriate
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mechanical support is required throughout the entire bioresorption and bone remodelling
process.
Rapid degradation
Mg implants are intended to completely degrade but at a rate that reduces H2 gas formation
and that is similar to bone remodelling. The rapid degradation of Mg implants observed early
in the last century [73, 76] has been greatly reduced by recent advances in controlling the
purity of Mg and alloying elements [105, 106]. It may be possible to further reduce this rate
when these factors are combined with a greater understanding of corrosion mechanisms,
alloying and coating technologies [52].
Resorption problems
The rapid degradation of Mg alloys may cause an adverse biological response as Mg and
other element ions are released too quickly into the surrounding tissues. All of the alloying
elements will eventually enter the patient and must be selected with non-toxicity as a primary
factor. However, elements normally present in the body (e.g. Zn, Ca, Mn) can also be toxic if
the release rate is too high as the levels cannot be dealt with appropriately (e.g. excess Mg via
kidneys, hydrogen gas via soft tissues). Thus, a truly biocompatible Mg alloy is required to
avoid the use of toxic alloying elements and ensure an appropriate release rate for other
elements, even those which are naturally occurring.
Hydrogen evolution
The release of H2 and subsequent cyst formation following implantation of Mg can cause
various problems. Gas pockets may form next to the implant that cause separation of tissue
and/or tissue layers [107, 108]. H2 bubbles may delay healing at the surgical site, leading to
necrosis of surrounding tissue [109]. In the worst case scenario, gas bubbles could block the
blood stream, causing death [53]. If the degradation is too rapid, the amount of H2 produced
will accumulate where it cannot diffuse through the surrounding soft tissues at a sufficient
rate [48].
However, it has been shown that H2 is able to be fully absorbed within the body without
significantly reducing blood flow [70, 71]. Lespinasse produced Mg rings that were used for
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connecting two blood vessels (anastomosis); these showed that hydrogen was resorbed at the
same rate that it was produced [110]. Numerous in vivo studies, from the early 1900s to the
present day, have found that hydrogen “bubbles” are often resorbed within a few weeks of
appearing [77, 111-113]. Witte et al. reported that subcutaneous gas bubbles visible at 1 week
following surgery were resorbed within 2-3 weeks [114].
Hydrogen gas pockets can also be removed by drawing off the gas with a subcutaneous
needle [48]. The in vitro hydrogen evolution rate for various Mg alloys containing Zn, Al,
and Mn are reported to be within tolerable rates (i.e. < 0.01 ml/cm2/day) [8]. However it
should be noted that these rates may depend strongly on the location of the implant, with
certain applications (such as stents) allowing increased rates of H2 evolution due to blood
flow. There does not appear to be an absolute rate, and each alloy must be investigated in
relation to its intended function. Consequently, it is reasonable to expect that hydrogen
evolution during Mg degradation will not present a problem, provided that the corrosion rate
of the Mg-based device is controlled.

2.2.6. Biocompatibility of Mg alloying elements
It is crucial to take into account the toxicity of all alloying elements and compounds that may
form when considering Mg alloys for possible biomedical implant materials. All elements
would need to be effectively and safely metabolised when released into the body as the
implant degrades over time.
The vast majority of current Mg alloys that have been investigated for potential use as a
biomaterial have been developed for commercial use. The emphasis for these commercial
alloys has focussed on improving the castability, ductility, and high temperature creep of Mg
as demanded by automotive applications [5]. The toxicity of alloying elements is generally
not considered in engineering alloy design since this is less important for the end use.
The addition of any alloying element to provide significant benefit to Mg is futile unless the
element is non-toxic. Al, Ca, Li, Mn, RE, Y, Zn and Zr have been alloyed with pure Mg to
create alloys specifically aimed at biomaterials [23, 115-123]. Of these, Ca, Zn, Mn, Li and
possibly very small amounts of RE are known to be tolerated in the body [64]
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It is also important to consider the impurity levels of Mg-based biomaterials, particularly if
Cu, Fe, Ni or beryllium (Be) are present; low levels of these impurities can dramatically
reduce the corrosion resistance of Mg [33]. The level of impurities in the final product can
depend both on the actual composition of the alloying elements (e.g. in what compounds they
are added to the melt), as well as the technology and materials used for production, where
pickup of impurities may occur [124]. In general, 100-300 parts per million (ppm) of Cu, 3550 ppm of Fe, 20-50 ppm of Ni and 4 ppm of Be are acceptable in many engineering
applications [34, 125].
However, the control over impurity levels needs to be stricter in Mg alloys that are aimed at
biomedical applications. Elements such as beryllium and nickel should be completely
avoided as they can lead to acute sensitivity and cancer [126, 127]. In addition, the increased
corrosion rate caused by impurities can lead not only to implant failure but also serious
complications in the body if too much of a single element is released rapidly. Finally, it is
important to control carefully the impurity levels so that comparisons between alloy designs
are permitted without their behaviour being dominated by variations in trace impurities.
A comprehensive list of common Mg alloying elements and impurities, along with their
biological and toxicological properties, is provided in Table 2-6.
Table 2-6 : Biological and toxicological characteristics of common Mg alloying elements and
impurities.
Element

Toxicology / Biological Properties

Reference

Mg

•
•
•
•
•
•
•
•

Normal blood serum level: 0.73-1.06 mmol/L
Toxic dosage: 500 mg/day
Influences growth factor effectiveness
Regulator of over 350 proteins
Co-regulator of energy metabolism, cell proliferation, protein and DNA synthesis
Co-regulator and activator of integrins (cell migration)
Long-term influence on cellular reactions
Cellular up-take via transient receptor potential (TRP) ion channels

[128]
[129]
[130]
[131]
[130, 132]
[133-135]
[136]
[137]

Al

•
•
•
•
•
•
•
•
•

Normal blood serum level: 2.1-4.8 µg/L
Toxic dosage: 0.2-0.4 mg/Kg
Alloying element in titanium implants
Risk in generation of Alzheimer’s disease
Linked to possible reproductive and developmental problems
Can cause muscle fibre damage
Decrease osteoclast viability
In Mg, mild foreign body reactions in vivo
Al3+ ions combine with inorganic phosphate resulting in reduced phosphates

[138]
[139]
[140, 141]
[142-144]
[145]
[146]
[147]
[47]
[145]
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[144]
• Majority of Al ingested passes through the body
 In spite of above issues, Al-containing alloys are most commonly invested in bio-Mg
literature.
Zn

•
•
•
•
•
•
•
•


Normal blood serum level: 12.4-17.4 µmol/L
[148]
Toxic dosage: 150 mg/day
[129]
One of the most abundant essential elements
[149]
Essential for the immune system
[150]
Co-factor for specific enzymes in bone and cartilage
[151, 152]
Neurotoxic at higher concentrations
[153]
Found to prevent bone loss by stimulating osteoblastic formation
[154]
Mg-Zn alloys have been found to perform well in vitro and in vivo
[123, 155]
Overall, Zn demonstrates excellent potential as an alloying element for Mg-based
biomaterials

Ca

•
•
•
•
•
•


Normal blood serum level: 0.919-0.993 mg/L
[156]
Toxic dosage: 2500 mg/day
[129]
Most abundant mineral in the human body (1-1.1 Kg)
[156]
Mostly stored in bone and teeth
[156]
Tightly regulated by homeostasis of skeletal, renal, and intestinal mechanism
[156]
Ca-rich compounds (e.g. hydroxyapatite) play crucial role in bone formation
[157]
Likely most biocompatible alloying element, Ca displays significant promise for Mg
biomaterials

RE

•
•
•
•
•
•
•
•
•
•
•


Normal blood serum level: N/A
Toxic dosage: N/A
Many rare earth elements exhibit anti-carcinogenic properties
Not known to play role in any biological function in the body
Lanthanum (La) and cerium (Ce) exhibited cytotoxicity in vitro
Yttrium (Y) considered potential lung cancer risk if inhaled
Gadolinium (Gd) can induce nephrogenic systematic fibrosis in renal failure patients
RE have been observed to remain in bone for extended periods
Mg-Y stent has been successfully implemented in clinical trials
No accumulated RE surround bone tissue in studies of LAE442 and WE42 in rabbits
Gd has exhibited low toxicity in presence of osteoblast-like cells
At present, it remains inconclusive as to whether RE are suitable for Mg-based
biomaterials.

Li

•
•
•
•
•
•
•
•
•
•


Normal blood serum level: 2-4 ng/g
[166]
Toxic dosage: 40 mg/day
[129]
Compound of psychiatric drugs for treatment of mania and depression
[167, 168]
Only prescribed when absolutely necessary
[169]
Over dosage can cause kidney and lung dysfunction
[170, 171]
Possible teratogenic effects
[172]
Side-effects include renal failure, hypothyroidism, and kidney damage
[173]
Therapeutic levels of Li are often close to the toxicity limit
Displayed no negative effects in cytotoxicity tests
[160]
Slowed corrosion and displayed good cell viability in rabbits
[174, 175]
All studies to date have indicated a more in-depth understanding of toxicity is required
before Li can be used for implants.

Mn

•
•
•
•
•
•
•
•

Normal blood serum level: <0.8 µg/L
Toxic dosage: 11 mg/day
Essential trace element
Important in metabolic cycle
Influences the function of the immune system, bone growth, and blood clotting
Scavenger of free radicals as manganese superoxide dismutase
Neurotoxic in higher concentrations (manganism)
Plays a primary role in activation of a number of enzyme systems
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[158, 159]
[160]
[161]
[162]
[163]
[164]
[165]
[160]

[176]
[129]
[177]
[177]
[177]
[178]
[179]
[180]

• Shown to decrease corrosion rate in vitro and in vivo
 Based on potential benefits, Mn warrants further investigation.

Zr

•
•
•
•
•


[181-183]

TiZr commonly investigated due to good biocompatibility
[184]
ZrO widely used in dental implants
[185]
Mg-Zr caused decreased cell viability but increased platelet adhesion
[123, 160]
Zr ion concentrations below 10-3 mol/L did not induce toxicity in cell studies
[186]
Toxicity of Zr is considered low despite no biological function association
[187]
Further investigation of Zr is warranted, especially due to importance in improving
mechanical properties.
Impurities

• Normal blood serum level: N/A
• Toxic dosage > 2µg/m3
• Induces metal sensitivity, highly carcinogenic

[188]
[189, 190]

Cu

• Normal blood serum level: 74-131 µmol/L
• Toxic dosage: 10 mg/day

[191]
[129]

Fe

•
•
•
•

[192, 193]
[129]
[192, 193]
[194]

Ni

• Normal blood serum level: 0.05-0.23 µg/L
• Strong allergenic agent which can induce sensitivity
• Carcinogenic and genotoxic

Be

Normal blood serum level: 5-17.6 g/L
Toxic dosage: 1500 mg/day
Essential for life and metabolically regulated/stored
Generator of age related diseases by reactive oxygen species

[195]
[196]
[196]

2.2.7. Overview of Mg biomaterials
Mg shows great promise as a potential biomaterial. However, its key advantages over current
materials, such as biodegradability and low specific strength (reduced stress shielding), are
also some of the most challenging considerations. The fact that Mg and its alloys may
degrade safely also means that the implant is constantly changing shape and mechanical
properties over its entire life, adding another layer of complexity to carrying out a full lifecycle design. However, the benefits that Mg alloys offer over current materials are clear and
the potential pitfalls of working with Mg may be overcome through systematic exploration
and careful planning.
Pure Mg is not capable of providing all necessary properties for a wide range of implant
applications. Therefore the many potential alloying elements need to be carefully considered.
The toxicity and potential long-term problems associated with Al, the most common alloying
element, mean that it will not be heavily investigated in this work. Any positive physical
properties such alloys possess would be overshadowed by potentially disastrous issues for a
patient. Further study may be warranted when their cytotoxicity is better understood.
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Although lithium has been used in medicine for almost 150 years [169] it has not been
employed widely in implanted materials. It is also extremely difficult (and dangerous) to
alloy with due to its extremely high reactivity [197]. For these reasons it was not investigated
in this work. Rare Earths are also not investigated due to the uncertainty surrounding the
short and especially the long-term toxicity and side-effects.
However, the other four elements, Ca, Zn, Mn, and Zr, all show promise without the major
shortfalls of Al, Li and REs.

2.2.8. Cellular biomaterial structures – Importance of design and
manufacture
It is not only important to select a suitable material but also an appropriate shape and
structure for the desired implant site when considering biomaterials for specific applications.
Various locations in the body require different implant designs based on a number of factors,
particularly mechanical stresses and loads. In some cases, the topology of the implant may be
tailored to each individual patient to ensure maximum success. Therefore it is vital to
consider the design of the implant throughout the process of materials selection.
Metal foams or cellular metals have been increasingly used across a wide variety of
industries, such as in lightweight structures, acoustic and mechanical damping, electrical
screening, filtration and recently, biomaterials for orthopaedic implants [184, 198, 199]. With
correct material choice cellular structures can offer ample mechanical and structural
properties with a fraction of the weight and cost. Cellular metals can offer unique advantages
when implemented in biological roles that have traditionally been dominated by solid
structures.
Permanent metal implants for supporting tissue in-growth have been at the forefront of
classical biomaterials research and the orthopaedic medical device industry for decades.
Traditionally, methods for tissue replacement have included the use of auto- or allograft
tissue or permanent external materials, with each approach having its limitations. Procedures
requiring auto/allo-grafting of tissue or organs can result in significant donor-site morbidity
and risk of disease transfer, as well as requiring undesirable additional surgery. Furthermore,
there are limitations to the amount of auto- or allo-graft tissue that is available.
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The most common causes for failure of synthetic implants over time are adverse body
response, stress shielding, wear and fatigue, all of which can eventually cause failure,
particularly in load-bearing applications [200]. Although a cellular structure for a biomaterial
may play little role in its biological response, it can help greatly in minimising the other
issues facing solid implants. Such a structure may be designed to offer strength in areas only
where it is needed and in turn reduce the amount of material to which the body is exposed.
Tailoring of design may also alleviate the problem of stress shielding; a common issue that
faces many current orthopaedic implants (see Chapter 2.2.4. ). In addition, an increased
surface area may be extremely beneficial to a biocompatible or bioactive material, as it
provides more sites for cellular attachment and faster healing. In applications where bone is
to be fused, such as spinal fusion, the topology of an implant may be designed to allow for
appropriately sized channels to connect the two opposing bone surfaces. This would allow for
controlled and focussed growth of bone, leading to a reduced healing time and better fixture.
Overall cellular metal foams offer the potential for an implant device that is strong yet
lightweight and provides an appropriate stiffness and pore architecture to promote rapid
implant fixation and tissue growth.
Production of cellular metals
The advantages of cellular metal in various applications have provided a stimulus for the
rapid development of fabrication routes for commercial production of closed- and open-cell
metal foams [201]. However, the majority of these fabrication routes generate a random cell
structure, yielding broad distributions in cell size and shape, with the result that material
properties are unpredictable over the range of a few hundred microns to a few millimetres
[202-209]. This is especially true for cellular metals, where high temperatures required to
form structures limit the techniques available for their fabrication [202-207].
Manufacturing routes for cellular metals with controlled, as opposed to random, pore
architectures are less well developed and are typically more difficult and costly to produce.
Currently, the primary route for the fabrication of controlled cellular structures is to use rapid
prototyping (RP) techniques. Cellular metals can be directly fabricated by incorporating
selective laser melting (SLM) or selective electron beam melting (SEBM) into the RP
process. Ordered cellular titanium [210, 211] and stainless steel [212] structures have been
fabricated using these methods. Ceramic scaffolds have also been used to cast CoCr [213,
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214] and titanium [215] alloys for orthopaedic applications, where the ceramic moulds are
either directly fabricated or cast into polymeric RP scaffolds. Another alternative to fabricate
titanium implants is to infiltrate polymer RP scaffolds with titanium powder slurry [200, 215218]. This is followed by heat treatment to allow for wax removal and sintering of the Ti
particles. NaCl has also been established as a possible spacer material for random foams [47,
219], and plaster has been used recently to cast controlled cellular Mg [220, 221]. However,
it has been reported that plaster deposits remain on many strut surfaces on porous metal after
the removal process, creating a potential biocompatibility issue [222].
A number of studies have attempted to generate optimized porous microstructures to meet
global scaffold design criteria such as porosity, stiffness and permeability [223, 224]. These
optimized architectures are often complex to fabricate and therefore have remained in a
concept phase. Few studies have physically manufactured porous metal implants using solid
freeform fabrication (SFF) methods for mechanical testing and validation of optimized
models [13]. There remains a significant gap in the production capabilities available to create
ordered Mg structures.

2.3. Magnesium and the in vivo environment
In vivo is a term that is commonly used to refer to experiments that use an entire living
organism as a test environment. From the Latin for “within the living”, the term is used to
describe clinical trials where animals or humans are used as test subjects. Initially, in vivo
testing occurs in small animals such as rats or rabbits for the assessment of new implant
materials. Heavily inbred species, such as New Zealand white rabbits, are preferably used to
eliminate some of the variables that affect the performance of an implant when it is placed in
vivo.

2.3.1. The body – A brief overview
As a reference, the human body is normally considered in terms of a 70 kg man in his mid30s. More detailed studies look at the differences that exist between different sexes, races,
and age groups. However, for the sake of simplicity, this is the reference that will be used for

34

all comparisons in this work. It is important to have an understanding of the body as a system
when designing any implant, as it can affect more than the local area.
As with any complex system, different locations and tissues have very different chemical and
mechanical properties. These parameters all play a crucial role in the success or failure of an
implant, as they can affect the corrosion rate (pH, temperature, gases) and also mechanical
performance (stress, stress cycles) of the material. Each material must therefore be designed
for a certain range or specific location to allow for these differences. The overall parameters
of a reference human and a number of properties of anatomical locations are summarised in
Appendix A.

2.3.2. Placing an implant in vivo
Based on interface reactions, biomaterials may be classified as resorptive, bioactive,
biologically inactive or toxic [225]. This is important because the biocompatibility of a
material is directly related to the reactions at the interface of the surface of the material as
well as the inflammatory host response [226]. Numerous uncontrollable factors can
contribute to this including general health, age and tissue perfusion [227]. Other factors that
play a role pertain to the implant material itself. These include surface roughness, porosity,
the corrosion properties of the material and its toxicity.
What happens when a foreign material is placed in the body can be divided into two main
categories: host response and material interface response. These can also be considered as
macro (host) and micro (material interface) responses. A number of references can provide a
more detailed discussion of these behaviours [35, 36, 228], however the main ideas are
summarised here.
Host response
Host response refers to how the surrounding tissue reacts to the implanted material as well as
the surgical procedure and any contingent damage. If the operation is heavily invasive, this
response can be primarily due to the disturbance of the biological environment rather than the
actual material implanted itself. A summary of a typical host response for ideal and non-ideal
materials is shown in Table 2-7.
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Table 2-7 : Typical host response to implantation and ideal/non-ideal material reactions.
Time

Biological Responses

0-3 days

•
•
•
•
•

After 2-3
days

• For bone, stem cells develop into osteoblasts, which form layer close to implant with
fibroblasts
• Osteoblasts, fibroblasts, and capillaries penetrate blood clot, replace it, fill in the space
between implant and bone [230]
• Collagen-rich extracellular matrix (ECM) is mineralised
• If well accepted, calcium-rich small ECM sacs form (vesicles)
• Vesicles rupture, and apatite crystals unite and form calcifying structures [231]
• Microscopic tissue beams (trabecular) grow and mineralise, reaching implant [232]

Implant covered in blood clot [41]
Inflammatory reaction eliminates damage to tissue, bacteria, clots
Foreign debris/material purged by inflammatory cells
White blood cells remove larger debris [42]
Macrophages release enzymes promoting fibroblasts to form a fibrous capsule around
implant. [229]

Ideal and Non-ideal Materials
Ideal

• Implant is entirely covered by bone tissue, not fibrous capsule
• Large amounts of ECM is mineralised, with fast proliferation and close attachment to implant
[233]
• Bone accepts material as part of ECM, leading to continuity between bone and implant (bone
bonding) [232]

Non-ideal

• Fibrous layer remains between implant and bone
• Thickness and longevity of layer varies depending on material and location, can only be
determined through clinical trials
• Resorption of bone matrix by osteoclasts (osteolysis) [234]
• If toxic material is used, tissue in immediate area will die (tissue necrosis)
• Even if non-toxic, micro-particles can trigger an inflammatory response [235, 236]

Material interface response
As soon as an implant is placed in the body and comes into contact with blood, serum
proteins will start to adhere to the surface. This process is known as protein adsorption, where
adsorption means the “adherence of a molecule to the surface of a solid” [237]. Initially the
adsorption is influenced primarily by protein diffusion with the proteins possessing the
highest affinity to the material surface being the first to come into contact [238]. However,
over time lower-affinity proteins can replace the higher-affinity proteins through a complex
dynamic process.
The implant is completely coated in a monolayer of proteins by the time that cells arrive at
the surface if the material is biocompatible [239, 240]. Thus, the cells will not come into
direct contact with the surface but rather a protein layer. The cells interact with proteins by
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directly binding using receptors on the cell membrane; cells do not have receptors for a
material surface free of proteins. This means that the proteins provide a platform for the cells
to adhere to on the surface. Increased protein attachment usually leads to an increase in cell
adhesion [229]. Thus, proteins are required to initiate new bone growth.
The amount of protein adhering to an implant is a factor of both the makeup of the biological
solution and the implant surface properties, which are outlined below.
Biological solution effects
The material interface response in a certain solution is mainly controlled by: i) protein
concentration, ii) rate of diffusion, and iii) protein affinity to the surface. In general, protein
adsorption is heavily affected by its concentration in a solution. For simple single protein
solutions (unlike those found in the body), an increased concentration of proteins leads to
more proteins attached to the surface [237]. However, the effect is more complicated when
several proteins are in the solution due to protein-protein interactions. Except during
coagulation, the majority of serum proteins will not adhere to one another on a material
surface [241].
Other factors that affect material performance include: (i) rate of diffusion of proteins,
controlled primarily by protein size, (ii) affinity of protein to substrate [237], and (iii)
difference in protein concentration. Proteins themselves interact with a material surface
through a number of mechanisms including: i) ionic bonds (between positive and negative
charges), ii) intramolecular bonds, such as hydrophobic interactions, and iii) charge transfer
[242]. The strength of these bonds can vary widely depending on the physical and chemical
properties of the protein (Table 2-8).
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Table 2-8 : Properties of proteins that affect adsorption on materials.
Protein Property

Description

Size

Smaller proteins will diffuse more quickly and arrive at material surface faster.
They will, however, form fewer contact points with the material surface than
larger proteins. Thus, the size of the protein may also affect its affinity.

Charge

Charged proteins preferentially adsorb to a surface with an opposite charge. On
most surfaces, however, proteins adsorb the most at their isoelectric point where
they are at neutral charge in the solution.

Hydrophobicity /
Hydrophilicity

More hydrophilic side chains are present on the outside of a protein molecule in
aqueous media so they may interact with a substrate surface. Hydrophilic
protein domains tend to adsorb to hydrophilic surfaces, while hydrophobic
domains adsorb more to hydrophobic surfaces.

Structural
Stability

Proteins that are less structurally stable normally exhibit greater unfolding upon
adsorption and form more contact points. Proteins that unfold quickly form
bonds with the surface before other proteins arrive.

Data from [239, 240] , adapted from [237]

Implant surface effects
The material surface itself can greatly influence the type, quantity and function of the
proteins that adsorb. Water molecules from the biological environment interact with the
material before proteins even have time to attach to a surface. For hydrophobic materials, a
“shell” of water molecules will form in which the molecules will interact with each other
more than the hydrophobic surface. It has been postulated that the surrounding water
molecules have a decreased state of entropy, and disruption of this layer by proteins is
energetically favourable due to a concomitant increase in entropy. It is this increase in
entropy that is the primary motivating force behind the protein adhesion onto materials that
are hydrophobic [237]. On hydrophilic surfaces water molecules can easily form hydrogen
bonds with the surface and compete with the proteins. Thus, in general, hydrophobic surfaces
tend to adsorb more proteins [239].
Other factors of the material surface that affect adsorption include: (i) distribution of charge,
where oppositely charged surface/proteins attract, although amino acids can themselves be
polar [237]; (ii) topographical layout, where increased surface roughness provides more
surface area for attachment, and (iii) chemical composition at the material surface. An
example of several material surface functional groups and some observed effects on proteins
can be seen in Table 2-9. The effects of surface properties on protein adhesion are
summarized in Table 2-10.
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Table 2-9 : Effect of material surface functional groups on proteins and cells.
Functional
Group

Charge / Phobicity

Effect on Proteins and Cells

-OH

Neutral / Hydrophilic

-CH3

Neutral / Hydrophobic

- High affinity/binding with fibrinogen,
- Binds strongly with immunoglobulin G (IgG),
- Increased leukocyte adhesion/phagocyte migration

-NH2

Positive / Hydrophilic

-

-COOH

Negative / Hydrophilic - Increased affinity for fibronectin and albumin.

- Decreased affinity for plasma proteins
- Induces exposure of cell adhesive domains on fibronectin,
- Increases differentiation of osteoblasts

High affinity for fibronectin
Increased myoblast proliferation
Increases differentiation of osteoblasts
Promotes endothelial cell proliferation

Adapted from [237]

Table 2-10 : Effect of material surface properties on protein adsorption.
Surface Property

Description

Chemistry

The chemical composition of a substrate surface will dictate the types of bonds
between the material surface and the protein

Charge

Opposite charges between the protein and the surface promote increased protein
adsorption, while like charges will reduce adsorption.

Hydrophobicity /
Hydrophilicity

Hydrophobic surfaces tend to adsorb more proteins, hydrophilic surfaces tend to
resist protein adsorption

Topography

Increased surface roughness and topological features provide increased material
surface area for protein adsorption. For example, a micrometre sized hole on the
surface can accommodate millions of blood serum proteins.

Data from [239, 240] , adapted from [237]

With knowledge of the conditions facing implants when they enter the physiological
environment, it was possible to start reviewing the current literature on Mg alloys tested both
in vitro and in vivo.
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2.3.3. Summary of review of Mg biomaterial literature in an abridged
format
As part of the analysis of the available literature on Mg alloys for biomedical purposes, a
catalogue was created that outlined the parameters of each study, including:
-

Alloys investigated

-

Solutions used

-

Buffering system

-

Coatings or work applied to samples

-

Atmosphere of test (e.g. 5% CO2)

-

Value and control of pH

-

Period experiment was performed over

-

Experimental techniques performed (mass loss, PDP, etc.)

-

Analysis techniques (optical, SEM, EDS, etc.)

This allowed comparisons to be made between similar studies with relative ease. The
majority of the literature that was collected was obtained from online databases such as
ScienceDirect® and EngineeringVillage®, ProQuest® and ISI Web of Knowledge®. As
research progressed new searches were performed, and a large number of reference alerts
were set up to ensure all new publications relevant to the area were obtained as soon as they
were available. Significant effort was made to ensure that as much pertinent literature as
possible was considered.
Whenever references are made to the available literature, it is based on this collation. Part of
the information collected on the majority of the studies considered for this work can be seen
in Appendix B and Appendix C.

2.3.4. In vivo testing of Mg and its alloys
A new biomaterial must be tested in applicable animal models before it can be approved for
safe use in humans in line with the various standards that have been set up for this purpose. In
vivo testing is considered mandatory for assessment of degradation and toxicity.
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Of over thirty in vivo studies that have been performed on Mg alloys, the vast majority have
used implantation into the femur of rabbits or guinea pigs. AZ alloys have been the most
commonly investigated, with 13 different experiments carried out in rabbits, guinea pigs and
sheep. Mg-Ca and two RE alloys, LAE442 and WE43, have also been investigated by 9, 8,
and 4 studies, respectively. Other alloys that have been researched include Mg-Zn-Mn (4)
AE21 (1), Mg-Zn (1), pure Mg (1) and 2 proprietary alloys. These do not include the
historical tests of the early 1900’s, but the few available investigations of Mg implants into
humans were also recorded.
A summary of the basic findings of each of these tests is shown in Table 2-11, along with the
alloy, animal model and implant location.
Table 2-11 : In vivo tests on Mg alloys.
Primary
Author

Main Findings

Material / Animal
/ Location

Ref.

Duygulu

• Mg alloys have “significant potential” as implant materials

[45]

Heublein

• AE21 is a “realistic alternative to permanent implants”

Krause

• Mg-0.8Ca use may be limited
• WE43 corrosion is too non-uniform for orthopaedic
applications
• LAE442 shows good promise as biomaterial
• Mg-0.8 showed promise
• WE43 fracture strength is unpredictable and not good for
orthopaedics
• LAE442 shows good corrosion/strength potential
• Alloy showed very good promise as potential implant,
• Secondary phases may be implemented to control corrosion
• AZ91 is a “fast degrading biomaterial that cannot sufficiently
replace subcondral bone plate during the first 12 weeks (of
implantation)”
• However, appropriate coatings may slow the corrosion
allowing proper adhesion and success
• Alloy displayed appropriate degradation rate and low
hydrogen release.
• Would degrade slow enough to “form calcium phosphate
around the implant with a Ca/P ratio close to natural bone”
• Mg based bone adhesive (MBA) displayed a negative
reaction.
• Failure could be because of “allergic response or to increased
chronic inflammation resulting from the foreign materials”
• “In summary, it can be said that all magnesium implants
investigated were well tolerated”
• All implants were well tolerated by the animals, with no
redness or excess pain
• Wound healing was early and complication free
• Callus formation was observed around implants

AZ31 / Sheep /
Hips
AE21 / Pigs /
Stents
Mg-0.8Ca, WE43,
LAE442 / Rabbit /
Tibia
Mg-0.8Ca, WE43,
LAE442 / Rabbit /
Tibia

[115]

Mg-Ca(1,2,3) /
Rabbit / Femora
AZ91 / Rabbit /
Knee

[112]

AZ31B / Rabbit /
Femora

[245]

MBA / Dog / Distal
phalange

[246]

Mg-0.8Ca / Rabbits
/ Femora
Mg-Ca (0.4-2 %) /
Rabbits / Femora

[247]

Krause

Li
Reifenrath

Ren

Thomopoulos

Von Der Hoh
Von Der Hoh
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[243]
[174]

[244]

[248]

Witte

Witte

Witte
Witte

Witte

Witte

Witte
Witte

Wong

Xu

Xu

Zarter

Zhang

Zhang

• No allergenic reactions were observed in skin biopsies
• No skin sensitizing potential was detected using the applied
methods
• “Both alloys showed direct contact with newly formed bone,
which proves the biocompatibility of these materials”
• “All magnesium implants have been observed in direct bone
contact and without a fibrous capsule”
• High mineral apposition rates and increase bone mass were
observed surround the magnesium
• No bone was induced in soft surrounding tissue
• “there is a strong rationale that in this research model, high
magnesium ion concentration could lead to bone cell
activation”
• “Alloys had direct contact with bone which showed good
compatibility”
• Alloys degraded too rapidly in vivo to allow cartilage repair
• “However the surrounding cartilage tissue was not
negatively affected by the rapid degradation process and
new bone formation was observed “
• Initial corrosion should be slowed to allow cartilage growth
• Even fast-degrading Mg induced extended peri-implant bone
remodelling with a good biocompatibility
• “Magnesium alloys based on implants are therefore a very
promising approach in the development of mechanically
suitable and open porous scaffolds for the replacement of
subchondral bone in cartilage tissue engineering”
• New bone formation was observed
• No inflammation, necrosis or accumulated hydrogen gas was
recorded,
• Ca-P coated Mg alloy provided a significantly good surface
bioactivity and promoted early bone growth at the
bone/implant interface
• After 18 weeks, all implants were fixed and no inflammation
was visible
• Element analysis found the Mn and Zn distributed
homogenously in the implant, degradation layer and
surrounding bone tissue, indicating they were easily
absorbed
• “Magnesium is generally well tolerated and even in our
patient with her low bodyweight and reduced renal function,
serum levels were only modestly elevated”
• New bone was in tight contact with implant due to good
osteoconductivity of phosphate layer
• More bone tissue was observed around the implant
• No apparent increase in the (fibrous) membrane was found
with increasing implantation time
• Little change was recorded in blood composition
• “In vivo degradation did not harm the important organs”
• No adverse effects of the generated hydrogen or released Zn
was observed

AZ31,AZ91,WE43,
LAE442 / Guinea
Pigs / Intradermal
AZ91D, LAE442 /
Guinea Pig /
Femora
LAE442 / Rabbits /
Femora
AZ31,AZ91,WE43,
LAE442 / Guinea
Pig / Femora

[249]

AZ91D,LAE442 /
Guinea Pig /
Femora
AZ91 / Rabbits /
Knee

[49]

AZ91D / Rabbits /
Knee
AZ91D / Rabbits /
Knee

[219]

AZ91 / Rabits /
Trochanter

[251]

Mg-1.2Mn-1Zn /
Rabbits / Femora

[119]

Mg-1.2Mn-1Zn /
Rats / Femora

[182]

AMS Proprietary /
Human Baby /
Stent
Mg-1Zn-0.8Mn /
Rats / Femora

[252]

Mg-6Zn / Rabbits /
Femora

[155]

[165]

[250]
[50]

[114]

[47]

[183]

A number of studies have suggested potential problems and issues facing Mg implants that
need to be addressed. These include the need for a greater understanding of the corrosion
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mechanisms that are occurring in vivo, as well as larger and more systematic studies of
individual alloys. However, the overall conclusions were that the Mg alloys that have been
tested have performed very well in vivo and warrant further study.

2.3.5. The relationship between in vitro and in vivo results
A limited number of studies have systematically carried out comparisons of Mg alloys both in
vivo and in vitro [49, 112, 113, 119, 155, 245, 251]. Much of the available results show
significant differences between in vitro and in vivo corrosion rates. However, it remains
unclear as to what exactly are the most crucial in vivo parameters to emulate in vitro.
A summary of setup and findings of these correlation studies can be seen in Table 2-12 and
Table 2-13.
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Table 2-12 : Comparison of reported corrosion parameters for studies with in vitro and in vivo tests.
In vitro
Primary
Author
[Ref]

Alloy(s)

Witte
[49]

Sample
area (cm2)

Solution
amount / type

Time
(hours)

AZ91D
LAE442

3.39

25 L / Artificial
Ocean Water

240

Zhang
[155]

HP Mg
Mg-6Zn

1

N/S / Basic SBF

720

Li
[112]

Mg-1Ca
Mg-2Ca
Mg-3Ca
AZ91

2.19

N/S / Kokubo’s
SBF

250

1

N/S / Basic SBF

AZ31B

9.6

Ren
[113]

HP Mg

Xu
[119]

Mg1.2Mn1Zn

Wong
[251]
Ren
[245]

In vivo
Corrosion rates (mm/year)

Animal

Area

Corrosion rates (mm/year)

PDP = 2.8, ML = -0.267
PDP = 6.9, ML = 5.535

Rabbit

Femur

SRµCT = 3.5 x 10-4
SRµCT = 1.21 x 10-4

PDP = 0.2, ML = 0.1-0.4
PDP = 0.16, ML = 0.07-0.2

Rabbit

Femur

Rabbit

Femur

1440

PDP = 12.56
PDP = 12.98
PDP = 25.00
ML = 5.9 x 10-6

Rabbit

Trochanter

N/S / Hanks

720

ML = 0.2-0.7

Rabbit

Femur

-

11.8

N/S / Hanks

720

ML = 0.2-0.6

Rabbit

Femur

-

1.57

N/S / PRI1640

120

-

Rabbit

Femur

-

ML = 2.32
ML = 1.27A
ML = 1.2 x 10-10 B

N/S = the values were not stated in the work, A = degradation rate converted from reported mg/mm2/y, B = converted to mm/year using ASTM G31 [253]
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Table 2-13 : Summary of results of studies that performed in vitro and in vivo experiments concurrently.
Primary
Author [Ref]
Witte
[49]

Zhang
[155]
Li
[112]

Wong
[251]

Ren
[245]
Ren
[113]

Xu
[119]

Study Overview

Key Findings

Quantitative Studies
• Unphysiological pH (8.2), not controlled (or stated)
• Assumed in vitro tests were performed at room temperature (not stated)
• Gain in recorded mass loss was due to build-up of corrosion product, which
should be removed before weighing
• Authors have since rectified some of these issues [116, 254]
• Physiological pH (7.44) and temperature (37 °C)
• pH not controlled during experiment, lead to value of 9 after 24 hrs. This
would provide significant protection to surface
• Physiological pH (7.4) and temperature (37 °C)
• In some cases, pH rose to 12 within 24 hrs (Deviation from physiological)
• Solution amount based on ASTM G31[253], which states solution to surface
ratio of 0.2-0.4 ml/mm2. This is not an appropriate standard for Mg.
• Physiological pH (7.4) and temperature (37 °C)
• pH was not controlled over the entire 2 months of study, and quickly rose to
above 8 for some samples.
• µCT is of limited use to determine actual corrosion due to problems
discerning between corrosion product and remaining implant. Especially
relevant given the minimal corrosion (0.33%) that occurred over the test.
• No SBF constituents were given, just “standard simulated body fluid”.
• Did not report mass loss results or perform Tafel-type analysis
•
•
•
•
•
•

Qualitative Studies
Physiological and controlled pH (7.5) and temperature (37 °C)
Unknown amount of solution used in vitro
Only in vitro corrosion rates reported
Physiological and controlled pH (7.5) and temperature (37 °C)
Unknown amount of solution used in vitro
Only in vitro corrosion rates reported

• Tests primarily used to determine toxicity effects of alloy in vitro and in
vivo
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• No correlation between in vitro and in vivo
• Artificial sea water is an inappropriate SBF due to lack of
inorganic salts
• Electrochemical and immersion corrosion rates were similar
• In vivo rates were up to 40x faster
• In vivo only performed on Mg-1Ca
• In vitro displayed 10x faster rate of corrosion
• Minimal discussion of reasons for corrosion rate
• Mg ion loss, converted to mass loss, was extremely small.
• Barely noticeable (through µCT) amounts of corrosion occurred in
vivo

• In vitro samples displayed “acceptable” corrosion rates (according
to author)
• In vivo alloy showed good CaP build-up around implant
• 10x increase in corrosion rate (in vitro) if pH was not controlled
• In vivo Mg displaced good thromboresistant properties and tissue
compatibility
• CaP build-up around implant
• CaP coatings on Mg resulted in good surface bioactivity (in vitro)
and early bone growth (in vivo)

2.3.6. The need for appropriate in vitro tests
As previously mentioned, there have only been a few studies that have compared Mg alloys
in both in vitro and in vivo environments, most of which found little correlation between
corrosion rates (see Chapter 2.3.5. ). However, these tests have also all suffered from some
major shortcomings, primarily relating to the choice of solution and control of the pH.
In vitro tests will likely never be able to fully emulate every complexity of the human body.
Many of the multifaceted reactions that occur between the numerous compounds, proteins,
amino acids, and other attributes would be nearly impossible to recreate outside a living
organism. Any setup would be extremely complex, requiring control over many variables.
However this is not necessarily a problem. In vitro tests have been developed and widely
employed to investigate many currently used biomaterials, such as titanium, with relative
success [255]. These tests have allowed approval for systematic in vivo studies and eventual
use in humans.
The development of physiologically relevant in vitro tests is appealing as these can provide a
means for relatively cost-effective and rapid collection of data. Succeeding in the
development of a predictive in vitro test would allow assessment of the in vivo performance,
biodegradation rate and material-body interactions with constituents such as proteins and
cells. In his book on the biological performance of materials, Jonathan Black stated that “all
materials should be tested in vitro before being implanted in animals” [42]. He regarded the
necessity “to attempt to replicate the environment that the material will encounter after
implantation” as crucial to the success of any material.
This is the real benefit of in vitro tests, as they can offer an effective screening technique for
unsuitable materials, requiring a reduced number of animal and human trials. Non-animal
experiments also offer a number of benefits including reduced cost, controllability, ease of
monitoring/recording of data, and reproducibility (see Chapter 2.4.1. ). The problem that
exists is that there are no such experiments that can effectively predict the in vivo
performance of degradable metals.
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It is apparent from the current literature that there is a significant gap in the understanding of
the variables that are most important to the performance of Mg alloys in vivo. All the current
comparisons have overlooked several key variables in their experimental design, such as pH
control. It is clear that there needs to be a greater understanding of which aspects of the in
vivo environment most affect the performance of the Mg alloys, especially the corrosion rate.
Given the inconsistencies from one experiment to another, it appears that the general bio-Mg
community does not have a full appreciation of the important parameters that affect the final
results of in vitro tests.
Although a single definitive test to check all Mg alloys for all situations may be difficult, it is
apparent that certain basic properties of the body, such as Cl- content and pH control, are vital
to the corrosion performance in vitro and should be regulated. However, the solution makeup
is also critical, and the interactions with proteins and amino acids can have a considerable
role in both the corrosion and the successful integration of the implant into the surrounding
tissues.
What is required is a systematic study of the key performance parameters for Mg alloys, both
qualitative and quantitative, to determine which variables are critical and their level of
significance. This would provide an important platform on which future tests could be based,
allowing clearer, more reproducible, and in many ways much more useful information for the
community as a whole. Only with this basic framework is significant progress possible in the
near future.
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2.4. In vitro testing of magnesium
2.4.1. Disadvantages of in vivo tests
Since its first recorded use by Aristotle in the 4th Century B.C., animal research has produced
significant advances in medicine [256-258]. It is arguable that the benefits obtained from
selected in vivo experiments have been and will continue to be immense [259]. However, it is
equally important to minimise the number of experiments carried out to only the most
promising of materials and applications. There are many disadvantages to in vivo experiments
that are minimised or eliminated using in vitro methods (Table 2-14).
Table 2-14 : Disadvantages of in vivo experiments.
Disadvantage
Discomfort to
test animals

Description
•
•

If not properly tested beforehand, material may cause significant
pain/discomfort to the animal
Majority of countries world-wide have strict policies regarding
requirements before in vivo tests may be performed

Cost

•
•
•
•

Intrinsically high cost to perform
Multiple samples for statistical accuracy
Failed experiments more common due to uncontrollable factors/variations
No simple cost-to-benefit ratio exists worldwide [260]

Time

•

Experiments often cannot commence for long periods while approval is
obtained from regulatory body

Difficulty to
analyse in situ

•

Possible to use X-ray and µCT, but greater qualitative/quantitative analysis
requires animal sacrifice
In contrast, in vitro tests may be stopped, analysed, and restarted with little
problem

•
Choice of
animal model

•
•
•
•

Ethical issues

•
•

Especially important in orthopaedic applications, where mechanical
conditions play role in biomaterial performance (eg. Rabbit may not be
suitable for spinal implant material)
For cartilage repair, no current animal species replicates all of the bioproperties [261]
Extrapolation across species is difficult
Choice of most appropriate model is often problematic
Animal rights is closely followed and a popular issue in modern culture
Rationalisation of studies depends on “potential human benefit and
justification for their exploitation” [260]
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2.4.2. In vitro environments
The term “in vitro” is often used to refer to a wide range of experiments, some of which
could be considered “standard” tests if they were not being investigated in reference to
biological performance. An example of this would be the many experiments performed on
Mg alloys using immersion in NaCl solutions [116, 262]. The only physical difference
between these tests and most general purpose corrosion tests that are performed on Mg alloys
is the concentration of NaCl and the conclusions drawn [263].
The simplest way to divide different in vitro corrosion environments would be based on how
realistically they emulate the body. The degree of realism can vary depending on the
limitations of the implant environment and material. Black et al. distinguished between four
“classes of exposure environment” (Table 2-15) [42].
Table 2-15 : Classes of exposure environment.
Environment

Description

Example

Physiological

Chemical (inorganic) and thermal conditions controlled to be
normative mammalian values for the intended applications

HBSS, EBSS,
PBS

Bio-physiological

Physiological conditions with the addition of appropriate
types and concentrations of initially non-denatured (active)
cell products (serum proteins, enzymes). This includes amino
acids.

MEM,
MEM+FBS/BSA

Biological

Bio-physiological conditions with the addition of appropriate
viable, active cells.

Cell culture,
toxicity tests

Pericellular
(Circumcellular)

A special case of biological: the conditions in the immediate
vicinity of appropriate, viable, active cells

Adapted from [42]

The vast majority of in vitro testing on Mg has been carried out in physiological or biophysiological conditions. This is primarily due to the relative ease with which these tests may
be performed. Cellular tests require many additional steps, such as the growth, maintenance,
and transplantation of suitable cells. This adds significantly to the cost and introduces a
number of variables that can result in problems and cause experimental failure.
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2.4.3. Types of in vitro corrosion experiments
The biodegradation behaviour of Mg is the most important factor in determining if it will
succeed or fail as an implant material. Thus, a detailed understanding of the biodegradation of
Mg and its alloys in a biological or simulated environment is vital to its eventual
implementation.
There are a range of different in vitro experiments that may be performed to elucidate the
possible in vivo performance of Mg alloys; some of which are unique to Mg or biodegradable
metals (e.g. the measurement of hydrogen evolution). In vitro corrosion tests can be collated
into two categories; i) immersion and ii) electrochemical. The former typically records
physical loss of mass or evolution of hydrogen and provides information on the physical
corrosion that has taken place. Other than pH measurement, electrochemical tests normally
require the use of an electronic instrument called a potentiostat. Since all metals undergo
electrochemical corrosion, these methods are frequently employed not only to obtain
corrosion rates but to gather information on the mechanism of corrosion.
Mass loss
Often referred to as weight loss, mass loss (ML) experiments require only a sample and
solution and an accurate microbalance. The sample is placed in a selected solution for set
period(s) of time, after which it is removed and mass loss is measured. Normally a mixture,
such as chromic acid, is used to remove any corrosion product on the surface. This test has
been used in over 40 different journal papers in the bio-Mg literature.
Hydrogen evolution
For Mg, the overall corrosion reaction at its corrosion potential may be represented by
Equation 2-7 [264].
Mg + 2H2O = Mg2+ + 2OH- + H2

Equation 2-7

This indicates that 1 atom of Mg generates 1 hydrogen gas molecule. Thus, the evolution of 1
mol of hydrogen gas (22.4 L) directly corresponds to the dissolution of 1 mol of Mg (24.31
g). In theory, measuring the volume of H2 gas produced is equivalent to measuring the mass
loss of the Mg.
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The setup of a typical hydrogen evolution (H2evo) experiment is very similar to that of a
standard mass loss experiment. A sample is submerged in a solution and a “collector” is
placed above. Most setups use an inverted funnel and burette or graduated tube [265-268].
The burette is filled with the test solution, and as the H2 gas evolves it rises and replaces the
solution in the burette. H2evo has been used in more than 35 studies to determine Mg in vitro
performance.
pH measurement
The most simple electrochemical test is pH measurement of the solution. The corrosion rate
of an Mg alloy can be indicated qualitatively by the rise in pH of the solution in which the
sample is immersed [46, 113, 269, 270]. Measurement may be performed remotely or close to
the surface of the sample.
Potentiodynamic polarisation
Potentiodynamic polarisation (PDP) literally means multiple or changing potentials. It is a
form of linear polarisation and is the most commonly used electrochemical technique for
studying in vitro corrosion of Mg alloys, performed in over 70 studies.
Typically the test starts with a set period of time where the open circuit potential (OCP) is
recorded. This allows the material to “stabilise” with the electrolyte and reach a steady
corrosion potential (see Chapter 4.3.5. ). After this, a voltage difference is applied by
controlling the current flowing between the working and counter electrode. The voltage is
altered at a controlled rate (e.g. 1 mV/s) and the current required for this change to occur is
recorded. Normally for Mg the voltage is initially set to be more negative (cathodic) and
sweeps to become more positive (anodic) than the OCP. This is to limit the effect of the
increased Mg dissolution that occurs in the anodic region. The test provides both
thermodynamic information, from the corrosion potential (Ecorr), and kinetic information
from the corrosion current density (icorr) [271].
Electrochemical impedance spectroscopy
A corrosion analysis technique that has become increasingly popular in recent years is
electrochemical impedance spectroscopy (EIS) which has been utilised in over 50 studies on
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the bio-performance of Mg alloys. EIS is an AC technique and uses a range of low magnitude
polarising voltages that cycle from peak anodic to peak cathodic using a spectra of voltage
frequencies. Resistance and capacitance values are obtained for each frequency. These can
then be used to elucidate a number of phenomena and properties of the metal surface.
There are a number of other experiments that may also be used to study the in vitro behaviour
of Mg, such as OCP recording or electrical noise measurement. However these are not
currently widely used in the Mg biocorrosion literature, have several significant drawbacks
and consequently were not investigated in this work.

2.4.4. Corrosive media
When performing in vitro tests it is important to select an appropriate simulated body fluid
(SBF). These can range significantly in makeup, from basic salt solutions to media containing
physiological amounts of proteins and even cells.
For Mg biocorrosion experiments, the vast majority of test solutions have been “off the shelf”
cell culture media. Many of the cell culture media in use are based on solutions originally
conceived in the middle of the last century by Hanks [272, 273], Earle [274], and Dulbecco
and Vogt [275]. Some have since been revised [276], and there are many different
modifications that are available to suit specific needs. Although each medium was originally
designed to perform specific studies, most are similar in inorganic composition.
A number of the solutions and constituents that have been used in the literature are discussed
below.
Sodium chloride
The simplest solution that has been used to attempt to mimic the body’s environment is
effectively just salt water. Water containing physiological amounts of NaCl has been widely
used in the literature in the study of Mg alloy bio-performance. To date, over 25 separate
studies have been performed on Mg in NaCl solutions for biomedical purposes. The
concentration of NaCl in the solution varied from 0.27% [277] to 3% [278], although studies
on the effects of varying NaCl amounts have looked at between 0.05% and 5% [279].
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However, the majority of studies have used a 0.9% NaCl solution, which is the amount of
NaCl that is found in physiological saline.
Cl- is important for the continued dissolution of Mg with increasing amounts facilitating
amplified attack. It is crucial then that any saline solution contains the correct amount of Clas found in the body, because increasing or decreasing the concentration will have a
significant effect on corrosion [279]. The utility of NaCl solutions is somewhat limited, since
they do not contain basic components, such as potassium and calcium ions; elements that
have been shown to have a significant effect on the corrosion process [280].
Balanced salt solutions
Balanced salts solutions (BSS) come in a variety of compositions, but most contain similar
amounts of the majority of the inorganic salts that are found in the body. They typically
contain physiological concentrations of calcium chloride (CaCl2), potassium chloride (KCl),
magnesium sulphate (MgSO4), and NaCl. Phosphate buffered saline (PBS), Hank’s balance
salt solution (HBSS) and Earle’s balance salt solution (EBSS) are the most frequently used
commercially available BSS in the literature. Of the three, HBSS is the most commonly used
in the in vitro Mg literature with 26 separate studies employing it. Seven studies have used
PBS, and 1 study has used EBSS. A number of other works have used different versions of a
SBF developed by Tadashi Kokubo [281, 282], however they often do not state which
version they used or just call the solution a “basic SBF”. The overall makeup of this solution
is similar to both HBSS and EBSS.
BSS are another step towards simulating human blood or plasma. Containing physiological
amounts of ions that are found in the body, they can have a significant effect on not only the
corrosion rate but also the oxides that form on the surfaces of Mg alloys [280]. For example,
these salts facilitate the formation of calcium phosphates (CaP) that are commonly found on
the surfaces of Mg samples in vivo. They are useful as they can be made quickly and have a
low cost.
However, the BSS are all hindered by their lack of some of the other constituents of the body,
primarily amino acids and proteins. The solutions are considered inorganic. Amino acids, and
to a great extent proteins, have been known to play a significant role in the degradation of
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other implant materials [283, 284], and have more recently been investigated on Mg alloys
[285, 286]. However, overall the BSS solutions may still elucidate underlying corrosion
properties of the alloy and due to their simplicity still have a significant role in the in vitro
testing of Mg alloys.
Minimum essential medium
Originally developed by Harry Eagle, minimum essential medium (MEM) is one of the most
widespread cell culture media in use. It contains the same salts that are found in the BSS, but
also includes glucose, vitamins and, most importantly, amino acids. Amino acids (AA) are
the building blocks of proteins, and perform many functions in the body’s metabolism [41].
AA are also known to be pH regulators, although are not as effective as carbonic buffering
[287]. They may influence corrosion behaviour of Mg alloys by adsorbing onto the sample
surface, following the Langmuir isotherm [288, 289]. They have also been found to form a
complex with metal cations (positive ions), which may encourage the dissolution of metal
[290, 291]. Yamamoto discussed this in the case of Mg dissolution, where the chelating
(metal atom attached to large molecule) of the Mg with an organic compound will “inhibit
the formation of insoluble salts, suggesting that the reduction of the retardation by insoluble
salt layer on the magnesium disk surface” [280]. She suggested that organic compounds, like
the amino acids, may reduce the corrosion resistance effect of the insoluble salt layer that
forms on Mg.
However, Gu found that amino acid adsorbed onto the surface of Mg alloys increased the
resistance to polarisation and reduced the corrosion current density [285]. An increased
corrosion resistance has also been reported for steel and aluminium [288, 289, 292]. To date
it appears the specific role of amino acids on Mg biomaterials is unclear, and warrants further
study.
Only 4 studies have used MEM to analyse the bio-performance of Mg. Several other studies
have used similar solutions; McCoy’s medium [293, 294], PRMI1640 [119] and a simulated
blood plasma [120]. The reason for the lack of widespread use of MEM in the bio-Mg
literature may stem from its traditional function as a base medium for protein of cell cultures.
However, MEM provides a link between a completely inorganic salt solution and one
containing proteins, and is a necessary solution in the understanding of Mg corrosion in vivo.
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Addition of proteins
As discussed in Chapter 2.3.2. , proteins play a vital part in the success of any implant in the
body. Their attachment to the surface is crucial as they provide attachment sites upon which
cells are able to bind [295]. A number of tests have been performed on Mg with the addition
of proteins to a base simulated body fluid. These are summarised in Table 2-16.
Table 2-16 : Summary of Mg in vitro tests that have included proteins.
Author

Year

Base Medium

Protein Addition

Reference

Gu

2009

MEM

10% FBS

[285]

Witte

2007

MEM

10% FBS

[254]

Yamamoto

2009

E-MEM

10% FBS

[280]

Pietak

2007

MEM

15% FBS

[296]

Liu

2007

Basic SBF (not specified)

1 g/L BSA

[286]

Mueller

2007

PBS

1/10 g/L BSA

[122]

Mueller

2010

PBS

1/10 g/L BSA

[293]

Mueller

2009

PBS

0.1/1/10 g/L BSA

[297]

Rettig

2008

Oyane m-SBFA

40 g/L BSA

[298]

Rettig

2009

Oyane m-SBFA

40 g/L BSA

[299]

A

= solution based on modified SBF by Oyane [300]

Apart from a range of base solutions, the key differences between these experiments have
been the amount of and method by which proteins have been added. Foetal bovine serum
(FBS), also known as foetal calf serum, is the part of plasma that is left after the coagulation
of blood. It is widely used in cell cultures due to its low amounts of antibodies and ample
amount of growth factors [301]. FBS typically contains a total of between 30-45 g/L of
proteins [302]. Of these, bovine serum albumin (BSA), a large globular protein, makes up the
majority [303]. Its human equivalent, human serum albumin, is the most common protein in
the body, comprising of just over half [303]. BSA may be purified from bovine blood
relatively cheaply and easily, and is a more inexpensive option than FBS, which has to be
extracted from living or freshly deceased foetuses.
In the literature the amount of protein added to solutions has varied widely, from
approximately 0.1 g/L [297] to 40 g/L [299]. It is important to note that when added in FBS
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form the proteins are not solely BSA, and a 10% FBS solution would be equivalent to adding
a total of ~4 g/L of protein. Thus all FBS experiments had between 4-6 g/L of protein.
Although none of the experiments justified why this amount was chosen, it is a commonly
used amount in cell cultures and FBS is expensive [304].
As it is in virtually pure form, directly adding BSA proteins results in the same amount of
protein in solution. Most experiments that used BSA additions also did not specify why a
certain amount was chosen, however Mueller et al. chose three different amounts with which
to make comparisons [297]. Rettig and Virtanen chose to use 40 g/L in two separate
experiments, the most realistic amount investigated to date [298, 299]. This was justified as it
would be equivalent to the physiological amount of HSA in the body.
Although the effect of proteins has been widely investigated for a number of biomaterials,
studies of their influence on Mg alloys has been extremely limited. Apart from the tests
mentioned above, very few studies have looked at how they might affect the corrosion
properties of the alloys in vitro. As one of the key parameters determining the success of an
implant in the body, protein interaction with the surface of Mg alloys is not well understood.
This is an area that will be explored in this work.
Human plasma
Complete or mixed human plasma may also be used to test Mg alloys in vitro. However it
carries a number of health risks that are not posed by bovine and other plasmas and must be
handled with extreme care. There is also more possibility for variation between batches,
depending on how it is collected.

2.4.5. Test environment
The environment in which in vitro tests are carried out plays a large role in the accuracy and
magnitude of the results obtained. Factors including the temperature of the test solution, the
pH, the buffer used, and the atmosphere surrounding the solution are all necessary
considerations when designing appropriate experiments.
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Temperature
Of all environmental factors, temperature is perhaps the most important yet often overlooked.
Room temperature is generally between 20-25 °C, however the temperature in the body is
normally kept at 37 °C. This difference of 12-17 °C may alter not only the corrosion rate but
also the formation of protective layers on the Mg and the interaction of proteins. It has been
well established that an increase in temperature can lead to a significant increase in corrosion
rate for metals in general [305]. The increase from 20 °C to 37 °C has the potential to more
than double the rate of electrochemical reactions, following the Arrhenius equation [306].
However, only a limited number of studies have looked at the role of temperature on
degradation performance of metals for biological applications. Burstein et al. found that, for
titanium (Ti) in Ringer’s solution, nucleation of corrosion pits rose significantly with an
increase in temperature from 20°C [307]. This was attributed to the increased speed with
which Cl- ions were migrating across the passivating oxide film. An increase in temperature
from 26°C to 40 °C was also found to decrease the corrosion resistance of stainless steel in a
PBS + BSA solution from 16 kΩ/cm2 to 6 kΩ/cm2 [308]. Similarly, an increase from 25°C to
36°C increased the corrosion rate of aluminium by 230% [289].
Very few publications have examined the corrosion rate of Mg alloys as a function of
temperature. In his review paper, Ghali reported that increases in temperature from 25°C to
50°C promoted increased localised corrosion attack on pure Mg in NaCl solutions [309].
Zeng et al. studied AZ31, AZ91 and WE43 in 0.9% NaCl solution and Hanks using OCP and
PDP techniques [310]. It was reported that the corrosion rates of AZ31 and WE43 in the
NaCl solution increased by 390% and 460%, respectively, with a rise in temperature from
20°C to 37°C. Interestingly, the same increase in temperature caused the corrosion rates of
AZ31 and WE43 in Hanks to decrease by 50% and 20%, respectively. It is suggested that
other ions in the solution (i.e. Ca2+, HCO3-, H2PO4-, and SO4-) suppress the detrimental
impact of the Cl- ions [32]. Zeng et al. concluded that the corrosion rates of the alloys are
very sensitive to the temperature of the solution [310].
In addition to affecting the degradation rate, temperature may also influence the corrosion
mechanisms of the metal. Gerasimov et al. found that temperature had a substantial effect on
the anodic and cathodic contributions to the corrosion for a range of metals [305]. In an
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example of copper they found the reactions to be primarily cathodically controlled below
50°C while anodically controlled above 80°C. Ashassi-Sorkhabi et al. found that an increase
in temperature causes a shift in the corrosion potential ( Ecorr ) to more negative values for
pure aluminium (Al) [289]. Lunder et al. observed filiform corrosion of AZ91 to occur
between 20-30°C in a 3% NaCl solution; however, pitting was the main form of corrosion
observed outside this range [311].
The individual components of a solution may also be affected by its temperature. For
example, the behaviour of proteins has been found to be highly dependent on the temperature
of the test solution. In low temperature experiments Yin et al. calculated the adsorbtion rate
of BSA on hydroxyapatite (HaP) to be 15% higher at 15°C when compared with 5°C [312].
Jackson et al. found that almost 4 × as much BSA adhered to Ti at a temperature of 70°C
compared with that at 43°C or below [313]. This was to some extent attributed to the
reversible partial unfolding of proteins that occurs between 42°C and 50°C [314]. Omanovic
et al. stated that the temperature affects the Gibbs free energy of adsorption for proteins,
which plays a significant role in the number and affinity with which proteins adsorb to a
surface [308].
pH
As discussed in Chapter 2.1.7. , the pH of the solution surrounding an Mg sample can have a
significant effect on the formation of the Mg(OH)2 layer. At pH values close to those of the
body, 7.4-7.6, this layer is neither stable nor complete and will continue to dissolve. In more
realistic SBFs, pH may also play a role in the absorption of proteins [312].
It has been suggested that due to implantation (in a bone fracture site) the pH of surrounding
tissues can drop to 5.5 [267]. However, pH changes due to surgery are normally only
temporary, unless significant tissue damage occurs or the implant is not well received [315].
Chakkalakal et al. found that after an orthopaedic operation the pH in the vicinity of the
implant varied only ± 0.16 around the baseline value of 7.4 during the 30 post-operative days
[316]. This was attributed to tissue repair during bone healing.
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Buffering system
Associated with the pH is the implementation of a buffer in the chosen solution. Buffer
solutions operate as neutralizing agents, containing both positive and negative ions of a weak
acid. pH is kept constant when more acid is added to the solution as the H+ ions will combine
with a conjugate base, and similarly the OH- ions will accept protons from the acid. Through
this adsorption they will normally create water or another compound that will not affect the
pH of the solution. The maximum amount of H+ or OH- that a buffer can accept is known as
its buffering capacity. It should be noted that in more complex media, other components such
as amino acids also act as buffers [287].
There are a number of buffer systems available specifically for use in the in vitro
environment. Of these buffers, the most similar to the body’s mechanism is a mix of sodium
bicarbonate (NaHCO3) in solution and a controlled partial carbon dioxide (CO2) atmosphere.
In the body, CO2 and carbonic acid neutralize hydroxide ions, which would increase the pH
of blood, and hydrogen ions, which decrease the pH. Through these processes the body’s pH
is kept constant.
In vitro typically 2.2 g/L of NaHCO3 are added to an SBF that is kept in a 5-10% CO2
environment. The CO2 balances the CO32-/HCO3- content of the solution. This is effective at
keeping the pH balanced and is a very commonly used method in cell culture where control
of the pH value is crucial to avoid cell death. The main benefit of using a sodium bicarbonate
and CO2 (SB+CO2) system is its similarity to the in vivo buffering mechanisms. The use of a
SB+CO2 system is also relatively cheap and can provide chemical benefits to the cells [317].
However, an incubator is required to provide the correct environment and vented flasks must
be used to allow the CO2 to have an effect and regulate the pH.
The second category of buffering systems is typically based on a zwitterion, a highly watersoluble molecule that has both positive and negative charges, and typically contains both an
acid and a base. The most common of these is 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid, commonly referred to as HEPES. HEPES is one of twelve buffers described in the
1960’s for maintaining pH during cell culture that has since become popular [318]. The main
benefit of HEPES is the lack of requirement for a CO2 environment. High concentrations
(>50 mmol/L) of HEPES are toxic to some types of cells [317, 319]; however, HEPES also
59

strongly supports cell growth in comparison to some SB+CO2 and TRIS buffered
environments [320].
Other chemical buffers include tris(hydroxymethyl)aminomethane, or TRIS, borate buffer and
citric acid, although these have been used in less than 8% of the Mg biocorrosion literature.
Borate and citric acid buffers are normally used for pH control outside the physiological
range and as such were not investigated in this work.
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CHAPTER 3: Research Aims
This chapter outlines the objectives of the project as a whole.

3.1. Purpose of investigation
The literature review provided in Chapter 2 highlights significant gaps in the current
understanding of in vitro techniques utilised for Mg biomaterial investigations. Several
studies have drawn potentially erroneous conclusions in reference to the behaviour of Mg
based on findings derived from the use of inappropriate testing protocols. The majority of
studies also appear to have overlooked key experimental parameters that affect corrosion. To
date, although a number of alloys have been investigated, no significant study has been done
to elucidate the role of phase microstructure on the biocorrosion mechanisms of Mg alloys.
Furthermore, no investigations appear to have been dedicated to the development of a
protocol for the production of ordered Mg structures. This is a necessary step in the eventual
implementation of a wide range of implant types.
Consequently, it is the aim of this dissertation to:
 Demonstrate the potential pitfalls that are encountered when using different in vitro
tests in Mg alloy corrosion investigations. Each experimental technique is explained
in light of its role in elucidating the corrosion properties of Mg, whilst limitations are
highlighted and discussed.

 Examine the role that different experimental variables play in the biocorrosion of a
wide range of Mg alloys. A number of in vitro techniques are utilised to fully explore
and understand these effects on both overall corrosion and electrochemical
behaviour.

 Clarify the contribution and thus the role that alloy microstructure plays in corrosion
mechanisms for some of the most common biocompatible Mg alloy systems.
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 Investigate a novel production method for creating ordered Mg structures, whilst
assessing the effects of different processing parameters on the corrosion rates and
mechanical performance of the end structure.

3.2. Hypotheses
The following hypotheses have been made about the present work. The merit of each
hypothesis will be assessed throughout the remaining chapters.
i.

The choice of in vitro method is crucial to appropriately assess Mg alloy
biocorrosion performance. A combination of the current techniques will always be
needed to fully understand both the corrosion rates and mechanistic behaviour of
the degradation processes. Each technique will have unique limitations and
considerations that must be taken into account if it is to be properly utilised.

ii.

All of the variables common to in vitro experiments have a considerable effect on
Mg alloy corrosion. Even relatively minor changes, such as the difference
between room and physiological temperatures, play a role in corrosion rate and in
some cases the morphologies of corrosion layers that form in simulated body
fluids. Idealised values may be possible for certain variables, while others will
require choice depending on what is being investigated.

iii.

Microelectrochemical techniques, in combination with normal electrochemical
methods, can be used to elucidate the mechanisms that control the corrosion for
the alloying systems investigated in vitro. Analysis of the electrochemical
behaviour of the microstructure (e.g. phases) will allow control over degradation
rates based on a better understanding of the corrosion reactions taking place.

iv.

The novel method for production of Mg foams will provide a variety of surface
topologies depending on the processing parameters investigated. The mechanical
performance will be superior to random foams; however corrosion rates will likely
be higher than with normal as-cast surfaces due to increased surface area.
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CHAPTER 4: Experimental Methods
4.1. Materials and media
4.1.1.

Mg alloys investigated

Unless otherwise stated, “pure Mg” refers to a high-purity form (99.99%) that was obtained
specifically for this study (Timmenco Ltd., Toronto, Canada). The chemical composition of
all Mg alloys was tested independently via inductively coupled plasma atomic emission
spectroscopy mass spectroscopy (ICP-AES, Spectrometer Services, Coburg, VIC, Australia).
The results of these tests can be found in Appendix D.
Alloys that were procured include Mg-28Ca, AZ31, AZ91 (Timmenco Ltd., Toronto,
Canada), and Mg-33.3Zr (Zirmax®, Magnesium-Elektron, Manchester, UK). All other alloys
were produced in-house using facilities at the University of Canterbury. Alloying elements
and compounds that were employed included high purity zinc (99.99%) and manganese
chloride (99.999%). Manganese chloride (MnCl2) was chosen for alloy production of Mg-Mn
alloys, due to the high melting temperature of pure Mn (1244 °C) that lies above the
boiling/vapour point of Mg. Mg alloys were produced with an iron (Fe) level of less than 40
ppm to ensure that corrosion rates were not influenced by the presence of this impurity
element [1].

4.1.2.

Alloy preparation

All Mg alloys used in this work were created using the same equipment and casting process.
Castings were prepared to have a final weight of 250 g. The bulk Mg and alloying elements
were placed in a mild steel crucible of 60 mm diameter and 140 mm height. The crucible was
kept dry in an oven at 120 °C to minimize moisture build-up. Any material that came into
contact with the molten alloy, including the crucible, stirrer, thermocouple protector and
mould, were coated with an alcohol-based graphite spray to minimise impurity pickup.
After pre-drying of the crucible and feedstock materials, a steel tube thermocouple-protector
was placed inside the crucible. This prevented thermal damage to the k-type thermocouple
from the molten alloy, yielding a more accurate reading of the melt temperature. The crucible
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was then placed into the appropriate holder in the furnace chamber (Figure 4-1). Melting was
performed in a purpose-built 10 kW induction furnace (Induktio GmBH, Ljubljana,
Slovenia).

Figure 4-1 : Photograph of crucible inside the induction furnace.

The furnace chamber was evacuated to approximately 0.01 bar then filled with 0-Grade argon

to create an inert environment and prevent the ignition of molten Mg that occurs in
atmospheric conditions. The alloy was ramp-heated at approximately 3-5 °C/s to 350 °C, 500

°C, and then was held for 15-20 min at 700 °C whilst stirring vigorously. The furnace power
was then shut down, while water continued to flow through the induction coils, helping to
cool down the refractory surrounding the crucible. The castings cooled at an average rate of
~1 °C/s down to room temperature.
In the latter stages of the work, some alloys were prepared using a heated mould setup. The
furnace was modified to accommodate the use of ten cartridge heaters and a thermocouple. In

this case, the alloy was poured into a rectangular mould that had been preheated to 400 °C.
Due to an enlarged surface area the measured cooling rate of the mould was ~1 °C/s without
water flow. Figure 4-2 shows some of the parts of the heated mould and approximate
dimensions.
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Figure 4-2 : (A) One of two cartridge heater units, (B) side view of mould with holes for
cartridges, (C) male-half of heated mould with dimensions.

Unless stated otherwise, no alloy had any heat treatment or work performed on it after
casting. As a result, alloys were tested in the 'as cast' state. Although further work could be
beneficial in a number of ways, including decreasing the grain size and improving hardness,
part of the overall focus of this work was to produce alloys that could be used with the
ordered structure method discussed in Chapter 8. It would not be possible to work or heattreat these structures, and so these methods were not investigated in this work.

4.1.3.

Electrolytes and testing media

A range of corrosion media were employed including:
i.

8 g/L NaCl,

ii.

Phosphate buffered saline (PBS),

iii.

Hank’s balanced salt solution (HBSS),

iv.

Earle’s balanced salt solution (EBSS),

v.

Minimum essential medium (MEM),

vi.

MEM containing 10 vol.% foetal bovine serum (MEM+FBS),

vii.

MEM containing 20, 40, and 60 g/L bovine serum albumin (MEM+BSA) and

viii.

PBS containing 50% human plasma (PBS+HP).

79

All solutions were prepared as instructed by the manufacturer. Normally this involved
dissolving a powder form of the electrolyte in distilled water, adding a buffer or other
component, and stirring at room temperature until completely dispersed.

A list of the

solutions used throughout this work and their constituents are reported in Table 4-1.
All solutions were buffered with 5.96 g/L of 2-(4-(2-hydroxyethyl)-1-piperazinyl)
ethanesulfonic acid (HEPES, H3375, Sigma Aldrich Co., Auckland, New Zealand) unless
otherwise stated. HEPES is commonly employed to buffer cell culture media in air and is
widely used in in vitro Mg experiments [2]. Additionally, long term experiments (> 3 days)
and tests involving cell culture media were all filtered and stored according to the
manufacturers’ recommendation. This involved vacuum-assisted filtering using a 0.22 µm
filter (Millipore Express PLUS Stericup®, Millipore Inc., Billerica, MA, USA). The pH was
adjusted prior to testing to ensure the desired value (7.4) was achieved after sterilisation.
During all testing, the pH was regulated to the desired value by adding controlled amounts of
1 M NaOH or 1 M HCl solutions. All filtering and sterilisation was performed in a Clemco
CF631 HEPA-filtered laminar flow hood (Clemco Ultraviolet, Artarmon, NSW, Australia).
Due to limitations in facilities and the original scope of this thesis, in vitro toxicity tests were
not performed as part of this work. However, the majority of the tested alloys have been
tested for cytotoxicity concurrently by a member of the group at the University of Otago. Any
relevant information has been stated.
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Table 4-1 : Element and compound concentrations found in media used in this study.
Component

Human
Plasma
(HP)

8 g/L
NaCl
(NaCl)

Phosphate
Buffered
Saline
(PBS)a

Hank’s
Balanced Salt
Solution
(HBSS)b

Earle’s
Balanced Salt
Solution
(EBSS)c

Minimum
Essential
Medium
(MEM)d

MEM + 10%
Foetal Bovine
Serume
(MEM+FBS)

MEM + Bovine
Serum Albuminf
(MEM+BSA)

PBS +
50% HP

Na+

142

136.86

154

145

151

117.4

119.66

117.4

148

-

103

136.86

140.6

144.6

135

123.5

121.15

123.5

121.8

+

5.0

-

2.7

5.8

5.4

5.4

5.36

5.4

3.85

2.5

-

-

1.3

1.5

1.8

1.87

1.8

1.25

Mg

1.5

-

-

0.4

0.4

0.4

0.46

0.4

0.75

HPO42-

1.0

-

8.06

0.8

0.897

1

0.98

1

4.53

SO42-

0.5

-

-

0.4

0.41

0.4

0.41

0.4

0.25

D-Glucose

5

-

-

5.5

5.5

5.5

5.45

5.5

2.5

Bicarbonate (HCO3-)

22-30

-

-

± 26.2

± 26.2

± 26.2

± 26.2

± 26.2

11-15

HEPES

-

± 25

± 25

± 25

± 25

± 25

± 25

± 25

25

Phenol Red

-

-

-

0.03

0.03

0.03

0.03

0.03

-

Albumin (g/L)

34-54

-

-

-

-

-

4-6

40

17-27

Cl
K

Ca2+
2+

All concentrations in mmol/L unless otherwise stated.
Concentrations of inorganic blood contents given as in [3].
N/A = information not available
a
(P5368, Sigma-Aldrich), b (H1641, Sigma-Aldrich), c (E7510, Sigma-Aldrich), d (56414C, Sigma-Aldrich), e (F2442, Sigma-Aldrich), f (MP Biomedical NZ Ltd)
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4.2. Immersion tests
4.2.1.

Mass loss

Mass loss experiments were performed either in a normal or a CO2 atmosphere. The former
were carried out in a water bath setup that utilised a Techne Tempette® TE-10D
thermoregulator (Bibby Scientific Ltd., Stone, UK) in a double-hulled plastic container with a
temperature variance of ± 1 °C. Experiments using this setup were carried out at both a room
temperature of 20 °C (Trm) and physiological temperature of 37 °C (Tphy). When sodium
bicarbonate was used for buffering, experiments were carried out in a CO2 incubator (Belco
Glass, Vineland, NJ, USA) at Tphy with a temperature variance of 0.5 °C. This is standard
practice for cell cultures using this buffer to maintain a physiological pH [4].
The mass of each sample was measured using a XP105 Analytical Balance (Mettler-Toledo
Inc., Columbus, OH, USA) with an accuracy of 0.001 g. After removal from the solution, the
corrosion products were dissolved by immersing the sample in a 2 M chromic acid solution
(200 g/L CrO3, 10g/L AgNO3) for 10 min at 40 °C. This removal technique is commonly
employed in magnesium corrosion studies [5].

4.2.2.

Hydrogen evolution

Hydrogen evolution experiments were performed at both Trm and Tphy using the water bath as
described above (Figure 4-3). Holes in the lid of the box allowed 500 mL beakers to be
placed so that the test solution was kept at temperature but did not come into contact with the
heating water. A funnel (ø 40 mm) was inserted into the open end of a 50 mL burette using
Parafilm tape (Pechiney, Chicago, IL, USA) to create a tight fit. This was then inverted and
placed directly above the sample so the lip of the funnel was 10 mm above the top surface.
Each sample was placed in the centre of its beaker. This design allowed the entire solution to
be mixed by hand stirring at each recording point, allowing more realistic measurement of pH
and temperature. Measurements were typically taken every 30 min with an accuracy of ± 0.1
mL.
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Figure 4-3 : Photographs of (A) the hydrogen evolution test rig and (B) beaker with sample,
funnel and burette.

4.3. Electrochemical tests
Unless otherwise stated, all electrochemical tests were performed using a three electrode flat-

cell (K0235, Princeton Applied Research, Oak Ridge, TN, USA) (Figure
(Figure 4-4). The cell
contained 300 mL of medium and had an exposed working electrode area of 1 cm2. A
separate glass well, immersed in the cell, contained the saturated calomel (SCE) reference
electrode that is directed to the surface of the working electrode using a Luggin capillary
tube. The counter electrode was platinum wire mesh. Elevated temperature experiments at

Tphy ± 0.5 °C were carried out using heated water that was made to flow at 1 m/s through a
clear silicone tube (ø 10 mm) wrapped around the cell. The temperature of the water was
adjusted so it was constant at the desired level inside the cell when filled with solution.
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Figure 4-4 : Photograph of flat test cell with different parts labelled.
labelled.

Electrochemical experiments were performed on either a BioLogic® SP-150 or a BioLogic®

VMP-3Z potentiostat/galvanostat using EC-Lab 10.02 software (BioLogic Inc., Knoxville,
TN, USA). The working voltage range for all tests was -3 V to 0 V to cover the full range of
potentials encountered while maximising the resolution of the tests (50 µV). Electrochemical

experiments were executed in a purpose-built faraday cage to minimise electrical noise.

4.3.1.

pH monitoring

The evolution of the pH was recorded using a SevenEasy® S20 pH/Temperature meter and
LabX pH meter software (Mettler-Toledo Inc., Columbus, OH, USA) (Figure 4-5). The

measurement of pH and temperature was recorded at a frequency of 1 Hz. The recording of
the pH near the sample was performed 3 mm above the surface using an adjustable stand/arm

and a Mettler-Toledo InLab® Surface flat pH probe.

84

Figure 4-5 : Photograph of pH meter testing sample surface.

4.3.2.

Open circuit potential recording

Open circuit potential (OCP) was recorded between the working electrode and the reference
electrode without any current being passed through the counter electrode. The measurement
shows the potential at which the anodic and cathodic reaction currents, occurring at the
interface of the working electrode and solution, are balanced.

4.3.3.

Potentiodynamic polarisation

Background theory
Potentiodynamic polarisation (PDP) tests rely on an applied overpotential to accelerate the
rate of reaction at the working electrode
electrode (sample) surface. The applied potential and ensuing
current are recorded as the test proceeds. Such tests allow one to yield a plot of the potential
versus current density, providing information regarding the electrochemical behaviour of a

metal in given electrolyte [6]. A typical representation of such data is the E-log(i) plot, also
known as the Evans diagram.
Electrode reaction rates on the E-log(i) plot may be divided into oxidation (anodic) and
reduction (cathodic) reactions, depending on the polarity
polarity of the polarising signal. At

sufficiently large polarisation potentials in either direction from the open circuit potential
(OCP), only one reaction will occur. If the slopes of each reaction can be obtained from the
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recorded data, the slope of the linear regions approaching Ecorr may be analysed by Tafel-type

analysis.
An idealised schematic of a polarisation curve may be seen in Figure 4-6. The dotted lines
represent actual data, and the solid blue lines are linear approximations which may be used to

make a Tafel-type fit and estimate the corrosion current density (icorr).

Figure 4-6 : Example of polarisation curve with a Tafel-type fit.

The icorr value is the rate at which the electrode reactions are occurring, and this may be
related to the corrosion rate expressed as a penetration via Equation 4-1 (from ASTM G102

[7]).
Equation 4-1

where CR is the corrosion rate, K1 is a constant that defines the units for the corrosion rate

(for mm/year : 3.27 x 10-3 mm g/µA cm year), icorr is the corrosion current density (µA/cm2),
W is the atomic weight (Mg: 24.312), η is the number of electrons in the valence shell

(equivalents) (Mg : 2), and ρ is the density (Mg: 1.74 g/cm3).
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It is important to note that the determination of CR assumes general (uniform) corrosion takes
place. Typically Mg alloys corrode primarily through localised forms of attack and thus this
must be considered when making estimates of life prediction.
Experimental design
In this work the software EC-Lab was used to perform Tafel-type analysis. This software is
very powerful, allowing fits to individual anodic or cathodic data as well as entire curve
portions, while also providing a predicted fitted slope. This also allowed reproducible and
comparable results for all PDP experiments carried out regardless of which alloy or solution
is used, or which user performed them.
PDP tests were performed after the OCP had been allowed to stabilise. Normally,
stabilisation of the OCP required 15 min, which is similar to what was found in other studies
[8, 9]. Running the test immediately after a sample is exposed to the solution may yield
erroneous values (i.e. higher currents measured) as the surface has not had time to stabilise in
the new environment and establish a uniform double layer. However, it is equally important
that the exposure time in the medium is minimised prior to the PDP test as excessive
corrosion may alter the surface area of the sample. After extensive trial and error, a settling
time of 15 min was deemed to be suitable for the magnesium alloys tested. During this time
recordings were logged at 2 Hz.
Potentiodynamic scans were performed at a rate of 1 mV/s. Each test was carried out from 150 mV below the OCP to 500 mV above. It is necessary to start the scan on the cathodic
(negative) side of the OCP as the forced corrosion during the anodic part could cause
significant corrosion, altering values obtained later in the scan. The maximum current was
limited to 2 mA. Values were recorded at 2 Hz for the entire test.
A minimum of 5 separate scans were performed for each data point to ensure reproducibility.
Unless otherwise stated, Tafel-type analysis was performed at points ± 50 mV outside of the
corrosion potential, which is based on best practice [6].
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4.3.4.

Microelectrochemical experiments

Microelectrochemical tests were carried out on certain alloys to evaluate the electrochemical
response of the intermetallic phase
phase present in isolation. The technique used was the microelectrochemical cell method, as outlined previously in [10-12] and reviewed in [13]. In this
method, the working electrode area is defined by the area of metal that comes into contact

with the opening of a micro-capillary. The micro-capillary is filled with electrolyte (preheated for 37 °C experiments) whilst containing a small platinum-wire counter electrode (ø 2
mm) and a saturated calomel reference electrode. A silicone seal was applied to the open end
of the capillary in order to avoid any solution leakage and to allow an interference contact
with the working electrode. The capillary opening is generally in the vicinity of 10-100 µm in
diameter and will vary with each capillary - such a size being sufficient to individually isolate

the majority of intermetallic particles in the alloys produced. The microcell used in these
studies was incorporated into a lens-piece of an optical microscope in the arrangement

illustrated in Figure 4-7.

Figure 4-7 : Photographs of the microelectrochemical apparatus showing: (A) the entire
setup, (B) microelectrode during testing and (C) a close-up of the micro-capillary.

All experiments were carried out using a VMP-3Z potentiostat and EC-Lab software (Bio-

Logic). PDP was performed with an increased scan rate of 10 mV/s due to the decrease in
surface area. All potentials quoted are in reference to the SCE. A minimum of 5 separate
scans were performed for each reported measurement to ensure accuracy and reproducibilit y

of the results.
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4.3.5.

Electrochemical impedance spectroscopy

Background theory
A phenomenon known as the electrical double layer (EDL) will develop at the surface of a
corroding metal when it is placed in a solution (Figure 4-8). This phenomenon occurs as
metal ions leave their lattice, which leaves electrons behind in the metal. Water molecules
will surround (hydrate) the ions as they leave the lattice and
and allow them to diffuse away from
the metal. The negative charge, caused by excess electrons on the metal surface, attracts
positively charged metal ions and a number of them remain near the surface instead of
completely diffusing in the bulk electrolyte. The water layer surrounding the ions prevents
most from making direct contact with the surface electrons (and subsequently being reduced
to metal atoms). In addition, other positive ions in the electrolyte may be attracted to the

electronegative surface. Consequently, the layer of electrolyte directly adjacent to the
electrode surface contains ions from the metal, electrolyte, and water molecules, and has a
different chemical composition to the bulk electrolyte. The combination of the negatively

charged surface and adjacent electrolyte layers are collectively referred to as the EDL.

Figure 4-8 : Formation of the electrical double layer: (A) Non-corroded metal in equilibrium
in electrolyte solution, (B) Metal ions are released as part of the corrosion process and are
hydrated , (C) Hydrated metal ions, along with other ions in the electrolyte are attracted to
the metal surface but cannot re-enter the lattice. This creates the EDL (D), which may be
represented by a circuit diagram.
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Physically separating two oppositely charged planes produces an electrical capacitor. This is
what occurs with the EDL, with the level of capacitance determined by the type of metal and
electrolyte composition. During corrosion, charge moves through this layer. However, the
metal will resist the transfer of its electrons to the electrochemically active species.
Consequently, an EDL will display both capacitive and resistive properties, which are similar
to those for a simple electrical circuit composed of a resistor and capacitor in parallel. In
addition to this there will be a resistance to electron flow from the solution, which can be
represented by a single resistor. The combined electrical circuit model of the EDL, any
coatings, and the solution resistance is called the equivalent electrical circuit (EEC) (Figure
4-8D).
Electrochemical impedance spectroscopy (EIS) is a powerful technique that measures the
frequency response of the electrochemical system. The frequency dependency of the system
reveals unique time constants characteristic of electrochemical reactions. A reaction time
constant is equal to the capacitance (Farads) multiplied by the corresponding parallel
resistance (ohms). For an EDL, this will change over time as the layer properties change.
Time constants are important when analysing EIS data, as each layer or coating on a surface
will display a unique time constant based on its properties.
EIS data may be graphed in a number of different ways based on the vector magnitudes of the
components, total impedance magnitudes, and phase angles. The three most common types
are; a) complex plane or Nyquist plots, b) Bode magnitude, and c) Bode phase plots. The
Nyquist plot is a graph of the real and imaginary impedance magnitudes for each frequency
(Figure 4-9). From this it is possible to determine the resistance of the solution (RS), the
number of time constants and the resistance and impedance values of each time constant. It is
also possible to fit an appropriate circuit to more complex plots to determine how the
additional coatings or films are affecting the corrosion process. It should be noted that the
value of solution resistance is a property of the solution and test cell geometry, and is not
related to the corrosion mechanism.
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Figure 4-9 : Single time constant Nyquist plot, where Rs is the resistance of the electrolyte
(Ω), REDL and CEDL are the charge transfer resistance (Ω ) and capacitance (F), and W is the
angular frequency (s-1).

The main disadvantage of displaying EIS data on the Nyquist plot is that the dependence of
impedance on the frequency of the signal is not displayed. Thus, Bode plots are a necessary
part of the analysis. In Bode plots, the log values of corresponding frequencies are plotted
against those of the total impedance (log|Z|) for the magnitude plot and against the phase
angle for the phase plot. Bode plots allow the detection of regions that are dominated by the
resistive elements, shown by a slope of zero, and regions
regions dominated by the capacitive

elements where a slope of -1 is observed (in the ideal case). The plots can also be used to
determine the likelihood of certain types of corrosion taking place. For example, it has been
shown that pitting of stainless steel
steel displays a capacitive response at low frequencies [14, 15].
For Mg, it has been reported that Bode plots allow the identification of the presence of high
frequency electrochemical processes which are only present in the case of fast localized

attack [16].
The Bode magnitude plot can potentially be used to determine the resistance values of the
equivalent circuit (Figure 4-10A). However, it requires the polarisation to be entirely through
the resistors, yielding a zero-slope
-slope line. This may be checked using the phase plot where a
zero slope indicates the same thing (Figure 4-10B). However, a completely horizontal slope
does not seem to occur commonly during tests on Mg, and the Nyquist plot is better suited to
determine the resistance and capacitance values.
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Figure 4-10 : (A) Idealised Bode magnitude plot for single time constant system, (B)
corresponding Bode phase plot.

However, the majority of systems do not contain a single time constant, especially if a
surface coating is present. Multi-time constant systems may often be divided into components
of charge transfer (CT) and film (f) values. CT typically represents the components (RCT,

CCT, etc.) of the electrical behaviour between the solution and the bare metal surface alone.
Film components (Rf, Cf, etc.) represent the behaviour of each film or coating on the surface.
Experimental design
EIS scans were performed using the EC-Lab software. A frequency range of 10 kHz to 30
mHz was used for all experiments, with 10 points recorded per logarithmic decade. The
scanning voltage amplitude was set to ±10 mV (7 mV RMS). Complete EIS scans took an
average of 2 min to perform, and were carried out every 30 min for the lifetime of each test,
unless stated otherwise. A minimum of 3 replicates of each test was performed
performed for each data
point to ensure reproducibility.

92

For most two time constant systems, an adapted form of the Randle’s circuit was found to
provide the closest fit to most of the data as well as the most appropriate equivalent circuit to

represent the reactions at the surface (Figure 4-11). Randle’s circuit is commonly used for a
two time-constant system with an incomplete protective layer, as is the
the case for the Mg alloys
in the investigated solutions. In this case, constant phase elements (CPE, Q) were used
instead as they represent capacitance that is non-Debeye. This is because a perfect capacitor
behaves in an exponential manner, which does not occur in reality, as the interface of the Mg
surface and the solution is not atomically smooth. The data were fitted using the Nyquist
impedance plot, and then the location and number of the time constants were checked using
Bode impedance and admittance graphs.

Figure 4-11 : Equivalent circuit used to analyse collected EIS data. RS is the resistance of the
solution, RCT and QCT are the resistance and CPE of charger transfer to/from the Mg, and Rf
and Qf represent any film that is on the surface.

4.4. Metallographic preparation
After casting, samples were prepared in an appropriate size for the different tests that would
be performed. A TechCut® 5 precision sectioning machine was used to cut samples into

different shapes (Allied High Tech Products Inc., Rancho Dominguez, CA, USA). A
diamond blade and moderate feed rate (2.5 mm/min) were used to ensure accurate cuts with
minimal deformation to the subsurface.
Unless otherwise stated, samples were then nominally ground with 240, 600, and 1200 grit
SiC paper to ensure consistency across all tests. High purity ethanol (99.5 %) was used to
clean the samples between each polishing grade. Samples were then stored in a desiccator

immediately after cleaning.
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When necessary, further polishing was carried out on a Leco VP-160 polishing wheel (Leco
Corporation, St. Joseph, MO, USA) using MetaDi® 9 and 3 µm diamond slurries on a
MasterTex® 1000 polishing pad (Beuhler Inc., Lake Bluff, MI, USA). A soft polishing pad
(Buehler Chemomet®) and colloidal silicon-based polishing slurry (Buehler MasterPolish®
2) were then used as a final step. At times, a Beuhler MiniMet® polisher was used to obtain a
scratch-free surface.
As-polished surfaces were often observed to display different phases and grain boundaries
without further treatment. This surface was appropriate for use in microelectrochemical
experiments to determine different phases.

4.5. Material characterisation
4.5.1.

Surface preparation

When necessary for optical or SEM analysis, samples were polished to 0.02 µm following
steps outlined in Chapter 4.4. However, before these steps were taken, samples were mounted
in EpoFix® epoxy resin (Struers Australia Pty, Milton, NSW, Australia). After pouring resin
into containers with the samples they were placed in a desiccator and a vacuum was applied
to remove any trapped air. All samples were set for a minimum of 24 hrs to allow complete
curing of the resin.
When necessary, etching was used to illuminate the alloy microstructure. A solution was
utilised containing 6 g of picric acid, 5 mL of acetic acid, 10 mL of distilled water and 100
mL of high purity ethanol (99.5 %). A sample would be exposed to the etchant for 20 s,
washed with ethanol (99.5 %), then analysed under a light microscope. If required, further
etching was carried out by repeating the same process.

4.5.2.

Optical microscopy

Optical analysis was performed using a number of different methods. Samples were first
examined using an Olympus B061 upright optical microscope (Olympus Inc. Center Valley,
PA, USA). Grain analysis was performed primarily on a Leica DM IRM inverted microscope
(Leica Microsystems GmbH, Wetzlar, Germany). An Axiocam® MR digital camera was
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used to obtain images using computer-based capture software AxioVision® 4.8 (Carl Zeiss
NZ Ltd., Auckland, New Zealand). Samples were also analysed using an Olympus BH2RLA-2 upright microscope. Images were captured using a Spot Insight QE® digital camera
and Spot 3.5.8 software (Diagnostic Instruments Inc., Sterling Heights, USA).
Stereo optical images were obtained using an Olympus SXH10 stereo microscope with a
Polaroid DMC 2 digital camera (Polaroid Inc., Minnetonka, MN, USA). Images were
attained using Corel Photo-Paint 3 software with a driver for the camera (Corel Pty Ltd,
Sydney, NSW, Australia).

4.5.3.

Electron microscopy and x-ray spectroscopy

The majority of SEM images were obtained using a JEOL 7000F field emission scanning
electron microscope (JEOL Ltd., Tokyo, Japan). Accelerating voltages ranging from 12-20
kV were used to obtain images depending on the surface conditions. Higher voltages, such as
20 kV, “charged” the surface when non-conducting or low conducting layers were present,
such as Mg(OH)2.
Energy dispersive x-ray spectroscopy (EDS) was used to determine the chemical composition
of the surface of the alloys before and after corrosion testing via a JEOL JED-2200 EDS
attachment using JEOL Analysis Station 3.61.02 software.
Confocal microscopy was also used to analyse the surface topology of selected alloys. A
Leica® TCS-SP5 confocal microscope provided digital images via LCS software (Leica
Microsystems CMS GmbH, Mannheim, Germany). Surface roughness was measured using
in-house image analysis software developed at the University of Canterbury, but based on
well-defined techniques [17, 18].
Electron backscatter diffraction (EBSD) was used to identify the exact nature of the
secondary and intermetallic phases via crystal structure determination. EBSD was carried out
on a FEI Quanta 3D-FEG (FEI Company, Hillsboro, OR, USA) with a Hikari EBSD camera
and TSL OIM software (EDAX Inc., Mahwah, NJ, USA). The heterogeneous nature of many
of the alloys did not allow for ultra-high quality polishing required for EBSD analysis. In
order to achieve high quality Kikuchi patterns, gentle localised ion milling was performed
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immediately prior to collection of the pattern. The execution of spot EBSD was performed to
identify the exact nature of the intermetallic phase via crystal structure determination.

4.5.4.

Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) was performed on a Spectrum One® (Perkin
Elmer, Waltham, MA, USA) using dedicated Spectrum software (Version 3.02). A total of 16
scans were performed per sample using a wavenumber range of 400 to 4000 cm-1. The system
had a resolution of 1 cm-1. The system used potassium bromide (KBr) as a background
spectrum and filler material. Approximately 2 mg of sample was used per 200 mg of KBr. A
minimum of 3 samples exposed to the same conditions were analysed using this technique to
ensure reproducibility.

4.5.5.

Mechanical testing

Mechanical compression tests were performed on selected samples during the course of this
work. Tests were carried out either on a MTS® 810 Material Test System (MTS, Eden Prairie,
MN, USA) at the University of Canterbury, or an Instron 4505 Testing System (Instron,
Norwood, MA, USA) at Monash University in Melbourne, Australia. For both instruments a
100 kN load cell was used. The initial strain rate was 10-3 s-1. Flat platens were used and
samples were prepared according to guidelines in ASTM E9-89a [19].
Where possible an extensometer was fitted to the samples to measure movement. Otherwise
the crosshead displacement was used to calculate the strain. Both methods were investigated
prior to use to ensure they provided accurate data. Data were recorded at a rate of 50 Hz
using MTS TestSuite or Instron BlueHill 3.0 software.

4.6. Protein adsorption experiments
4.6.1.

Protein staining

Protein staining is a common technique for determining the amount of protein in a solution or
attached to a surface. In this work the possibility of using such a staining technique directly
on the surface of Mg samples was investigated. It was hoped that staining of the proteins
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would provide an immediate visual clue to the attachment or presence of proteins on the
surface. A similar experiment was carried out on Ti and stainless steel in a solution
containing FBS [20]. A dye that has become popular for use in biological staining,
Coomassie brilliant blue, was chosen as it has been successfully used in studies of BSA [21].
Mg samples were prepared by polishing with 1200 grit paper and spraying them with a 70%
ethanol solution. Samples were then placed in PBS either with or without the addition of
40g/L BSA in an incubator at Tphy and a pH of 7.4 ± 0.02. After 5, 15, 30, and 60 min
samples were removed from the medium and washed twice in PBS. They were then placed in
a 0.001% Coomassie Brilliant Blue (B7920, Sigma-Aldrich) solution for 5 min, removed and
washed in distilled water before drying. Analysis was performed immediately after drying
using an Olympus B061 upright optical microscope and images were obtained using a Spot
Insight QE® digital camera.

4.6.2.

Protein solute-depletion method

The solute-depletion method relies on detecting the reduction in protein concentration in
solution after a set period. The protein loss is measured using a UV/visible spectrophotometer
to determine the amount of light absorbed. It is well known that many proteins exhibit the
greatest absorption at 280 nm [22]. Consequently by measuring the absorbance at this
wavelength it is possible to determine the amount of proteins remaining in solution thereby
allowing quantification of the amount attached by determining the difference between initial
and final protein concentrations.
Mg discs with a total surface area of 130 mm2 were prepared and polished to 1200 grit. All
samples were triple washed in milli-q water and then PBS for 1 min. Each disc was placed in
an individual Eppendorf pipette which was filled with 1 mL of a base solution of PBS with
0.25, 0.5, or 1 mg/mL of BSA (negative charge at 7.4) or cytochrome C (CytoC, positive
charge at 7.4). Additional Eppendorf pipettes were filled with the same solutions without
samples to provide base measurements and to determine the protein loss due to attachment to
the inside of the pipette. Samples were placed on a rotating wheel to keep the solution
flowing over the surface at approximately 0.25 Hz.
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All Eppendorf pipettes were hard spun at 13,000 rpm for 5 min before sampling in order to
remove other products that may absorb the same wavelength as proteins. Analysis of the
change in protein concentration was carried out using a Nanodrop ND-1000
spectrophotometer and an Amersham Ultrospec 2100 pro spectrophotometer (GE Healthcare
Ltd., Rydalmere, NSW, Australia). For the Nanodrop, test samples of each concentration
were removed every 10 min for 1 hr and 2 µL of medium was extracted. The Ultrospec 2100
required a larger solution amount and 100 µL of the sample medium was extracted and
diluted to a ratio of 1:1 with fresh PBS. Samples for these experiments were taken after 1 and
24 hrs.
The absorbance values from the tests were converted to mg/mL concentration using Equation
4-2.

Concentration



Equation 4-2

α

where Abs280 is the absorbance at 280 nm and α is the absorption coefficient of the protein
(cm). For BSA this is 0.667 and Cytochrome-C this is 0.99.

4.6.3.

Quartz crystal microbalance and sputtering

A quartz crystal microbalance (QCM) is a tool that has in recent years become widely used
for determining tiny alterations in mass on a surface [23]. It measures the change in
frequency for a quartz crystal as a layer is either put down on or removed from the surface.
This has been used to measure the deposition of thin films as well as the affinity of
molecules, such as proteins, to a coated surface. Using this technique, it is possible to
measure mass densities to a level below 5 ng/cm2 [24]. It is a real-time measurement system
which makes it very useful for both short and long term experiments.
Background to quartz crystal microbalance theories and techniques may be found in
numerous books [25, 26] and review papers [23].
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Crystal preparation
In order to perform QCM experiments on Mg, it was first necessary to coat the quartz
crystals. DC magnetron sputtering was selected as a suitable method due to previous success
noted in the literature using the technique with Mg [27-29]. All sputtering was performed in
an Auto 500 sputtering system (Edwards Inc., Tewksbury, MA, USA). A disc of high purity
Mg (99.98 %) was prepared and quartz crystals (QSX 301, Q-Sense, Vastra Frolunda,
Sweden) were mounted so 1 cm2 of electrode surface was 15 cm away from the Mg disc. A
range of applied bias voltages, from 150 V to 600V, were used to investigate their effect on
the microstructure of the sputtered films. The processing conditions used in this work yielded
a deposition rate of 1.7-8 nm/s.
An atmosphere of high purity argon (Grade 0) with a base pressure below 10-5 bar was used
throughout the experiment. The crystals were positioned directly above the Mg source and at
the start of each sputtering cycle the source was covered for 2-3 min to allow steady-state
deposition rates to be reached. A target thickness of 2 µm of coating was desired as this was
the value recommended by the QCM manufacturer as the maximum thickness that would
allow protein-adhesion detection. Coating thickness was determined using a Dektak 150
stylus profiler (Bruker-AXS, Tuscan, AZ, USA) with a maximum resolution of 1 angstrom.
QCM experimental design
The Mg-coated crystals were analysed using a Q-Sense E4 flow QCM (Q-Sense, Vastra
Frolunda, Sweden) and the bundled software (QSoft 4.01). All solutions and crystals were
heated to Tphy ± 0.2 °C and a flow rate of 200 µL/min was used to fill each the 500 µL
chamber and switch between media. For each experiment, high purity ethanol (99.8%) was
first pumped through the chamber and the fundamental frequencies were measured. This is
necessary to provide a base frequency/dissipation relationship that other solutions may be
compared against, as no corrosion and limited interactions would happen in this environment.
After the frequencies were determined, MEM was pumped through separate chambers
containing both Mg-coated and uncoated crystals for comparison with the fundamental
frequencies which had been recorded previously. The change in viscosity between the MEM
and ethanol resulted in a shift in the fundamental frequencies measured by the QCM crystals.
Normally, a period of a few min is required for the frequencies to stabilise in the new
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solutions. After 3-4 min, a further solution of MEM with 40 g/l BSA was pumped through the
chamber. After a further 10 min, the MEM was again pumped through the chamber. This step
was necessary to determine the amount of protein that had attached to the surface during
immersion in MEM+BSA. A drop in frequency indicates an increase in the mass on the
surface of the crystal. Thus, proteins still attached to the surface after immersion in the
MEM+BSA medium would result in a lower frequency when MEM solution is re-pumped
through the chamber. At the end of the experiment, ethanol was pumped through all
chambers to compare the original base frequencies.
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CHAPTER 5: Critical Analysis of Common In
Vitro Experiments – Advantages, Limitations
and Considerations
5.1. Introduction
Corrosion is a complex process, requiring a combination of different techniques to fully
characterise. For Mg, the various test methods may be grouped into two primary categories:
(i) immersion and (ii) electrochemical. Care must be taken to ensure the chosen experiment is
actually designed to investigate the intended corrosion attribute. Correct interpretation of data
is often dependent on precise setup parameters that must be known and properly controlled.
The aim of this chapter is to clarify the use, limitations and considerations of the most
common in vitro tests for Mg alloys. Part of the information provided was gathered over time
as experiments were carried out and potential issues or drawbacks were observed. Other
information comes from a review of pertinent literature and an analysis of methods that have
been utilised by those authors. A detailed description of the setup of each experiment can be
found in Chapters 2.4.3. , 4.2, and 4.3.

5.2. Immersion tests
5.2.1. Mass loss – A limited but necessary corrosion experiment
A mass loss (ML) measurement is the simplest of the in vitro methods for investigating the
corrosion of Mg. Setup may vary depending on the experimental variables, such as choice of
buffering system, but the same basic design is typically employed. This test is therefore very
commonly used, with over 40 studies in which ML has been utilised to measure Mg corrosion
in vitro.
Results obtained from ML tests are typically accurate, assuming issues with the removal of
the corrosion layer are minimised. Depending on the design of the experiment it may also be
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possible to perform other in vitro tests may be performed concurrently with ML, such as pH
recording or even in certain situations electrochemical experiments.

5.2.1.1.

Limitations and considerations when performing mass loss experiments

Mass loss experiments are able to reveal how much corrosion has occurred, but do not
disclose any of the mechanisms. Consequently, while it may be observed that one alloy
corrodes faster than another, ML does not provide the information required to determine why
this happens. This is highlighted in Figure 5-1, where the total mass loss for two alloys (Mg-

5Ca, Mg-10Zn) was very similar after 1 week immersion in HBSS. However, the polarisation
curves clearly show that the alloys are corroding at dissimilar potentials due to different
anodic and cathodic responses. This behaviour is particularly important in more “realistic”
media, as the effects of organic components (e.g. amino acid, proteins) may have varying

effects on each partial reaction (see Chapter 5.3.2. ), but cannot be seen using only a ML
experiment.

Figure 5-1 : Polarisation response and mass loss of Mg-5Ca and Mg-10Zn after 1 week
immersion. (HBSS, Tphy, 7.4)

Similarly, though SEM analysis after immersion may provide some information on the
corrosion mechanisms, any time-dependant behaviour involved in the creation or degradation
of a given layer on the surface cannot be exposed by ML. This information is particularly
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important for Mg in SBF; layers such as calcium phosphate are known to be crucial to the
degradation performance of virtually any Mg alloy.
Due to the significant corrosion that is necessary for measurements of drop in mass, multiple
samples are needed to provide accuracy for ML experiments. Because there may be
significant variation between samples, comprehensive control of each preparation step is
vital. Given the rapid corrosion rates of many Mg alloys in the aggressive SBF environments,
even minor discrepancies between samples (e.g. location of sample within original ingot)
may result in large variances in obtained results.
There are a number of concerns and variables that need to be considered when performing
ML experiments. The corrosion of Mg will release Mg2+ and reduce H+ in the corrosion
medium, so the surface area to medium ratio must be taken into account. If this ratio is too
large, the measured corrosion rate may be affected by the rising pH. This was shown in an
experiment on pure Mg in HBSS at Tphy over 1 week (Figure 5-2). A variety of solution to
surface area ratios were investigated (5-500 mL/cm2) and pH was adjusted every 30 min to
7.4 using a 1 M NaOH solution. A large rise in measured mass loss was found as the amount
of solution increased, until 50 ml/cm2. Thereafter the mass loss levelled off at ~ 7 wt. % of
the original. This disparity was due to the rapid increases in pH that occurred in-between the
re-adjustments to 7.4, allowing a thicker Mg(OH)2/CaP layer to form on the Mg samples in
the low solution to surface area ratio tests. Although this layer would have partially dissolved
when the solution pH was readjusted to 7.4, it is likely that a significant amount remained,
reducing the overall corrosion rate of the Mg.

104

Figure 5-2 : Mass loss as a function of solution to surface area for pure Mg after 1 week
immersion. (HBSS, Tphy, 7.4)

The variation of pH in ML tests may be minimised by changing the solution frequently.
Furthermore, the use of a ratio based on proposed end
end implant size and the exchange of a
portion of the solution at regular intervals, as performed by Yamamoto [1] and in this work

(Chapter 6.5), is a credible method of more accurately simulating physiological conditions.
Standards outlined by the American Society for Testing and Materials (ASTM) are not
suitable for Mg as they recommend solutions far too small (0.2-0.4 mL/mm2) for the rapid

change in pH that typically occurs [2, 3].
It is also important to remove the corrosion product after immersion. Early studies did not
incorporate this step, and some even reported a net gain in weight due to a hydrated corrosion
layer on the surface [2, 4]. Typically a mixture of CrO3 and AgNO3 (chromic acid) is used to
remove this layer as it has been found to cause little additional corrosion to the underlying

Mg surface [5-7].
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5.2.2. Hydrogen evolution – A valuable corrosion measurement technique
with many considerations
Most hydrogen evolution (H2evo) experiments reported in the literature utilise the same basic
setup as ML tests, though they also include a funnel and burette for collecting the evolving
hydrogen. Similarly, H2evo is likewise frequently utilised, as it is included in more than 35
papers reporting on the in vitro testing of Mg and its alloys.
H2evo tests are relatively easy to set up. As opposed to ML, H2evo measurement is unaffected
by the corrosion product and does not require its removal at the end of the experiment to
obtain results. The primary advantage of H2evo tests is the ability to take measurements at any
time point. This presents an overall picture of the progression of the degradation, allowing
analysis of the changes in corrosion rate that may occur over the lifetime of the test –
information not obtained via a simple ML experiment. For example, a mass loss test may
show that an alloy (X) has corroded less than alloy (Y). However, a H2evo test is able to show
that alloy X started to more rapidly degrade near the end of the ML experiment, and would
likely have surpassed alloy Y in overall corrosion. This information would have been lost if
only the ML data was relied upon.
In this work, it was observed that several Mg alloys show three distinct regions of differing
H2 evolution rate over 48 hrs, from ~0.4 mL/hr (i) to ~0.08 mL/hr (iii) (Figure 5-3). The
difference in corrosion rate was attributed to the formation of corrosion layers on the surface,
slowing the rate of evolution over time. Similar behaviour has been shown in the literature for
pure Mg [8]. Again, this information would be difficult to ascertain using only ML tests.
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Figure 5-3 : H2 evolution over 48 hrs for pure Mg. Different rates of evolution are indicated
(i, ii, iii). (HBSS, Tphy, 7.4)

This test is also useful in that the degree of alkalisation can be determined based on the

volume of hydrogen evolved if it is assumed that 2 mol of OH- are released for every 1 mol
of Mg that is oxidised (Equation 5-1).
Mg + 2H2O = Mg2+ + 2OH- + H2

Equation 5-1

It is important to note that H2 evolution has been shown to be a problem in vivo, and can
potentially lead to implant failure [2, 9]. Thus, measuring of the gas evolution rate in vitro
may provide additional information on whether the tissue surrounding the implant is likely to

experience gas accumulation.
5.2.2.1.

Limitations of the H2evo technique

Similar to ML experiments, the H2evo technique itself does not reveal information on most of

the corrosion mechanisms that are occurring at the sample surface. Although time varying
data is provided, the reasons for the changes in evolution rate are not indicated by the test.
This is a limitation of any non-electrochemical experiment. Furthermore, only after
significant corrosion has occurred does a sufficient volume of gas exist that it can be
accurately and reproducibly measured. This means that H2evo is typically not a suitable
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method for the study of corrosion in the early stages (<1 hr) of immersion, or for very
corrosion resistant alloys.
The investigation of flow rates on Mg corrosion is also not possible using the H2evo technique,
as the evolved H2 would be very difficult to capture unless the corrosion cell was entirely
sealed. Concurrent electrochemical tests are also more difficult to set up than in ML
experiments, due to the additional glassware (burette, funnel) that make electrode placement
problematic.
Minor experimental considerations for H2evo tests

5.2.2.2.

The solubility of hydrogen gas in H2O at 37 °C is 0.0014 g/kg [10]; its density at this
temperature is approximately 9 x 10-5 g/mL [11]. For an average experiment with 250 mL
(0.25 kg) of water (or SBF with a similar H2 solubility), a total of (0.25 x 0.0014) = 0.00035
g of H2 can be absorbed by the solution. This is equivalent to (9 x 10-5 / 0.00035) = 0.26 mL
of H2. Given the precision of most H2evo setups of 0.1 mL, this results in only a small amount
of error for most long-term experiments. However, this solubility may be more important in
short-term experiments or where a large solution-to-sample ratio is used.
As the temperature of a solution rises (such as from room temperature to 37 °C), the gas
solubility of the solution falls and bubbles will start to precipitate. For example, a total of
2.14 mL and 4 mL of O2 and N2 could potentially be released from 1 L of solution due to the
increase in temperature from Trm to Tphy (Table 5-1). However, these measurements are for a
solution with quadruple the volume of a typical test (250 mL) and assume that all the released
gas is captured by the apparatus. Thus it is unlikely that this gas release would have a
considerable effect on the overall recorded H2.
Table 5-1 : Change in solubility of O2 and N2 and potential release of gas for 1 L of H20 at
pH 7.0 at 1 atm.
Gas

Solubility at
20 °C (mg/L)

Solubility at
37 °C (mg/L)

Gas Density
(mg/mL)

Release of gas
(mL)

O2

9

6.2

1.31

2.14

N2

18

13

1.25

4

Data from [12]
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It was observed in the course of this work that unknown gas bubbles often nucleate on the
surface of the funnel and in the area surrounding the sample when performing H2evo
experiments, even when the temperature was held constant (Figure 5-4). Although this could
potentially add to the overall volume measured, controlled trials found the contribution of

these bubbles to be less than 0.1 mL on a 10 cm2 surface over 72 hours at both 20 °C and 37
°C, which is effectively negligible.

Figure 5-4 : Bubble formation in H2evo test.

5.2.2.3.

Important considerations when performing H2evo tests

Hydrogen evolution is solely a measurement of the cathodic reaction that is occurring. Thus it
will not reflect processes such as dealloying, where certain particles of the secondary phase(s)
may break away from the sample. This would result in additional mass loss to the sample but

would not be detected by the H2evo technique. This may lead to considerable error in heavily
alloyed Mg.
Hydrogen is also known to be permeable through many polymeric materials [13]. Hydrogen
diffusion therefore needs to be considered when designing a suitable test setup, as the choice
of inappropriate materials may alter results. It has been found that H2 leaks quickly when
stored in plastic bottles and was completely gone after 2 weeks [14]. Consequently it is

recommended that all equipment used to capture the released gas should
should be made of glass to
minimise any potential leaks.
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The ideal gas law, which governs the volume of gas produced per mol of H2, is given by:
PV = nRT

Equation 5-2

where P is the pressure, V is the volume, n is the amount of the gas in moles, R is the ideal
gas constant, and T is the temperature.
With n, R and T constant in a given experimental setup, the volume of the evolved hydrogen
is solely related to the surrounding atmospheric pressure. The variance caused by these
differences in atmospheric pressure may be significant; for example, an experiment
performed at 2,000 m would evolve almost 30% more volume of H2 than that performed at
sea level. Thus, experiments should take atmospheric pressure into account by utilising:
∆W = 1.085VH/PATM

Equation 5-3

where ∆W is the change in mass (mg), VH is the volume of hydrogen that has evolved (ml)
and PATM is the atmospheric pressure (atm).
There are also experimental errors that can be introduced in setting up an H2evo test. A
common error is placing the inverted funnel directly over the Mg sample such that the mouth
of the funnel contacts the base of the beaker. This type of “closed” system such as this will
limit the amount of corrosive medium that is in contact with the sample solely to the volume
that is solely contained within the funnel, and this inadvertent increase in the ratio of surface
area to volume of medium may significantly increase the pH. This was found for pure Mg
samples over 24 hours in HBSS (Figure 5-5). The setup of both tests was identical except in
one funnel, with approximately 50 mL of solution, which was placed so it completely
covered the 5 cm2 sample. Recordings of pH approximately 1 cm from the sample over time
clearly show that the reduced solution volume caused a considerable increase in pH.

110

Figure 5-5 : Comparison of pH over time for pure Mg with H2evo funnel placement altered.
(HBSS, Tphy)

No study that has performed H2evo experiments has reported whether the side of the sample in
contact with the bottom of the beaker was
was coated to stop corrosion. This is an important

detail, as this work found that, if left bare, this surface would always partially corrode,
releasing H2 (Figure 5-6). This could affect calculations of the evolution rate which is based
on a known surface area. Hence, any surfaces that are not to be included in the measurements
require a sealant to prevent their unintended degradation.

Figure 5-6 : Photographs (2 ×) of the bottom surface of pure Mg samples (A) before and (B)
after immersion for 72 hrs. (HBSS, Tphy, 7.4)
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The majority of the studies in the bio-Mg literature that have compared H2evo (converted to
equivalent mass loss) with actual mass loss have not found the ideal 1:1 ratio (Table 5-2).
Some studies found this ratio to vary between 0.22-0.323 [15-17], while others have
determined it to vary between 0.89-1.31 [7, 18-20]. This apparent disparity between the ideal
and actual results was also established in this work, with the ratio typically within the range
of 0.6 ± 0.08. The reasons for this variation are not clear, but indicate that either more
complex reactions are affecting the evolution rate or experimental setups are crucially
impaired in some way. Consequently ML experiments must be performed in conjunction with
H2evo in order to confirm obtained results.
Table 5-2 : Studies of Mg where H2evo and ML experiments have been concurrently
performed.
Alloy

Solution

Temp / pH

Test
Period
(hr)

Measured
Mass Loss
2
(mg/cm /d)

H2 Equivalent
Mass Loss
2
(mg/cm /d)

Ratio (H2
: ML)

Ref.

Pure Mg

1M NaCl

Rm / N/S

48

0.43

0.44

1.023

[21]

AZ91 (D)

1M NaCl

Rm / N/S

48

3.0

3.1

1.03

[21]

ZE41

1M NaCl

Rm / N/S

48

5.7

5.9

1.03

[21]

Mg-0.8Ca

0.9% NaCl

N/S / N/S

360

0.31

0.10

0.323

[15]

Mg-2Gd

1% NaCl

21.5 / 6.5

N/S

6.4

6.4

1

[7]

Mg-5Gd

1% NaCl

21.5 / 6.5

N/S

1.78

1.97

1.11

[7]

Mg-10Gd

1% NaCl

21.5 / 6.5

N/S

0.54

0.49

0.91

[7]

Mg-15Gd

1% NaCl

21.5 / 6.5

N/S

8.38

10.95

1.31

[7]

AZ31B

HBSS

37 / 7.5

720

0.14

0.038

0.27

[16]

Pure Mg

HBSS

37 / 7.5

168

0.094

0.021

0.22

[17]

MEZr

5% NaCl

N/S / N/S

24

28

25

0.89

[20]

99.96 Mg

1M NaCl

N/S / 6

N/S

47

50*

1.06

[18]

99.96 Mg

1M NaCl

N/S / 11

N/S

19.5

20*

1.03

[18]

99.96 Mg

1M NaOH

N/S / N/S

N/S

0.07

0.07*

1

[18]

99.96 Mg

1M HCl

N/S / N/S

N/S

~70000

~70000*

1

[18]

99.96 Mg

5% NaCl

Rm / N/S

N/S

20

20*

1

[18]

A6

1M NaCl

N/S / N/S

N/S

37

35*

0.95

[18]

AZ21

1M NaCl

N/S / N/S

N/S

0.47

0.50*

1.06

[18]

AZ91D

1M NaCl

N/S / N/S

N/S

0.205

0.2*

0.98

[18]

AZ91D

5% NaCl

N/S / N/S

N/S

0.21

0.21*

1

[18]

AZ91

SBF

N/S / N/S

168

0.47

0.43*

0.915

[19]
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Alloy

Solution

Temp / pH

Test
Period
(hr)

Measured
Mass Loss
2
(mg/cm /d)

H2 Equivalent
Mass Loss
2
(mg/cm /d)

Ratio (H2
: ML)

Ref.

Selected data from this work
Pure Mg

HBSS

37 / 7.4

72

9.1

5.47

0.601

Mg-1Ca

HBSS

37 / 7.4

72

8.3

5.40

0.651

Mg-1Zn

HBSS

37 / 7.4

72

6.2

3.35

0.540

N/S indicates that the value was not stated, Rm indicates room temperature
2
* these values were converted from the provided data to mg/cm /day or was obtained from graphs.
Data presented for this work is average of 3 samples for each data point.

5.3. Electrochemical tests
5.3.1. pH monitoring
As Mg corrodes, OH- is released which results in an increase in the pH of the solution (see
Equation 5-1). This half reaction equation may be used to determine how much corrosion is
taking place based on measurement of the rise in pH. This has been used widely in the Mg
biomaterial literature, although normally only to provide qualitative results [4, 17, 22-33].
However, the use of pH monitoring to determine corrosion rate for Mg alloys in SBF is
critically flawed. The primary requirement for a change in pH needed to provide a
measurement means that the pH will typically exceed the physiological range (7.4-7.6) before
any significant information is provided. This creates a non-realistic environment, and has
been shown in this work (Chapter 6.3) to have a significant impact on the corrosion rate and
any Mg(OH)2 or CaP layers that form on the surface. This limits the use of this testing
method, as a measureable pH change is only possible in an environment that is inappropriate
for predicting physiological corrosion of Mg. Hence, pH monitoring should only be used to
help maintain a controlled level in the solution rather than providing a measure of the
corrosion rate.
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5.3.2. Potentiodynamic polarisation – Elucidating the mechanistic
behaviour of electrochemical reactions
In the Mg literature, over 70 studies have used the potentiodynamic polarisation (PDP)
technique to analyse alloy corrosion in vitro. PDP provides instantaneous data on the overall
rate at which current flow (and hence corrosion) is taking place at a single point in time.
Sample preparation is straightforward, and a single PDP scan
scan typically takes less than 5 min
to complete. A single sample may be tested as many times as required when using a flat
corrosion cell. This minimises any variances between samples that may be encountered in

ML or H2evo experiments.
PDP may also be used to evaluate thermodynamic variances that occur when changing a
variable in a given experiment. For example, it can be used to determine the effect that
different alloys or solutions have on shifts in the corrosion potential (Ecorr) and current

density (icorr). This may then help explain the differences in absolute corrosion rates. For
example, when comparing pure Mg in HBSS and EBSS, it can be seen that the small rise in

Ecorr for the latter solution is due to an anodic shift (Figure 5-7).

Figure 5-7: Polarisation curves of pure Mg in HBSS and EBSS. Anodic shift is indicated by
arrows. (Tphy, 7.4)

114

The single biggest benefit of the PDP technique is that it allows quantification of the relative
rates of the anodic and cathodic reaction over a range of potentials. This is vital when
attempting to unravel the mechanistic aspects of Mg alloy biocorrosion. For example, two

alloys with similar icorr values may display significantly different anodic and cathodic
kinetics. This is shown clearly for pure Mg and Mg-2Zr in MEM+FBS (Figure 5-8). Both
samples resulted in a very similar icorr yet displayed significantly different Ecorr values due to
a large shift in cathodic kinetics.

Figure 5-8 : Polarisation curves for pure Mg and Mg-2Zr. Arrows indicate cathodic shift.
(MEM+FBS, Tphy, 7.4)

When utilised in a microelectrochemical setup, PDP may be used to explicate the
microstructural effects of multi-phase alloys on the biocorrosion of Mg alloys in SBF (see

Chapter 7). It may therefore be used to determine the individual contributions of each phase
to the overall corrosion mechanisms of an alloy, which in turn may be used to tailor alloy
microstructure for different corrosion rates and applications. PDP can furthermore be used to

determine the effect of organic components (e.g. proteins, amino acids) on individual phases,
allowing optimisation of alloy microstructure for the biological environment.
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5.3.2.1.

Limitations and considerations when performing PDP tests

Due to the nature of the PDP test, the surface of a Mg sample will experience significant
perturbation during the experiment owing to the excessive currents achieved. This means that
only a single scan may be performed on a sample before it must be removed and re-polished.
This also limits the surface analysis (e.g. SEM) that may be performed on the corroded
surface as the reactions are artificially accelerated during the test.
Cyclic voltammetry, a potentiodynamic polarisation technique widely used to analyse layer
formation [34], is not suitable for Mg alloys in SBFs due to their rapid corrosion and
subsequent changes of the sample surface during scanning. Consequently PDP cannot
typically be used to reveal the individual contributions of any layers that form on the surface
of Mg other than their overall effect on icorr and shift in Ecorr.
It should be noted that the majority of uncoated Mg alloys corrode non-uniformly. The
conversion of icorr to a corrosion rate assumes that general (uniform) corrosion takes place
[35]. Thus, PDP results do not typically yield an absolute corrosion rate for Mg, but rather are
indicative of the severity of the corrosion that is occurring at a specific point in time.
One of the most important considerations when performing PDP experiments is the choice of
the time at which to commence the scan. When a metal is initially exposed to an electrolyte,
it takes a finite amount of time to transform an air-formed oxide film into an electrical double
layer (EDL) (see Chapter 4.3.5. ) [36]. Performing scans before the EDL is allowed to form
results in wide inconsistencies in the current required to alter the potential and will not
accurately reflect the electrode reactions [37]. This is shown in an investigation on pure Mg
with varying OCP settling times of 0-20 min (Figure 5-9). It can be seen that the 0 and 3 min
samples displayed different reaction rates resulting in more negative Ecorr, larger icorr, and
increased “noise” in the recorded anodic points. The curves of the 15 and 20 minute settling
times, on the other hand, are virtually identical, indicating the EDL had fully formed. For the
sake of comparison between alloys or solutions, all PDP scans in this work were performed
after a ~15 min period during which the OCP was found to stabilise.
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Figure 5-9 : Polarisation curves of pure
pure Mg with varying OCP settling times before scan
commencement. (HBSS, Tphy, 7.4)

However, results obtained at this early time point may vary significantly with those taken at
later stages. This is displayed clearly in Figure 5-10, where the measured icorr rapidly
decreases during the first 10 hrs, after which it appears to stabilise. The variation in icorr is
likely due to formation of layers on Mg and variations in surface morphology; it appears that

the icorr after these changes have occurred, icorr appears to be more representative of the longterm corrosion behaviour. Yamamoto et al. indicated that PDP testing performed in the early
stages of immersion (< 1 hr) may not accurately represent the corrosion process present for
the majority of the life of the implant [1].
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Figure 5-10 : Current density measurements
measurements from PDP testing performed over 72 hrs for pure
Mg. (HBSS, Tphy, 7.4)

Unfortunately, it is not known to what extent the surface area may have altered by this point,
making the selection of an ideal starting time difficult at this stage. PDP is an instantaneous
test, and as such represents only a snapshot of the corrosion at the time it is performed. This

is analogous to measuring the temperature at one time point compared with the average
temperature over a day. Thus, although it is clear the icorr at earlier stages is not necessarily
representative of all time points, the results are still indicative of the corrosion mechanisms
that are taking place and provides a useful tool for comparing multiple variables (e.g.
changing temperature or alloys).

The potential range over which a PDP scan is performed is another consideration that is
especially relevant to rapidly corroding Mg in SBF. Normally this range should provide just
enough data to allow a Tafel-type analysis. Polarising a Mg sample further away from its
open circuit potential (OCP) can cause increasingly rapid corrosion to occur while the scan is
running, impacting obtained results. This is shown when comparing the polarisation curves of
pure Mg samples with different scan ranges (-150 mV and -500 mV below OCP) (Figure

5-11). The curve for the -500 mV sample was much more “noisy” than for the -150 mV
sample. This is indicative that the increased polarisation away from OCP resulted in
perturbations of the sample surface before the scan could complete. For the alloys
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investigated in this work, a range of 150 mV below the OCP to 500 mV above was found to
provide ample data for analysis without noticeably affecting the corrosion process.

Figure 5-11 : Polarisation curve (close up) of pure Mg scanned over different potential ranges
(-150 mV and -500 mV below Ecorr). (HBSS, Tphy, 7.4)

Other important aspects of PDP are the parameters used to perform the Tafel-type analysis.
Small changes in the determined Tafel slopes can result in large changes in reported icorr.

These changes can often be by more than an order of magnitude due to the logarithmic nature
of the current density scale. Consequently, the variation in analysis of the same data between
researchers can result in different conclusions (Figure 5-12). It is widely accepted that
analysis should not be performed within 50 mV of Ecorr, as each of the individual reactions in
this region is affected by the other [36]. However, it is difficult to set absolute parameters for
analysis due to variation between different alloys and solutions. For example, some alloys

may corrode so rapidly during the forced oxidation reaction that only the cathodic slope may
be analysed effectively. Hence, the report of Tafel-type analysis in published works needs to
be accompanied by a description of the voltage range over which the analysis
anal ysis was carried out,

and the software and method used to execute the determination
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Figure 5-12 : Example of Tafel-type analysis of a set of data where slopes determined by
different users result in different current densities (A and B).

Other factors that can affect PDP results include the potential scan rate, which is known to
have a significant effect on the amount of current that is produced [38]. This experimental
parameter must be determined by the user
user before starting experiments. Scan rates that are too
slow allow the corrosion to change the surface area while the scan is being performed,
especially for highly reactive materials like Mg. Scan rates that are too rapid do not allow

sufficient time for the system to respond to the changing potential and to get an accurate
reading of current density for each potential step. A number of different scan rates were
studied for pure Mg to highlight the effect this parameter can have on the resulting

polarisation curves (Figure 5-13). It can be seen that for the fast scan rates Ecorr is not as
clearly defined, there are fewer points on which to base Tafel-type analysis, and the current

densities are very high (Figure 5-13B). The slower scan rates, 10 mV/s and 1 mV/s, resulted
in relatively similar curves (Figure 5-13A). However, in this work 10 mV/s was found to be
unsuitable for faster corroding alloys as it resulted in significantly more variation between
different scans of the same sample. The slowest scan rate, 0.1 mV/s, was found to show signs

of “noise”, especially for the anodic curve. This is likely because the potential is being forced
away from the OCP for extended periods, allowing corrosion to occur.

Ultimately, a scan rate of 1 mV/s was chosen for Mg alloys in this study because: (i) it is
widely used to investigate Mg alloys in SBFs and similar solutions in the literature [39-42],
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(ii) it was found in this work to provide consistent, repeatable results for all alloys, and (iii)
using a single, suitable scan rate for all tests allowed for greater comparison of data.

Figure 5-13 : Polarisation curves of pure Mg using a range of scan rates from 0.1-100 mV/s.
(HBSS, Tphy, 7.4)

The effect of solution resistance also needs to be considered. However, this is usually

minimised by the use of a Luggin capillary, which connects the reference electrode directly to
the surface of the sample. This was the case for the corrosion cell used for this work.

5.3.3. Electrochemical impedance spectroscopy – Determination of
corrosion layer behaviour
Electrochemical impedance spectroscopy (EIS) is a fairly recent technique that may be used
to characterise surfaces of a sample using the frequency response of AC polarisation [43, 44].

In recent years, this technique has grown in popularity in the field of Mg corrosion. Since its
development, over 50 publications have used EIS to study the corrosion of Mg alloys for

biomedical applications. EIS can provide instantaneous data on the impedance reaction of a
surface due to polarization [45]. This is intrinsically tied to the corrosion resistance, and it
can be used to determine the likelihood of corrosion occurring [44]. Unlike PDP, EIS is a

non-destructive technique for Mg in SBF. This allows for multiple recordings of the same
sample without having to re-polish the sample surface after each scan.
One of the most beneficial uses of EIS is its ability to detect individual layers on the surface

of the Mg [46]. Used over longer periods it can detect the formation of a corrosion layer, such
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as CaP, on the Mg and determine how much this layer is contributing to the protection of the
underlying Mg surface. This can be seen when pure Mg is investigated in different media, as
the Nyquist plot shows a clear secondary time constant, and hence layer, in HBSS but not in

NaCl (Figure 5-14). This behaviour can be confirmed using Bode diagrams. EIS can also be
used to determine the protection offered by coatings placed
placed on the Mg prior to corrosion, and

to pinpoint when these layers start to break down [44]. This is crucial to the study of Mg in
SBF because the CaP layers that form provide the majority of the protection to the Mg
subsurface, and consequently understanding their behaviour is imperative.

Figure 5-14 : Nyquist plot of pure Mg in NaCl and HBSS after 2 hrs immersion. Second
semi-circle is indicative of layer formation on surface. (Tphy, 7.4)

In addition, if the slopes of the individual reactions from the PDP data are known for a given
setup, it is possible to apply the Stern-Geary equation to obtain an approximate corrosion

current density (icorr) from EIS data (Equation 5-4) [47].
icorr = B/RP [B = (ba x bc)/(2.3(ba+bc))]

Equation 5-4

Where RP is the polarisation resistance, B is the proportionality constant
constant as determined by ba
and bc, the anodic and cathodic Tafel slopes, respectively. However, this method relies on an
accurate determination or assumption of the Tafel slopes, which in turn requires correct
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analysis of polarisation data. For Mg in SBF this
this can be difficult as measurements of the

anodic and cathodic slopes change when significant corrosion occurs.
5.3.3.1.

Limitations and considerations for EIS in analysis of Mg in SBF

Consideration should be given to the fact that EIS only provides partial information regarding
corrosion kinetics. It cannot determine shifts in Ecorr caused by different alloys or solutions.
This makes the study of individual contributions due to microstructural features (e.g.

secondary phases) more difficult.
EIS also does not directly yield a corrosion rate, and is susceptible to degradation that occurs
while the scan is running. This degradation can make low frequency measurements difficult,

as the active reactions continue while the impedance/resistance is recorded (e.g. Figure 5-15).
This low frequency “drift” behaviour is especially apparent for Mg in SBF due to its
relatively rapid rate of dissolution.

Figure 5-15 : Example of a Nyquist plot of pure Mg where active corrosion interferes with
low-frequency behaviour as shown by the large variance to the right. (HBSS, Tphy, 7.4)

The electrochemical reactions at the surface must be analysed in terms of an equivalent
circuit in order to convert frequency response data to corrosion properties (e.g. resistance and

impedance). However, problems can arise as often multiple equivalent circuits may fit the
same data, which can result in significantly different calculated values, particularly for
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resistance (Figure 5-16). Only an equivalent circuit that accurately approximates the actual
reactions and layers present at the surface will yield a meaningful interpretation of the data.

An understanding of the corrosion mechanisms and potential layers that may be forming is
therefore necessary to choose a circuit that accurately represents the surface electrochemistry.
Due to the varying nature of the Mg corrosion layers, which depend heavily on in vitro
variables (e.g. media, buffer), the correct choice of circuit can be difficult.

Component

Value (Ω)

Rs

15.23

RCT

292.6

Rf

139.2

Component

Value (Ω)

Rs

15.34

RCT

434.1

Rf

4.5

Figure 5-16 : Analysis of the same EIS data of pure Mg using two different equivalent
circuits. The resulting resistance components are shown to the right. (HBSS, Tphy, 7.4)

5.4. Conclusions
Mass loss experiments currently provide the best method of determining the actual amount of
corrosion that has occurred for Mg alloys in vitro. They are simple to set up and no other test
can provide the same accuracy for physical loss measurement. However ML tests do not
reveal any of the mechanistic behaviours
behaviours of Mg alloys. In this work two alloys with a similar
total mass loss over 1 week were found to have significantly varied reaction rates (Figure

5-1). It was also found that the sample surface area to solution ratio is crucial to the amount
of mass loss that occurs (Figure 5-2). Experiments should be designed to ensure this ratio is
appropriate for experimental parameters such as the frequency of solution refreshment. ML
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experiments are also liable for greater discrepancy in results due to variation between
samples, and sample preparation protocols should therefore be carefully followed.
Hydrogen evolution experiments are effectively a more advanced ML test where the amount
of corrosion that has occurred may be determined at any specific point in time. However,
many considerations must be taken into account when performing H2evo tests. For example,
other gases may form during tests that can affect the recorded H2 collection (Figure 5-4). The
H2evo technique also may not accurately identify the physical corrosion of many alloys, as
dealloying may lead to undetected mass loss. Experimental conditions such as the
atmospheric pressure, funnel placement (Figure 5-5), and samples preparation (Figure 5-6)
may also influence results. Most importantly, the majority of the bio-Mg literature has not
achieved the theoretical 1:1 ratio of hydrogen evolved to actual mass loss (Table 5-2). This is
perhaps the most crucial finding, and highlights the importance of making mass loss
measurements at the end of H2evo experiments to confirm results.
Potentiodynamic polarisation is a dynamic electrochemical technique that is crucial for
determining and quantifying the mechanistic corrosion of Mg alloys in SBF. It clarifies which
reaction is controlling the overall corrosion rate and provides information on the kinetic and
thermodynamic differences between various alloys and solutions (Figure 5-7, Figure 5-8).
Using a microcell it is also possible to use PDP to determine not only the effect that
individual phases may have on the corrosion mechanisms of the alloys themselves, but also
the individual effects of organic components on the microstructure. However, PDP remains a
single-time point test, destroys the sample surface, and for Mg in SBF cannot accurately be
converted to a corrosion rate. It also does not allow in-depth analysis of the corrosion layers
that form due to the rapid dissolution of Mg in the bio-electrolytes. Factors such as OCP
settling time (Figure 5-9), potential scan range (Figure 5-11) and scan rate (Figure 5-13) can
all influence the results and should be carefully selected by the experimenter.
The primary benefit of electrochemical impedance spectroscopy on Mg alloys in SBF is that
it discloses the behaviour of the corrosion layers that form on the sample (Figure 5-14). EIS
is capable of determining the time-dependent formation and dissolution of any layer at the
Mg surface, and can provide quantitative analysis of the protection a given layer provides.
However, at low frequencies EIS results can be affected by the continuing Mg dissolution,
causing shifts and inaccuracies in the recorded data (Figure 5-15). The choice of equivalent
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electrical circuit can also play a significant role in the results obtained (Figure 5-16).
Consequently, correct use of EIS requires a thorough understanding of the corrosion
processes and of how they might be represented in the gathered data.
All the techniques discussed in this chapter, with the exception of pH monitoring, are
complimentary to each other in the quest to understand Mg biocorrosion. No single
experiment provides all the information required to fully understand the corrosion behaviour
of Mg and its alloys in SBF. Each offers unique benefits unobtainable through the other
testing methods. Clearly, care must be taken when basing conclusions on just one or two
types of test, especially when using only short term data.
Although further work is required to determine the correlation between Mg corrosion in vitro
and in vivo, it is first important that the benefits and limitations of the various in vitro
methods are understood. All relevant experimental parameters must be carefully defined,
controlled, and reported in any published work to make these experiments repeatable.
Unfortunately, in over 100 published studies, less than 10% contain reproducible work. This
is a significant problem, as the number of variables and therefore potential mistakes that can
be made greatly hinders the collective use of this data.
It is important in future work that stricter guidelines and clarity of reporting be adopted by the
bio-Mg community; this will improve the general understanding of the in vitro corrosion
behaviour of Mg and allow rapid progress to be made.
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CHAPTER 6: Influence
of
Experimental
Variables on the In Vitro Performance of
Magnesium Alloys
6.1. Introduction
A survey of the available literature reveals that over 75% of in vitro biodegradation studies of
Mg alloys either failed to mention or to properly control variables that significantly
influenced the results. For example, some investigations used unphysiological temperatures
[1, 2], extremely basic media [3, 4], or have not adjusted or controlled the pH values to
within the body’s natural range [5, 6]. Others did not mention one or more of these values,
making it impossible to determine what was and wasn’t controlled [7, 8]. Essentially this
affects the usefulness of any results and may invalidate the conclusions drawn.
The most important variables identified for a range of experiments based on the findings in
this work are outlined below. Most apply to all corrosion and toxicity experiments that are
carried out on Mg. Some variables, such as temperature, are simple to control and an ideal
value can be provided. However for others, including choice of medium and buffering
system, a greater understanding of the specific effects on degradation mechanisms is required
to make an appropriate selection during experimental design.

6.2. Temperature
6.2.1.

Introduction

It is vital to consider the temperature at which an experiment is performed given that
electrochemical reactions are thermally activated. Given the already rapid corrosion rate of
Mg alloys in mildly aggressive environments it is certainly possible that the difference of 1217°C between room and physiological conditions can significantly affect results obtained
from corrosion tests, and potentially the conclusions that are subsequently drawn. Of 92
papers on bio-Mg where the temperatures have been stated, 36 have performed experiments
at room temperature or between 20 °C and 25 °C. This represents a significant portion of the
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literature, over a third, where physiological temperature has not been fully considered. In
addition, many other studies have either not controlled or monitored temperature, which
presents a significant amount of work that is neither easily compared nor where the potential
impact of physiological temperature has been considered. Further investigation is warranted
into the effect this temperature difference may have on bio-Mg performance.
The aim of this work is to determine the effect the relatively small change between room and
physiological temperature can have on the biocorrosion of Mg alloys. A number of media are
investigated and both immersion and electrochemical methods are utilised to provide a more
complete understanding of both the physical rates of corrosion and the underlying
electrochemical reasons.

6.2.2.

Experimental methods

6.2.2.1. Potentiodynamic polarisation
PDP experiments were carried out in a standard setup and conditions as described in Chapter
4.3.3.

Experiments performed at room temperature (Trm, 20 °C) and physiological

temperature (Tphy, 37 °C) with a variance of ± 0.5 °C and pH was maintained at 7.4 ± 0.05.
A range of Mg alloys were analysed by PDP including Mg-0.4Ca, Mg-10Ca, Mg-1Zn, Mg10Zn, Mg-1Mn, Mg-5Mn, Mg-0.57Zr, Mg-2Zr, Mg-0.4Ca-3Zn, Mg-5Ca-6.2Zn, AZ31,
AZ91, and pure Mg. Apart from the AZ-series, the alloys were prepared using the casting
method described in Chapter 4.1.2. These alloys were chosen because they represented a
wide range of alloying additions both under and above their respective solid solubility in Mg,
resulting in single, dual or multi-phase microstructures. The alloys were tested in HBSS as
well as MEM+FBS.
6.2.2.2. Hydrogen evolution
Hydrogen evolution was measured using the experimental setup as described in Chapter
4.2.2. Temperature was controlled to Trm and Tphy with a variance of ± 1°C. Measurements
of evolved hydrogen were taken every 30-60 min during normal working hours over the
course of 72 hrs. The medium was stirred and pH/temperature was recorded at each
measurement time point, while the pH was corrected to maintain 7.4 ± 0.05.
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6.2.2.3. Microstructural characterisation
Samples were prepared to characterise the surface morphology of pure Mg after 24 hrs of

immersion for both Trm and Tphy. These were optically inspected after the experiment using
an Olympus B061 upright optical microscope. Selected
Selected samples were examined using a SEM.

6.2.3.

Results and discussion

6.2.3.1. Shifts in corrosion potential due to increase in temperature
The change in corrosion potential (∆E
( corr) of the Mg alloys was determined from PDP
measurements in HBSS and MEM+FBS at Trm and Tphy (Figure 6-1). Overall a general trend
towards a more electronegative potential was observed due to an increase in temperature.
This would indicate that reactions were more likely to happen, as the processes would be
more thermodynamically favourable. However, the trend is neither significant nor clear and
with an average standard deviation of nominally ± 2%, many changes are within this range of

uncertainty.

Figure 6-1 : ∆Ecorr due to an increase in temperature from 20°C to 37°C for (A) HBSS and
(B) MEM+FBS. Positive values indicate a more electronegative value. (7.4)

For alloys where the corrosion potential became more negative as the temperature increased,

the process was likely controlled by the anodic reaction,
reaction, meaning there were ample cathodic
sites for hydrogen evolution to occur but the magnesium disassociation was restrained. This
occurred for the majority of the alloys, as shown for Mg-10Ca and Mg-10Zn in HBSS
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(Figure 6-2). Here it can be clearly seen that there is a significant
significant shift in the anodic branch
while the cathodic branch remains relatively constant. This indicates that the increased rate of
oxidation of Mg is allowing for an increase in overall corrosion rate, and the processes are

not cathodically limited.

Figure 6-2 : Polarisation curves for (A) Mg-10Ca and (B) Mg-10Zn at 20 °C and 37 °C.
Anodic shift is indicated by arrows. (HBSS, 7.4)

In a study of two alloys (WE43, AZ31), Zeng et al. found no obvious changes in Ecorr

between 20°C and 37°C in either a NaCl solution or HBSS, with a maximum variation of 5%
[9]. They did not comment on the values except to say that the differences could be down to
small changes in the microstructure or the stress on the surface. This may be partially

responsible for the variation in results shown in this work, as differences are possible even if
preparation steps are tightly controlled.

6.2.3.2. Increase in corrosion current density
Every alloy displayed a significant increase in icorr due to the rise in temperature from Trm to
Tphy (Figure 6-3). For the cast alloys the icorr increased from 64%-359% in HBSS and 14%94% in MEM+FBS. Although AZ31 and AZ91 displayed the lowest corrosion rates at 20°C
in both solutions they displayed the largest increase in icorr due to the higher temperature,

rising 211% and 840% in HBSS and 437% and 376% in MEM+FBS, respectively.
It is possible that the acceleration in corrosion may be due to a number of factors. Firstly,
there will be an increase in reaction kinetics of both the cathodic and anodic processes due to
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the increased energy in the solution. Molecules at higher temperatures have more thermal
energy, which increases not only the collision frequency but also the proportion of reactant
molecules with sufficient energy to exceed the activation energy (and react). For most alloys,
this was shown to be anodically controlled (Figure 6-2).
Secondly, a rise in the diffusion of hydrogen ions due to the rise in temperature could
increase the corrosion rate as the H2 gas would diffuse away from the surface more quickly. It
has been proposed that, in mildly acidic solutions, the entire process of magnesium corrosion
is primarily controlled by the transport rate of hydrogen on the surface (cathodically limited)
and thus the increase in diffusion of hydrogen is the main factor for increasing corrosion [10].
However, this would indicate cathodic control, which did not appear to be the case for the

majority of the alloys. Finally, the additional energy in the system would cause the chloride
ions to have a significantly amplified
amplified reaction rate with the Mg, further reducing its resistance

[11].

Figure 6-3 : ∆icorr due to increase in temperature from 20°C to 37°C for (A) HBSS and (B)
MEM+FBS. (7.4)

One key finding from this work is that both the alloy itself and the solution can have a
significant effect on the perceived change in corrosion at different temperatures. It is not
acceptable to test one alloy and assume others will display a similar behaviour, as shown by

the differences between the Mg-Ca and Mg-Zn alloying systems due to the change from Trm
to Tphy (Figure 6-3). Similar work for a range of metals in an acidic solution found a
significant effect and variation in corrosion rates due to temperature change [12]. However,
the solution itself can cause these
these mechanisms to vary and either amplify or reverse the
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changes in icorr. For example, icorr of pure Mg increased by 200% in HBSS, while icorr
increased by 50% in MEM+FBS (Figure 6-3).
Zeng et al. found increased icorr for WE43 and AZ31 of 363% and 290%, respectively, as the
temperature increased from 20°C to 37°C in 0.9% NaCl [9]. However, the authors found that
icorr in HBSS actually decreased by 20% and 50%, respectively. This result contradicts the
data for all alloys tested in this study. It is possible that the decreased icorr result may be due
to an amplified rate of CaP formation on the surface of the Mg immediately following
immersion in the solution. If the PDP experiment is started right away, or before the OCP is
allowed to settle, then this layer may have formed more quickly at the higher temperature and
thus shown increased corrosion protection at 37°C than 20°C. However, this is unlikely as the
reaction rates of the Cl- ions with the Mg would also have increased. It is important to note
that Zeng et al. performed the study on only two alloys and did not report the number of
repetitions or Tafel-type analysis conditions used to obtain their results [9]. They also
performed the PDP scan from 300 mV below the OCP. This is a range typically wider than
required to obtain sufficient points to perform Tafel-type analysis, and presents a problem as
it causes significantly more cathodic polarisation and may result in a potentially altered
surface, negatively impacting the accuracy of their results.
6.2.3.3. Evolution of H2 over 72 hrs for Mg alloys at Trm and Tphy
Analysis of the H2 evolution rate over time elucidates several important aspects of the
corrosion of the alloys at the two temperatures (Figure 6-4). First, it can clearly be seen for
both Trm and Tphy that the evolution of hydrogen is much higher in the initial several hours
than the rest of the experiment. After 24 hours the rate is approximately half its initial peak
and is between 15-40% of the peak after 72 hours. This is important, as it is clear that
considerably more corrosion occurs in this initial stage. It can also be seen that both
temperatures displayed a levelling of the evolution rate after 1-2 days of immersion.
Although this rate remained nearly constant for the last 20 hours of the experiment, the
absolute values were over 100% greater in Tphy than Trm for all alloys. This reinforces the
electrochemical data indicating the significant effect the temperature can have on the
corrosion rate
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Figure 6-4 : H2 evolution rate for alloys at (A) 20 °C and (B) 37 °C. (HBSS, 7.4)

The volume of hydrogen collected was converted into mass loss using the equation ML =

1.085VH (see Chapter 4.2.2. ), which was then converted into an average mass loss rate based
on the time period (Figure 6-5).
The rise in temperature was found to result in a significant
significant increase on the amount of
hydrogen evolved and consequently the effective mass loss. Pure Mg displayed a 130%
increase in corrosion rate, while Mg-0.8 and Mg-1Zn corroded 99% and 129% faster,
respectively. Although the equivalent increase in corrosion
corrosion rate for pure Mg was lower than
that found using the electrochemical techniques, Mg-1Zn displayed a very similar corrosion
increase to that found using PDP (Figure 6-3).

Figure 6-5 : Mass loss rate of alloys tested at 20°C and 37°C.
37°C. (HBSS, Tphy, 7.4)
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6.2.3.4. Limited variation in surface morphology of pure Mg
Analysis of the surfaces of the pure Mg at different
different time points and temperatures did not
elucidate any clear differences. Electron micrographs of the corrosion morphologies at Trm

and Tphy were very similar at corresponding time points (Figure 6-6). This indicates that the
corrosion mechanisms were comparable at both temperatures, and the increase in icorr may
have been due primarily to an increase in reaction rates, not changes in surface
surface morphology.

Figure 6-6 : Scanning electron micrograph of surface of pure Mg sample after 24 hours at (A)
20°C and (B) 37°C. (HBSS, 7.4)

6.2.4.

Summary

It is clear that the temperature has a significant effect on the corrosion rate for a wide range of

Mg alloys. A rise of just 17 °C resulted in an increased icorr of up to 840% (Figure 6-3A) and
a rise in evolved H2 of up to 130% (Figure 6-4). This highlights the effect that such a
relatively small increase in temperature can have on the degradation of Mg alloys. It was also
found that the magnitude of this influence was heavily dependent on the alloy and the chosen
solution. This makes it difficult to determine the exact relationship between temperature
changes and the resultant corrosion performance for any alloy/solution combination without

testing it.
In general, it was noticed that most recent in vitro bio-Mg studies have used physiological
temperatures, perhaps as the authors have realised its importance. However, several recent
papers have utilised room temperatures [13, 14] or have not stated the temperature that was
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employed [6, 15]. When testing Mg alloys for biomedical purposes, the significance of using
a physiological temperature cannot be understated.
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6.3. Effect of solution pH on Mg biocorrosion
6.3.1.

Introduction

It is well understood that the pH value of a solution has a significant effect on the corrosion
of Mg and its alloys [16, 17]. A higher pH has also been known to cause increased and
thicker formation of CaP compounds in vitro and in vivo [18, 19]. These layers are commonly
found on Mg alloys in more realistic SBFs that contain the necessary Ca2+ and PO43- not
found in NaCl solutions [1, 20, 21]. pH also plays a significant role in the absorption of
proteins [22]. The pH of the body is normally regulated between 7.4-7.6.
The design of the experiment may also play a role in the magnitude of the pH effect. For
instance, if the ratio of surface area to solution is too large this can influence the local pH (at
the metal surface) resulting in unrealistic corrosion conditions. This was found for AZ63 in
Tyrode’s medium where the pH rose to more than 10 within the first 24 hrs of measurement,
failing to replicate the in vivo environment of an implant under normal conditions [23]. An
artificially elevated pH leads to significantly decreased corrosion rates due to the formation
of a more stable Mg(OH)2 layer. Some studies have attempted to use the change in pH to
determine how much corrosion has occurred [5, 23-25]. This method, discussed in more
detail in Chapter 5.3.1. , is extremely limited in its utility and also allows the existence of
non-physiological conditions.
Unfortunately, the majority of the Mg biocorrosion literature does not appear to consider the
fact that the pH of the body is efficiently controlled when setting up experiments. Only 30
studies in the bio-Mg literature both adjusted the pH to the physiological range and
maintained it in longer term experiments, either through buffering, changing of medium or
the use of a large volume. A further 19 studies adjusted the pH, but did not maintain it.
However, 58 studies did not adjust pH to physiological levels at all or maintain the chosen
level. This severely limits the use of the data they have reported.
It is clear that an investigation is needed to examine the effect that pH can have on the
degradation rates and mechanisms of Mg. A recent study by Ng et al. attempted this by
investigating pure Mg in HBSS with pH values between 5.5 and 8 [26]. However the study
performed only basic electrochemical analysis and, although it provided some information
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towards the understanding of the role of pH in corrosion of Mg, it left significant gaps in
knowledge that still need to be filled. The aim of this study was to further the understanding
of how pH can affect not only the corrosion rate of Mg but also the morphology of corrosion
layers that form on its surface.

6.3.2.

Experimental Methods

6.3.2.1. pH measurement of multiple solutions
The measurement of the initial pH of the solution was performed with a SevenEasy® S20
pH/Temperature meter (Mettler-Toledo Inc.), which was calibrated before each reading. This
meter was also used to determine the precise amount of 1 M NaOH/HCl buffer required to
maintain the pH at with an accuracy of ± 0.02.
6.3.2.2. Electrochemical impedance spectroscopy
Scans were carried out at 30 min intervals during 24 hrs. EIS was also performed in HBSS of
varying pH levels of 7.0, 7.2, 7.4, 7.6, and 7.8 to ±0.02. Experiments were carried out using
the standard setup (see Chapter 4.3.5. ). As the temperature, pH, area of the electrodes and
distance between them were controlled in the tests, the solution resistance did not change for
each sample set. This was approximately 15 ± 5 Ω for all pH values.
6.3.2.3. Potentiodynamic polarisation
PDP experiments were carried out at Tphy in the standard corrosion cell setup as described in
Chapter 4.3.3. . pH was controlled in HBSS to the desired value of 7, 7.2, 7.4, 7.6 or 7.8
throughout the test to within ± 0.02.
6.3.2.4. Microstructural characterisation
Samples were inspected after each experiment using an Olympus B061 upright optical
microscope. EIS samples were carbon coated and examined with a SEM following testing in
the different solutions. Images were recorded across a range of magnifications, and EDS was
performed to determine a quantitative chemical composition of the corrosion products.
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6.3.3.

Results and discussion

6.3.3.1. Corrosion media - pH values before adjustment
All of the pH values for the various solutions that were prepared over the course of this work
are collated in Table 6-1. Due to differences in composition, the initial pH of the solutions
varied considerably following their preparation. For the solutions investigated, this ranged
from 5.11 to 6.54, depending on the temperature. The importance of this variation is
highlighted by the fact that a wide range of studies either did not adjust or mention the pH
value of the chosen medium, such as for NaCl solutions [27, 28], HBSS [29-31], MEM [32,
33], and MEM+BSA/FBS [32]. Others did not even mention the composition of the chosen
medium [34].
Depending on the chosen solution the pH can be from 0.9 to 1.6 lower than that of normal
physiological levels (nominally 7.4). This effectively means that all studies in which the
solutions have not been adjusted have likely reported higher than normal corrosion, at least in
the initial stages. The pH difference could also alter or completely stop the formation of
Mg(OH)2 or CaP corrosion layers.
It can also be seen in Table 6-1 that there is typically a drop in the measured pH between
20°C and 37°C. This is expected due to the nature of pH dependence on temperature through
the Nernst equation. This highlights the importance of adjusting the pH to the desired value
when the solution has reached the temperature at which the experiment will take place.
Between Trm and Tphy the pH values may vary up to 0.1. If not re-adjusted at the test
temperature this may impact the results, as discussed in Chapter 6.3.3.2. For example, a quick
trial found that adjusting the pH of HBSS to 7.40 at Trm would result in a pH value of
approximately 7.31 at Tphy.
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Table 6-1 : Solution pH values of various media as prepared at different temperatures.
Solution

pH at 20 °C
(±0.02)

pH at 37 °C
(±0.02)

Distilled Water

6.49

6.5

8 g/L NaCl

5.87

5.85

NaCl + HEPES

5.28

5.17

HBSS

6.54

6.45

HBSS + HEPES

5.63

5.45

HBSS + SB

7.8

7.72

EBSS

5.08

4.94

EBSS + HEPES

5.14

5.11

EBSS + SB

7.54

7.45

PBS

7.41

7.37

PBS + HEPES

6.63

6.56

PBS + SB

7.63

7.58

MEM

4.97

4.90

MEM + HEPES

5.27

5.20

MEM + SB

7.53

7.43

MEM + BSA + HEPES

6.01

5.88

MEM + BSA + SB

8.05

7.95

6.3.3.2. Corrosion resistance of Mg at near-physiological pH
Several features can be seen upon analysis of the total resistance (Rtot) of pure Mg in HBSS
adjusted to different pH values (Figure 6-7). Firstly, all solutions displayed an initial peak in
the rise of resistance after 3-4 hrs. In general, a steady, more gradual rise was observed after
this, with Rtot continuing to grow slowly at a rate of approximately 25 Ω/cm2/hr. For pH
levels of 7.2, 7.4 and 7.6, Rtot eventually reached between 900-1100 Ω/cm2 after 24 hrs. A
higher pH value resulted in a slightly greater Rtot, indicating the pH was still having a positive
correlation with resistance, albeit a minor one. The average rate of increase in Rtot at a pH of
7.0 was observed to be approximately 17 Ω/cm2/hr after the initial period. After 24 hours the
total resistance was 745 Ω/cm2, which was lower than pH 7.2, 7.4 and 7.6 by 24%, 43% and
57%, respectively.
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The sample in the solution with a pH of 7.8 displayed the most dramatic difference. With
significantly greater initial resistance, the Rtot continued to increase after the first 3 hrs at a
rate of 40 Ω/cm2/hr, roughly double that of the 3 middle pH solutions (Figure
(Figure 6-7). With a
final Rtot of 1700 Ω/cm2, it was also approximately 70% higher than the middle pH solutions
and this gap would likely increase based on the steeper slope.

Figure 6-7 : Rtot of pure Mg with pH values between 7 and 7.8 over 24 hrs. (HBSS, Tphy)

It is necessary to elucidate the contributions of the individual resistance components of the
Mg surface and any films that might form to better understand the behaviour of the total
resistance values at the different pH values (Figure 6-8). The resistance to charge transfer

(RCT) represents primarily the resistance across the EDL or of that between any coating and
the Mg base layer. This was found to stabilize somewhat after 14 hrs of immersion (Figure

6-8A). After this, the values continued to rise slowly, at a rate of approximately 10 Ω/cm2/hr.
All RCT values were within 200 Ω/cm2 of each other, indicating that pH has a relatively weak
influence on this parameter.
However, the same is not found for the film resistance (Rf), representing any significant layer
that forms between the Mg and the solution. The three middle pH solutions quickly stabilized

to a fairly linear Rf between 500-600 Ω/cm2 (Figure 6-8B). This indicated that although a
layer was forming on the surface, it was likely not becoming significantly thicker, denser, or
providing greater coverage of the bare Mg. A pH of 7.0 resulted
resulted in lower Rf of ~400 Ω/cm2.
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For the sample at a pH of 7.8, the Rf was consistently higher than the other solutions and was
found to grow steadily after 5 hrs at a rate of ~30 Ω/cm2/hour. Comparisons with the

corresponding RCT suggest that a more protective coating is the main contributor to the steady
increase in total resistance at a pH of 7.8.

Song et al. suggested that a higher concentration of OH- groups near the surface at higher pH
values will decrease the competition from Cl- ions for adsorbing onto the surface by electrical

repulsion of the Cl- from the solution/surface interface [17]. Consequently, the effect of Clon corrosion rate is reduced in an OH- rich solution. Although the experiments performed to

test this theory were at higher pH values and in different solutions than those used in the
results reported here, it is possible that the same reactions are occurring.

Figure 6-8 : (A) RCT and (B) Rf obtained for different pH solutions (7.0-7.8) over 24 hrs.
(HBSS, Tphy)

6.3.3.3. Polarisation behaviour due to pH variance
The corrosion potential (Ecorr) initially became more electronegative from 7.0 to 7.2, and then
rose to become more positive as the pH increased. However, this trend was minimal and all
values were within 40 mV of each other. Analysis of the different pH solutions on the Evans
diagram indicated that a shift was occurring as the pH rose (Figure 6-9). The changing pH
appeared to most affect the anodic reactions, causing an overall shift which resulted in
reduced kinetics as the pH rose. This was most evident for the 7.8 solution, in which a
significant shift in the anodic slope results can be seen.
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The cathodic branch also appeared to display a small positive shift for the pH 7.0 solution.
This may be due to an increase in the rate of water reduction that occurs with decreasing pH

[35]. Consequently, the faster that water can be reduced, allowing H2 to evolve at the Mg
surface, the faster the cathodic reaction will take place.

Figure 6-9 : Polarisation curves for pure Mg buffered to different pH values (7.0-7.8).
(HBSS, Tphy)

Corrosion current density (icorr) results displayed a consistent trend with approximately 75%
more corrosion occurring at a pH of 7.0 than in the 7.2 to 7.6 range (Figure 6-10). Between

7.2 and 7.6 the icorr decreased by 6%, which was within one standard deviation. The average
icorr was 49 µA/cm2 at a pH of 7.8 – 40% less than that observed at a pH of 7.6.
Overall, the PDP results followed a similar trend to the EIS, with the 7.2-7.6 pH range
displaying similar corrosion properties. Samples analysed in solutions with a pH of 7.0

corroded faster and formed a weaker Rf to attack, while a pH of 7.8 resulted in significantly
decreased icorr and a more resistive film.
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Figure 6-10 : icorr of pure Mg as a function of pH. (HBSS, Tphy)

6.3.3.4. Effect of pH on surface microstructure
SEM and EDS analysis of the different samples displayed several factors common to all

(Figure 6-11 & Figure 6-12). The base layer was found to be composed primarily of Mg and
oxygen (O). Resembling dry, cracked earth or clay, this was indicative of the Mg(OH)2 layer
that forms on Mg when placed in aqueous
aqueous solutions. On top of this all samples also displayed
some form of secondary layer comprised primarily of Mg with an increasing amount of Ca,
phosphorus (P) and O as the pH increased. This is suggestive of the formation of calcium

phosphates (CaP), which are known to preferentially nucleate on Mg(OH)2 [36]. However the
makeup of the layers in the lower four pH solutions were a mix of CaP and Mg, likely
stemming from a thinner CaP layer and/or combination of CaP and Mg(OH)2. Large “flakes”

comprised entirely of Ca, P and O were found on all surfaces except the pH 7.8 samples. The
flakes were crystalline in appearance, ranged from 40-100 µ m and had poor coverage of the
surface below. The surfaces of the pH 7.8 samples were found to be entirely covered in a dryearth like CaP coating, with Mg only detected in the cracks between the coating.
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Figure 6-11 : Scanning electron micrographs of the surface of pure Mg samples after 24 hrs
immersion at pH (A) 7.0, (B) 7.2, (C) 7.4, (D) 7.6, and (E) 7.8. (HBSS, Tphy)
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Figure 6-12 : Scanning electron micrographs and EDS analysis of typical surfaces on pure
Mg at pH 7.0-7.6 showing: (A) Mg(OH)2 underlayer, (B) Mg(OH)2 / CaP mix layer, and (C)
CaP flake. (HBSS, Tphy)

The difference in surface film between the pH 7.8 solution and the others may be attributed to
providing the majority of the added resistance to corrosion for the samples. pH 7.0-7.6

displays a mix of Mg(OH)2 and CaP on the surface, while 7.8 had a thick CaP-only coating.
What is evident is the importance of controlling the pH value of any test solution to within a
very small range of the desired value. As the normal body pH varies between 7.4 -7.6, it is
important that experiments be conducted within this range as even a small deviation, as
shown by the 7.8 experiments, can have a huge impact on the corrosion layers that form and
subsequent corrosion process.
To more fully investigate this effect a chemical
chemical equilibrium software package, Medusa
(Ignasi Puigdomenech, Royal Institute of Technology, Sweden), was used to determine the
idealised formation conditions for CaP across a wide range of pH values. The program
allowed the temperature to be adjusted to Tphy and the concentrations of Ca2+ and PO43- were
changed to be the same as those found in HBSS. A diagram of the fraction of CaP formation

against pH was then created (Figure 6-13).
The CaP formed according to the fraction equilibrium diagram should be primarily one of
two forms; calcium-deficient apatite (CDA, Ca2+/PO43- ratio 1.33-1.66) or hydroxyapatite

147

(HA, Ca2+/PO43- ratio 1.67) [19]. Both of these forms have Ca2+/PO43- ratio close to that of
the amount dissolved in HBSS (1.625).

It is clear that the pH range near physiological levels is crucial in the formation of CDA/HA,
where a small change in pH can result in a large shift in the amount of CaP that is able to

form (Figure 6-13). However, the equilibrium equations assume perfect mixing and an
infinite time, which likely explains
explains why the differences in corrosion values (and assumed
formation of CaP layers on the surface) do not match numerically with the fraction of CaP
that would ideally be formed at each pH. In addition, other CaP compounds may also have

formed in the pH experiments, as the solution would not have provided an entirely ideal
environment. Rettig and Virtanen found Mg could substitute for Ca in certain situations, and
corrosion layers on WE43 in a similar solution to HBSS to be composed of a carbonated

calcium phosphate layer [37].
Overall, it is evident that the pH region around physiological levels is critical to the formation
of CaP compounds, especially at the Ca2+ and PO43- levels in the body (and most SBFs). This

further highlights the importance of proper pH control during any biological test, not just
with Mg but with all biomaterials.

Figure 6-13 : Calcium phosphate formation according to ideal chemical equilibrium reactions
over a pH range of 4-10 in a HBSS-equivalent solution.
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6.3.4.

Summary

The pH value of a solution used to test the performance of any material may play a
considerable role in the end result. It is especially critical for Mg alloys as the effect it can
have on corrosion performance cannot be underestimated. The difference in corrosion rates
and resistance between a solution of 7.2 and 7.8 in this work was found to be over 300% from
PDP results (Figure 6-10) and 220% from EIS (Figure 6-7). The electrochemical reason for
this difference was found to be due to a decrease in the rate of anodic reactions at higher pH
values (Figure 6-9). Analysis of the surface showed significantly different morphologies
(Figure 6-11), especially at 7.8, with a denser, consistent coating of CaP (Figure 6-12). The
physiological pH has also been shown to be in a critical range for the formation of CaP
according to the idealised thermodynamic reactions (Figure 6-13).
Some suggest that pH can vary due to surgery and during the healing process [26]. However,
significant change is usually only very temporary [38]. Thus, although an implant material
may experience short periods of contact with different pH values, the vast majority of the
time the pH will be closely controlled by the body to within the physiological range.
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6.4. Buffering systems
6.4.1.

Introduction

A buffer’s primary role is to maintain the pH value within a specified range. The human body
uses a buffering system that relies on bicarbonate ions, carbon dioxide and carbonic acid.
These components each work together to neutralize hydroxide and hydrogen ions that act to
alter the pH [39]. This control is vital to the normal function of proteins and cells, and the
body is normally effective at maintaining a suitable range [40].
In the Mg biocorrosion literature over 75% of studies have either not used or not reported the
use of a buffer. This presents an issue, especially in the case of the longer-term studies.
Although a buffer may not be necessary for short-term electrochemical tests, it can play a
significant role in multi-day or week experiments. Even if the test medium is changed at
regular intervals, it is still possible (and relatively common) for the pH to rise significantly inbetween these changes, creating unphysiological conditions. Of the works that have used a
buffer, the most common by far was HEPES (14) followed by TRIS (5), borate buffer (2) and
a citric acid buffer (1). Only a limited number of Mg corrosion studies were carried out using
sodium bicarbonate [32, 41, 42].
Presently, it is not clear from the literature how a buffer may influence the corrosion
behaviour of Mg alloys. To date no published work has looked specifically at this in detail,
and many new studies continue to disregard this potentially important component [33, 43].
The aim of this study was to elucidate the differences between the most common (HEPES)
and more realistic (SB/CO2) buffering systems, determining their importance and role in the
corrosion of Mg.

6.4.2.

Experimental methods

6.4.2.1. Immersion tests
Mass loss tests were carried out over one week for pure Mg samples. The samples were
placed into vented containers containing 20 mL of solution per cm2 of surface area. This
volume was chosen as it represented a ratio similar to the approximate amount of blood
plasma the body contains (2.75 L) relative to the approximate surface area of typical bone
150

fixation devices (140 cm2) [44]. 45% of the solution was replaced each day, based on daily
urinary excretion (1.5 L) versus the total volume of human blood plasma [42]. These
approximations do not exactly replicate the actual environment a specific implant would
experience in the body although the aforementioned assumptions help to justify the selected
solution to surface area ratio.
In the initial experiment, HBSS, EBSS, MEM and MEM with 40 g/L of BSA (MEM+BSA)
were investigated. For each solution HEPES was used for tests performed in a water bath and
SB/CO2 was used for tests in an incubator. In both situations temperature was controlled at
Tphy ± 1°C and pH was monitored and controlled to 7.4 ± 0.05. In addition, a hybrid solution
of both HEPES and SB was also investigated, based on a commonly available dual-buffer
system known as the “Dutch Modification” [45]. Samples were immersed for 1 week, after
which they were removed and cleaned with chromic acid.
An experiment was also carried out to determine the effect that HEPES itself might have on
the corrosion rate of Mg. Hydrogen evolution was used to measure the corrosion rate of pure
Mg samples in distilled water and HBSS both with and without HEPES.
6.4.2.2. Microstructural characterisation
Samples of pure Mg were prepared and immersed by the above methods for 3 hrs for
microscopy analysis. After removal from solution the samples were dried and sputter coated
with carbon. Samples were analysed using a SEM and EDS to determine the elemental
composition of the surface layer.
Samples from different buffered solutions were also analysed by FTIR. Standard scan
conditions were used, as discussed in Chapter 4.5.4.

6.4.3.

Results and discussion

6.4.3.1. Effect of buffering system on mass loss of pure Mg
Mass loss data displayed a significant increase in corrosion in all solutions when the
buffering system was changed from SB/CO2 to HEPES (Figure 6-14). The amount of mass
loss that occurred was 100-350% greater in the HEPES-buffered solutions. This was further
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increased when both buffers were used in combination, with a 300300-620% increase in
corrosion over the SB/CO2 buffered solutions.
It is clear that the choice of buffer has a significant role in the corrosion of pure Mg in the

investigated SBFs. All media buffered with SB/CO2 displayed very similar mass loss of 1.55
± 0.16%, excluding the protein-containing solution. For the HEPES-buffered media this
range was slightly larger at 6.86 ± 1.04%. Overall there was an average increase in mass loss

of 350% for samples in HEPES when compared with SB/CO2.

Figure 6-14 : Mass loss of pure Mg samples after 1 week immersion in solutions with
different buffers. (Tphy, 7.4)

6.4.3.2. Variance in corrosion layer formation due to buffering system
SEM images of the Mg samples after 3 hrs immersion indicated that comparable layers were
forming in both buffers (Figure 6-15). All samples displayed the characteristic cracked-earthlike formation that is commonly found in the literature for Mg corrosion layers [1, 46, 47].
For the samples buffered in HEPES, this surface was almost entirely composed of Mg and O,

indicative of the Mg(OH)2 that forms
forms on pure Mg. However, the surfaces of samples buffered
with SB/CO2 displayed a denser layer containing ~10 at. % Ca and P. A sub-layer composed
almost entirely of Mg and O was visible in the larger cracks of this layer. This indicates that
at relatively early stages of immersion a CaP layer is rapidly formed in SB/CO2 buffered
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media. A CaP layer may provide significant protection from corrosion in this early period
[48].

Figure 6-15 : Scanning electron micrographs of pure Mg corroded for 3 hrs with HEPES
(A,C) and SB/CO2 (B,D). Images in the top row are at 1000 × magnification; second row at
5000 ×. (HBSS, Tphy, 7.4)

Calcium/magnesium carbonate formation
A potential reason for the decreased corrosion in SB/CO2 buffered solutions is the formation
of a calcium carbonate (CaCO3) or magnesium carbonate (MgCO3) layer on the surface.

Calcium salts, such as CaCO3 and CaP, are known to be cathodic inhibitors of corrosion for
metals [49]. MgCO3 has also been
been shown to provide protection to pure Mg in a bicarbonatebuffered SBF [42]. Consequently it appears that carbonates may play a role in the difference
in corrosion that is observed between the HEPES and SB/CO2 buffering systems.

FTIR graphs of the corrosion product of samples immersed in HBSS with HEPES and
SB/CO2 buffering systems provided further evidence of CaCO3 or MgCO3 forming on the
surface (Figure 6-16). Carbonate typically displays absorbance peaks at 875-878 [50, 51] and
1415 [52], 1420, and 1460 cm-1 [53]. In this work samples immersed in the SB/CO2 buffer
system displayed peaks at 875, 1416 and 1460, which confirms the presence of CO32-. The
same peaks were not visible in the corrosion product from samples buffered in HEPES. This
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strengthens the argument that carbonate may be providing some of the corrosion protection in
the SB/CO2 buffer system.
In the literature, carbonate compounds have been shown to form on Mg surfaces. Xin et al.
found rapid precipitation of MgCO3 on the surface of AZ91 in a SBF similar to HBSS [54].
Yamamoto et al. discovered that MgCO3 was even more likely to form than Mg(OH)2 in a
SB/CO2 buffered NaCl solution in the pH range of 7-8 [42]. In a comprehensive study of the
corrosion behaviour of WE43, Rettig and Virtanen observed the corrosion layer formed in mSBF

to

be

primarily

an

amorphous

carbonated

calcium-magnesium-apatite

((Mg,Ca)x(PO4)y(CO3)z(OH)i) [37].
Lin et al. studied the corrosion behaviour of AZ91 in a salt-spray test in a 1% CO2
atmosphere [55]. 300% less corrosion product formed in a CO2 environment after 30 days.
The corrosion layer on AZ91 was also more homogenous in the presence of CO2. Similar
results were also found by Lindstrom et al. for AM20, AM60, and AZ91, where a layer of
hydrated magnesium hydroxyl carbonate (Mg5(CO3)4(OH)2•5H2O) formed [56]. Both studies
concluded that the NaCl-induced corrosion was being inhibited by a slightly soluble layer
containing hydroxyl carbonates and hydroxyl chlorides in the presence of CO2.
It has also been found that proteins can inhibit the formation of CaCO3 in vitro [57]. This
may explain why the HEPES-buffered MEM+BSA and MEM displayed very similar results,
but MEM+BSA buffered with SB/CO2 displayed 2 x the mass loss as SB/CO2 buffered
MEM.
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Figure 6-16 : FTIR absorbance graph of pure Mg samples immersed with different buffers.
Typical carbonate peaks are indicated. (HBSS, Tphy, 7.4)

CaP precipitation dependency on solution composition

A further study with similar amounts of Ca and P to the SBFs as used in the present work
reports that CaP precipitation varies as a function of bicarbonate level [58]. CaP precipitation
was observed to be enhanced by increasing the bicarbonate level in solution, suggesting that
more CaP can form on the surface of the Mg in an SB/CO2 system, offering further protection

from corrosion.
6.4.3.3. Effect of Mg-buffer interactions on the corrosion rate of Mg
Hydrogen evolution data on pure Mg in distilled water and HBSS, both with and without
HEPES, displayed just how strongly the buffer can affect the corrosion (Figure 6-17). It is
immediately obvious that the buffer is affecting the corrosion rate of Mg, rapidly increasing it

from the very beginning. In HBSS,
HBSS, this increase was more than 900% due to the addition of
HEPES, and in distilled water it was 1250%. It is important to note that HEPES could be

reducing the CaP formation in HBSS thereby increasing the corrosion rate. However, CaP
layers will not form in distilled water. It appears that the increase in corrosion in distilled
water is related to the presence of HEPES that is presumed to react with some component of
the Mg substrate.
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Figure 6-17 : H2 evolved over 48 hrs from pure Mg in distilled water and HBSS with and
without the addition of HEPES. (Tphy, 7.4)

It is possible that the chemical structure of HEPES itself is leading to increased corrosion

when compared with SB/CO2 or no buffer at all. A recent study by Xin et al. investigated the
effect of a TRIS buffer on the corrosion of pure Mg [59]. They found that the Tris-HCL
compound that formed during the buffering process lowered the corrosion potential slightly

but increased the corrosion rate. It was suggested that Tris-HCL consumes the OH- generated
by the corrosion process, accelerating the oxidation of Mg to Mg2+. They also found

increased pitting corrosion in the early stages in the presence of the buffer [59].
Rettig and Virtanen suggested that the buffer acts to neutralize the OH- as it is released by the
Mg, maintaining pH neutrality in the vicinity of the surface [60]. Hence, it is hypothesised
that a high local pH level that would act to passivate the surface will not develop. Xin et al.
suggested that a rapid reaction between the buffer and OH- dramatically promotes
transformation of Mg to Mg2+ [61]. The evolution of the pH level at the Mg substrate is likely
to play a significant role in its corrosion rate.
It is hypothesised that part of the HEPES structure is able to react with the OH- group in the

Mg(OH)2 layer decreasing the effectiveness of the Mg(OH)2 layer in hindering corrosion and
presenting the bare Mg substrate to the solution. Further work is required to determine the
exact nature of these interactions.
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6.4.3.4. Effect of HCl/NaOH additions to balance pH levels
It is important to consider the additional components that are being added when adjusting
buffered solutions to an appropriate pH. When HEPES is added to an SBF it typically reduces
the pH level (see Table 6-1). Although it is common to use 1 M NaOH to raise the pH to a
physiological level, the amount that is added has never been reported for any study in the bioMg literature. The volume of 1 M NaOH required to buffer a range of solutions to 7.4 can
vary between different solutions (Table 6-2). For most solutions this effectively adds around
10-14% more Na. However, this is not necessarily an issue as Na is a spectator ion, is not
typically associated with any corrosion mechanism for Mg alloys, and has not been found to
have a significant effect on the corrosion of Mg alloys [62, 63]. The Na levels of all solutions
were within ± 12% of those in human plasma, and as such are not significant.
When the pH of a solution rises, 1 M HCl is commonly added to lower it [64, 65]. This is a
concern as Cl- ions are released into the solution, which are known to cause an increase in
corrosion [66]. During longer-term experiments the amount of 1 M HCl that was added to
maintain pH levels was recorded in this work. It was found that for a typical solution amount
of 400 ml and sample with 5 cm2 of surface area, between 0.3-0.5 mL of 1M HCl was added
to the solutions each day. This is equivalent to the addition of 0.5-1% Cl- per day to the
original composition of the NaCl, HBSS, EBSS and MEM solutions. Although not an issue
for short-term experiments, the sole use of this method for pH balance could result in a
significant increase in Cl- anions in multi-week tests.

Table 6-2 : Amount of 1 M NaOH required to buffer different solutions to 7.4 at 37 °C.
Solution

1 M NaOH
Required
(ml / L)

NaCl + HEPES

13.5 ± 0.25

HBSS + HEPES

14.25 ± 0.25

EBSS + HEPES

12.5 ± 0.5

PBS + HEPES

12.5 ± 0.5

MEM + HEPES

14.5 ± 0.25

MEM + BSA + HEPES

18.5 ± 0.5
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6.4.4.

Discussion

A buffering system may be considered a necessary part of any in vitro experiment to
minimise variations in pH. The OH- release due to Mg corrosion is rapid, and can quickly
change the pH of a solution to un-physiological values [59]. Even experiments utilising a
large solution volume to surface area ratio with no buffer have shown a rapid rise in pH
levels [67]. A frequent replacement/refreshment of media or extremely large solution volume
to surface area ratio would be required for an unbuffered media to maintain pH balance
during Mg immersion experiments. In many cases this may not be feasible, necessitating the
use of a buffering system.
If not carefully controlled the refreshment of medium could itself introduce issues such as the
creation of dynamic conditions as the medium is mixed and changed. However, the sole use
of HCl additions for long-term experiments (> 3 week) presents the concern of increased Clconcentration (see Chapter 6.5.4.1). A careful balance of both solutions may provide the most
ideal situation, where medium refreshments are not frequent enough to create a dynamic
environment and HCl is added in small quantities.
A SB/CO2 buffering system possesses several benefits over chemical buffers. It has been
shown to have slower rates of corrosion (Figure 6-14). This can be attributed to a CaCO3 /
MgCO3 which forms on Mg in SBF (Figure 6-15, Figure 6-16). Carbonates are known to
commonly form on implants in vivo [51, 57], suggesting that the SB/CO2 buffer provides
results more comparable to a physiological surface layer on Mg alloys. However, there are
also some disadvantages to using SB/CO2. The prerequisite of a high CO2 atmosphere means
specialised equipment is required to provide the necessary environment. All media must be
handled and kept in this environment, as the pH and temperature will quickly change if they
are removed. In addition, electrochemical experiments can be difficult to perform in a
standard CO2 incubator due to: (i) electrical noise that interferes with corrosion current
signals [68], (ii) difficulty in physically setting up hydrogen evolution experiments due to
space constraints, and (iii) complications with frequent monitoring that necessitates opening
of the unit, causing fluctuations in CO2 levels.
However, the effects of chemical buffers must also be taken into account. The lack of
bicarbonate buffer leads to little formation of Mg and Ca carbonates (Figure 6-16),
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compounds known to provide protection to the bare Mg. It also appears that faster corrosion
occurs when HEPES is present in the solution, further increasing corrosion via processes that
are unlikely to occur in the body (Figure 6-17). HEPES and TRIS have also been shown to
affect cell growth [69] and inhibit enzymes [70], and thus care must be taken when studying
Mg in media containing these organic additions. However, experiments with HEPES and
many other chemical buffers may be performed in air, permitting a relatively straightforward
experimental set up for all types of corrosion tests.
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6.5. Choice of simulated body fluid
6.5.1.

Introduction

Although many different solutions have been used to investigate Mg biocorrosion, only a few
studies have compared the effects of multiple media. A review of the most pertinent studies
in the literature revealed that a piece-wise understanding of how different media affect Mg
corrosion is evident, although the papers are restricted to a small number of Mg alloys (Table
6-3). Moreover, the available literature suffers from a number of issues that limits its utility.
For example, Gu et al. based their observations of corrosion rate on a single PDP scan and
examined the corroded surfaces only after PDP, a technique that forces accelerated corrosion
and consequently dramatically alters the surface [71]. Liu et al. had little discussion of the
effects BSA had on surface protection, other than claiming the protein provided a “blocking
effect” [72]. Xin et al. did not control the pH during testing, which would have created an
unphysiological environment and resulted in much less corrosion occurring [61]. Yamamoto
and Hiromoto recorded the concentration of Mg2+ ions in solution as a measure of corrosion
rate [42]. However, selective ionic measurement can be prone to errors such as interference
from other ions in the solution and potential drift [73]. It also does not take into account the
Mg that has been changed into Mg(OH)2 or MgCO3 on the surface. A number of other studies
have also compared one or two media, but most have suffered from similar issues to those
mentioned above [23, 74, 75].
The aim of the present work was to provide a comprehensive investigation of Mg
biodegradation in a range of media using different corrosion testing techniques to elucidate
the effect each solution may have on the corrosion mechanism and rates of Mg alloys.
However, it was first necessary to examine the potential media in light of what is perhaps the
most

important

component

affecting
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Mg

corrosion,

Cl-.

Table 6-3 : Summary of studies of the biodegradation of Mg and its alloys as a function of the corrosive media.
Author
Gu
[71]

Rettig

Alloys
Mg1Ca,
AZ31,
AZ91

Solutions
HBSS,
DMEM ±10% FBS

Time
7 days

Tests
PDP
EIS
OCP

Main Findings
• DMEM caused less corrosion than HBSS.
• Mg-1Ca corroded faster in FBS, AZ91 was slower, AZ31 was initially faster and
then slower after 3 d. Effect of proteins on AZ was attributed to better attachment to
Al2O3 layer [72].
• After the initial few hours the corrosion rate levelled out and did not vary
significantly
• Analysis of surfaces after 7 d presented surface film with significant cracking/pits
• Severe corrosion attack was seen for all alloys in HBSS.

WE43

NaCl (± CaCl2 /
K2HPO4)
m-SBF (±40 g/L
BSA)

5 days

PDP
EIS
OCP

• Except for NaCl, all electrolytes displayed linear polarisation resistance to increase
over time.
• Radically different corrosion behaviour in first hours for samples in m-SBF with and
without BSA. Potentially due to adsorption onto surface.
• Buffering lead to more homogenous, less complex conditions at surface and fewer
fluctuations.
• Buffering prevents surface alkalization, no partial passivation of Mg takes place in
buffered solutions.
• Corrosion occurred faster in m-SBF than NaCl.

AZ91

SBF ±0.01/1 g/L
BSA

7 days

ML
PDP
EIS
OCP

• Proteins made OCP more positive.
• Protein amount had little effect on corrosion over 7 d, but significant effect on short
term PDP.
• “Blocking effect” of anodic reaction described as reason for protein protection.

AZ91

0.9% NaCl
PBS
c-SBF
HBSS
DMEM

4 days

OCP
H2Evo
PDP

• Initially DMEM and c-SBF degrade slower, then increase to 10x those of HBSS,
NaCl, and PBS.
• In NaCl and c-SBF sample was more prone to pitting.
• 0.9% NaCl is not a suitable solution due to lack of components.
• DMEM is most suitable medium for future tests.

Pure Mg

NaCl
EBSS
MEM (±10% FBS)

14
days

Mg2+
Ion

• Maximum corrosion occurred during first day, decreased until day 5-8, then
remained constant.
• For corrosion rate, NaCl > MEM > EBSS > MEM+FBS.
• CaP layer protected balanced salt solutions, proteins helped form insoluble salt layer.

[60]

Liu
[72]

Xin
[61]

Yamamoto
[42]
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6.5.2.

High Cl- content of current SBF

One component that has been virtually overlooked by the entire Mg biocorrosion community
is the Cl- content of the SBFs that are used. HBSS, EBSS, and MEM all contain significantly
more Cl- than human plasma (Table 6-4) due to the original purpose for which the media
were designed. Almost all the solutions that have been used in the literature on Mg
biocorrosion were intended to be used for cell culture. The role of the salts in this culture
media is to provide a physiological ionic environment for cell metabolism [69]. However,
certain ions are more important than others. Sodium (Na) and potassium (K), for example, are
essential for pump functions across the cell membrane [69]. This is crucial for cell survival
and growth and therefore, in cell culture experiments, levels of these ions are kept as closely
as possible to the body’s conditions.
Table 6-4 : Chloride content of different SBF media.
Media

Cl- Content
(mmol/L)

Human Plasma

100-103

8 g/L NaCl

136.9

PBS

140

HBSS

144.6

EBSS

135

MEM

123.5

The primary reagent for all the SBFs is NaCl. It provides the bulk of the Na+ and Cl- to the
solution, which are the two primary ionic salts. The amount of Cl-, however, does not appear
to be as crucial to cell viability as Na+ [69]. Na+ is also often added to media as the
compound Na2HPO4, but this amounts to less than 2% of the total, due to limits on the
amount of HPO4 that is required. Thus 7.5-8 g/L NaCl is normally added to obtain the correct
Na+ concentration. This results in 136.9 mmol/L of Cl-, almost 40% more than that found in
human plasma. Given the active role Cl- plays in accelerating the corrosion of Mg alloys, this
difference is likely part of the reason why in vitro tests consistently report higher corrosion
rates than in vivo [76].
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6.5.2.1. Design of a biocorrosion medium with physiologically-correct Cl- levels
This variance in Cl- content highlights the fact that the majority of SBFs used in the bio-Mg
literature were not designed specifically for corrosion experiments. Kokubo [77, 78], Oyane
[79] and Takadama [80] have recently created revised versions of a generic SBF that contain
similar Cl- concentrations to human plasma. However, these solutions contain less than 20%
(4.2 mmol/L) of the physiological level of HCO3-. The reason for this reduction was that
physiological levels of HCO3- resulted in the deposition of calcite onto some biomaterials due
to the release of Ca2+ ions [80]. However, this occurs primarily on Ca-rich biomaterials [80].
It is understood that a minimum of 25 mmol/L of bicarbonate is necessary to buffer an SBF
to 7.4 according to the Henderson-Hasselbalch equation [69]. This means that the generic
SBFs would always require the use of a chemical buffer.
In an attempt to rectify the high Cl- concentration issue of most BSS and allow for choice of
buffer, a newly modified SBF was created in this work (Table 6-5). For lack of a better name,
this solution was called Kirkland’s biocorrosion medium (KBM). The preparation steps for
this medium may be found in Appendix E. It should be noted that in this work KBM was
used primarily for comparison, as the majority of experiments had already been performed in
other BSS, such as HBSS.
Table 6-5 : Component comparison of human plasma and KBM (mmol/L).
Component

Human
plasma

KBM

+

142
103
5.0
2.5
1.5
1.0

120.305
102.541
5.097
2.523
1.498
0.859

2-

Na
Cl
+
K
2+
Ca
2+
Mg
2HPO4
SO4
D-Glucose
Bicarbonate (HCO3)

0.5

0.498

5
22-30

4.996
± 26.187

HEPES
Phenol Red

-

± 25.010
0.031
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6.5.3.

Experimental methods

6.5.3.1. Immersion testing
Mass loss experiments were performed on pure Mg to compare the effect of Cl- content by
using KBM and HBSS. Immersion tests were carried out for 1 and 3 week periods using
either HEPES or a SB/CO2 buffering system following Chapter 4.2.1. . Samples were
weighed before immersion and after cleaning of the corrosion layer with chromic acid.
6.5.3.2. Electrochemical testing
Unless otherwise stated all experiments were carried out in solutions buffered with HEPES at
Tphy ± 0.5 °C and a pH of 7.4 ± 0.05. All experiments with MEM were performed in sterile
conditions in a laminar flow hood to minimise the possibility of contamination.
PDP experiments were carried out on pure Mg and a total of 28 different Mg alloys. The
polarisation scans were done following the normal conditions outlined in Chapter 4.3.3. .
Tests were performed in MEM with and without 10% FBS for all 29 alloys. At the time of
the present experiments, a MEM+FBS solution was the most physiologically-correct in vitro
medium that had been investigated in the literature. A further 13 alloys were tested in a
solution of PBS and 50 vol.% human plasma (PBS+HP). This is the first time in the literature
that a solution containing human body fluid has been used to investigate Mg alloys. Human
plasma was handled in a physical containment 2 (PC2) lab as it is considered a biohazard. All
proper procedures were followed to fully sterilize the electrochemical cell before and after
the experiments, including spraying with a 70% ethanol solution and gamma irradiation.
Human plasma and facilities were supplied by the School of Biological Sciences at
University of Canterbury.
PDP was also carried out on pure Mg using the various media that had been used in the
literature including 0.8% NaCl, KBM, HBSS, EBSS, PBS and MEM ± 20/40/60 g/L BSA.
EIS was performed on pure Mg using the standard setup described in Chapter 4.3.5. . Tests
were performed over 72 hrs in 0.8% NaCl, KBM, HBSS, EBSS, PBS and MEM ± 20/40/60
g/L BSA.
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6.5.3.3. Microstructural characterisation
Following the 72 hrs immersion in the various media pure Mg samples were dried and
analysed using a SEM. The elemental composition of the corrosion layer was analysed with
EDS.
6.5.3.4. Protein adsorption tests
Protein staining, a solute-depletion method, and QCM were carried out to determine the level
and amount of protein that had attached to pure Mg surfaces. A detailed description of the
various setups is described in Chapter 4.6.

6.5.4.

Results and discussion

6.5.4.1. Effect of media Cl- content on the mass loss of pure Mg over 3 weeks
To determine the effect the reduced Cl- content of KBM may have on the corrosion rate of
pure Mg, immersion tests were performed in both HBSS and KBM buffered with either
HEPES or SB/CO2. Considering the similarity between the two media, the Cl- concentration
appears to make a considerable difference to the total mass loss (Figure 6-18). In both
buffering environments less corrosion occurred in KBM, with the biggest difference being a
36% decrease in mass loss after 1 week in HEPES-buffered media. The difference was much
smaller for samples buffered with SB, resulting in 21% and 13% drop at 1 and 3 weeks,
respectively. The difference in reduction in corrosion rate due to the buffering environment
may be due to a Mg carbonate layer forming on the surface in the SB/CO2 environment (see
Chapter 6.4).
Overall it is clear that the Cl- concentration at the investigated levels plays an important role
in the measured corrosion rate, regardless of buffering system. This highlights the importance
of developing and utilising media similar to KBM in future experiments in order to most
closely mimic the ionic environment of the body.
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Figure 6-18 : Mass loss of pure Mg in KBM and HBSS over 3 weeks. (Tphy, 7.4)

6.5.4.2. Mg alloy degradation as a function of organic components in biocorrosion
media
The addition of proteins displayed an inhibitory effect on the icorr of each of 29 alloys

investigated (Figure 6-19). There was also much less variation when performing repeat tests
in MEM+FBS than in MEM. This could be indicative of a more uniform layer on the surface

due in part to rapid protein adsorption as has been suggested elsewhere [72]. Excluding Mg16.2Ca, the average icorr for alloys tested in MEM was 145 µA/cm2, whereas the average for
the MEM+FBS alloys was 52 µA/cm2. This would indicate that at this time point the alloys

in MEM+FBS were corroding, on average, 3 × slower than those in MEM. A reduction in icorr
for Mg alloys due to proteins has also been reported in the literature [42, 72, 81, 82].

Suggested reasons for this reduction include the possibility that proteins: (i) thicken the
Mg(OH)2/CaP corrosion layer [42], (ii) provide a “blocking effect” [72], (iii) react rapidly
with divalent ions, speeding the formation of a Mg(OH)2/CaP corrosion layer [83], and (iv)

block the migration of Cl- ions to the surface [84, 85]. However, few studies have provided
further evidence to back up these theories. It can be said with relative certainty that in general
the proteins are having a significant effect on the electrochemical reactions that are taking

place, as discussed in Chapter 6.5.4.3.
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Figure 6-19 : icorr for pure Mg and various binary and ternary alloy systems in MEM with and
without 10 vol. % FBS. (Tphy, 7.4)

Alloys that displayed some of the lowest and highest icorr were chosen for further

investigation in the most realistic in vitro solution used to date, PBS with 50% human plasma
(Figure 6-20). Although the icorr values in PBS+HP were lower than those in MEM+FBS,
most alloys display very similar results in both media. The decrease of between 15-50% may
be attributed to a number of factors.
factors. Firstly, the MEM+FBS solution contains only an average
of 4-6 g/L of proteins, whereas the human plasma has the full complement of 60-80 g/L of
proteins found in vivo. Thus, the PBS with 50 vol. % HP contained 30-40 g/L of total protein.
According to the Langmuir adsorption isotherm, the amount of protein that will adsorb to a
surface is heavily dependent on the concentration in the solution [86]. Consequently, the
proteins may be adsorbing to the surface of the Mg alloys in PBS+HP in greater amounts

given the 5-10 × higher protein concentration compared with MEM+FBS. It is hypothesised
here that in PBS+HP the proteins form a thicker, more protective layer against Mg corrosion.
Another reason for the variance in icorr is potential discrepancies in composition of human
plasma. The total theoretical inorganic contents of the two solutions were very similar, with a
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Cl- difference of less than 4 wt.%. However, there may have been variance within the HP that
was unaccounted for. This was collected from a pool of donors, and as such could be
different from the typical levels.

Figure 6-20 : icorr of 13 alloys in PBS with 50 vol. % human plasma. MEM+FBS data is
included for comparison. (Tphy, 7.4)

This data establishes that the electrochemical performance of a range of alloys in a 50 vol. %
human plasma solution is relatively close to that of a similar calf-serum medium. Although
more work is necessary to fully elucidate this relationship, it appears
appears that it may not be
necessary to utilise potentially dangerous human material in the search for a bio -realistic
environment for Mg biodegradation. However, further long-term studies are required to

confirm this behaviour.
6.5.4.3. Corrosion behaviour of pure Mg in various in vitro media
The benefit of looking at a single alloy for a range of solutions is the reduction of variables
that can cause discrepancy in the results. Chemical composition (e.g. multiphase, impurity

levels) or microstructure (e.g. grain size, morphology) are two examples of variables that
have a great influence on the corrosion behaviour of Mg alloys. In this regard it is
advantageous to use pure Mg in ascertaining the influence of medium alone.
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The Ecorr values for pure Mg displayed varied trends
trends when compared between different media
(Figure 6-21). KBM displayed the most positive potential (-1900 mVSCE), while HBSS and
EBSS were very close at approximately -1925 mVSCE. PBS exhibited slight decrease in Ecorr
to -1940 mVSCE. For the MEM, as the protein concentration increased, Ecorr became more
negative; a similar shift to that found by Mueller et al. [28].

It should be noted that the Ecorr values for PBS with human serum are not shown on the graph
as they were off the scale with an average of -1,642 ± 8 mVSCE. This is a significant positive
shift compared with the other solutions, although the reasons for such a change are not known

due to difficulty carrying out further experiments in such a hazardous solution.

Figure 6-21 : Ecorr for pure Mg in various in vitro media. (Tphy, 7.4)

Analysis of the polarisation curves reveals the reasons for the shifts
shifts in Ecorr (Figure 6-22).
For the BSS, KBM was found to result in a slight decrease in the rate of oxidation, as shown
by a shift in the anodic curve (Figure 6-22A). Given the similarity of KBM to the other BSS,
this shift is likely due to the decreased Cl- content. PBS was also seen to result in a small

cathodic shift, which caused the slight decrease in Ecorr. This may be due to the different
composition of the media resulting in a different corrosion layer. The morphology and
composition of this layer is explored further in Figure 6-28 and Table 6-6.
In MEM, increasing amounts of proteins resulted in a decrease in the reduction reaction,

highlighted by the cathodic shift (Figure 6-22B). The addition of just 4 wt. % proteins, from
the FBS, resulted in the largest shift. Thereafter increasing the protein concentration made

169

Ecorr more electronegative, albeit by a smaller magnitude. It appears that the proteins are
acting as mild cathodic inhibitors for pure Mg, decreasing the rate of H2 evolution and
consequently the corrosion rate.

Figure 6-22 : Polarisation curves for pure Mg in (A) BSS and (B) MEM with varying
amounts of proteins. (Tphy, 7.4)

The icorr of pure Mg in the different media provided comparable information with small but
apparent trends in the data (Figure 6-23). Of the BSS, KBM corroded approximately 30%
slower than HBSS, EBSS, and PBS. This follows the decrease in the rate of anodic reactions
that was seen from the polarisation curves (Figure 6-22A). MEM displayed the greatest

170

variation in icorr, which indicates that although AA appear to be playing a role in this early
corrosion, they might be adhering to the surface inconsistently. Perhaps the most interesting

trend is due to the addition of proteins, where initially smaller amounts (such as in MEM with
FBS or 20 g/L BSA) resulted in a significant decrease in icorr. Higher concentrations resulted

in an increasingly large icorr, although always less than the bare MEM. Combined with the
reduction in the rate of cathodic reactions that was observed (Figure 6-22B). This indicates
that the proteins must be causing a simultaneous increase in the anodic reaction rate, a trend

noted by Mueller et al. for WE43 and LAE442 [7]. Therefore, it is evident that the proteins
slow the rate of corrosion of pure Mg primarily by limiting the cathodic reactions, while
increasing amounts to the physiological range
range increases the anodic reaction rate.

Figure 6-23 : icorr for pure Mg in various in vitro media. (Tphy, 7.4)

The overall anodic and cathodic shifts due to the various media and their effect on icorr and

Ecorr can be seen in Figure 6-24.
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Figure 6-24 : Ecorr versus icorr for pure Mg a range of media with reaction shifts indicated.
(Tphy, 7.4)

6.5.4.4. Effect of medium on the polarisation resistance of pure Mg
EIS was carried out on pure Mg samples in all the solutions except for PBS with human

plasma (Figure 6-25). KBM, HBSS and EBSS all displayed similar overall behaviour (Figure
6-25A). An initial peak in total resistance (Rtot) was found at between 2-4 hrs, however this
quickly settled to ~600-800 Ω/cm
Ω 2. This peak was due to a rapid increase in the resistance of
a layer which had formed on the surface of the Mg, as shown by the concomitant behaviour

of the film resistance (Rf) (Figure 6-25C). The peak did not occur in the NaCl or PBS
solutions and is indicative of the rapid formation of CaP layer on the surface. This was later

confirmed by SEM (Figure 6-26) and EDS analysis of the surface (Table 6-6), verifying the
presence of Ca and P in the corrosion layer. After this initial 2-4 hr period the Rf values for
the KBM, HBSS and EBSS decreased, eventually becoming relatively constant at 600-700

Ω/cm2 (Figure 6-25C). KBM displayed the greatest Rtot after 72 hrs (1600 Ω/cm2) while
HBSS and EBSS settled to approximately 1300 Ω/cm2 and 1200 Ω/cm2, respectively. It is
likely that this difference is primarily due to the Cl- difference between the solutions,
affecting the charge transfer resistance (RCT) due to increased attack of the surface via the

cracks in the CaP coating (Figure 6-26D).
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NaCl and PBS solutions displayed a similar Rtot trend with no large peak in the first 4 hrs.
The samples in NaCl were found to possess only a single time constant throughout the entire
72 hrs, indicating a lack of any significant film or layer on the surface. However, PBS
samples were revealed to have two distinct time constants soon after immersion, with Rf
rising to approximately 200 Ω/cm2 within 2 hrs, after which it remained constant for the
remainder of the experiment. This layer was found to be composed of significant amounts of
phosphorus but only a small quantity of calcium (Table 6-6), which is similar to what has
been found on AZ31 in PBS [74].
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Figure 6-25 : (A) Rtot, (B) RCT and (C) Rf for pure Mg in balanced salt solutions over 72 hrs.
(Tphy, 7.4)
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Figure 6-26 : Scanning electron micrographs of pure Mg after immersion for (A) 5, (B) 30,
(C) 60, and (D) 180 min. (HBSS, Tphy, 7.4)

MEM displayed similar polarisation behaviour to the BSS (Figure 6-27). An initial peak in Rf
was observed at 3.5 hrs, after which the values settled to approximately 550 Ω/cm2 which is
comparable to the BSS (except for PBS). However, the RCT was significantly lower than in
the BSS. Although MEM contains around 20% less Cl- than HBSS or EBSS, the inclusion of
AA may be the cause of this decrease. A number of reasons have been suggested for their

effect (see Chapter 6.5.5.1).
The addition of proteins displayed a number of interesting phenomena. Unlike other media,

the addition of BSA resulted in an initial peak in RCT rather than Rf. Although smaller peaks
were also visible for the Rf, the RCT dominated the early resistance with all three solutions
having approximately 1000 Ω
Ω/cm2 after 1-2 hrs. However, this rise in RCT did not last long
and soon dropped to less than 50% of its peak value after just 3 hrs of immersion. The RCT of
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the 40 g/L and 60 g/L solutions remained constant at ~400-500 Ω/cm2 until 30 hrs, then
started to slowly decrease. This may be due to significant corrosion having occurred, as
shown in Figure 6-28G-I, which would have increased the surface area dramatically, further
decreasing the resistance (which was based on a known surface area). The MEM containing
20 g/L BSA displayed slightly different RCT behaviour with a rise between 15 and 30 hrs.
This coincided with a decrease in the film resistance, and may be related to a second
adsorption layer as the CaP layer breaks down revealing the bare Mg. However this
behaviour was not confirmed experimentally.
The surface film that formed in the presence of proteins did not provide significant
protection. A Rf was only visible for approximately 12, 20, and 27 hrs for the 60 g/L, 40 g/L
and 20 g/L solutions, respectively (Figure 6-27C). The formation of a CaP-containing layer
was significantly hindered by the presence of proteins, with higher concentrations resulting in
increasingly rapid degradation. EDS analysis confirmed decreased levels of Ca and P on the
surfaces of the samples immersed in protein-containing solutions (Table 6-6). A similar
behaviour has been found for certain proteins in the literature [57]. After 30 hrs all proteincontaining solutions displayed only one time constant, indicating that no protective layer
remained. The lack of a semi-protective layer on the surface of the Mg is likely the reason
that the corrosion rate increased in the presence of proteins.
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Figure 6-27 : (A) Rtot, (B) RCT and (C) Rf of pure Mg in MEM with varying amounts of BSA
over 72 hrs. Rf is shown for only the first 30 hrs for clarity. (Tphy, 7.4)
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Several important observations can be made by examining the behaviour of pure Mg in these
different media. It is clear that NaCl and PBS media cause significantly different corrosion
mechanisms than the other BSS and MEM. For NaCl no layer forms other than a very weak
Mg(OH)2 film. PBS causes a relatively weak magnesium phosphate layer to form which
provides minimal protection of the subsurface. In contrast KBM, HBSS, EBSS and MEM all
form a significant CaP-containing layer which appears relatively stable and provides some
protection from corrosion. KBM, HBSS and EBSS all displayed virtually the same behaviour
with any differences likely due to the Cl- variation in their composition. Amino acids (AA) in
MEM appear to have a negative effect on RCT, lowering it below the BSS which contain
greater concentrations of Cl-. AA also result in increased variation in both PDP and EIS
measurements. Although the exact reasons are unknown, this behaviour is further explored in
Chapter 6.5.5.1.
Proteins appear to be involved in more complex reactions at the Mg surface. PDP
experiments found the addition of proteins lowered the icorr of pure Mg in MEM (Figure
6-23). In contrast, longer term EIS scans have established proteins to increase the corrosion
rate of pure Mg (Figure 6-27A). Proteins also appear to add corrosion protection in the very
early stages (0-2 hrs), likely due to adsorption to the surface. This adsorption results in a
decrease in the cathodic reaction rate, but may cause a slight increase in the anodic reaction
rate at higher concentrations (Figure 6-22). However, EIS analysis has found increasing
protein amounts negatively impact the formation of a CaP layer, allowing further attack of
the underlying Mg (Figure 6-27C). The impact of several proteins is explored further in
Chapter 6.5.4.6.
6.5.4.5. Morphology and composition of corrosion layers on pure Mg in various SBF
The corrosion morphology formed in a NaCl medium displayed a directionally-cracked
surface (Figure 6-28A). The direction of the cracking was found to depend on the orientation
of the grains. Pitting was also evident, sporadically covering the entire surface. Samples in
KBM, HBSS, EBSS and PBS exhibited similar corrosion morphology (Figure 6-28B-E); a
cracked earth-like structure prevailed, similar to that commonly found for Mg in BSS [6, 71,
87, 88]. The layer was made up of varying amounts of Mg, O, Ca, and P, indicating a mixed
Ca-Mg-P composition as was suggested by Rettig and Virtanen [37]. Occasional pits were
visible on the surface, usually surrounded by an area with no Ca or P. It has been suggested
178

that the formation of Ca / P rich layers provide the bulk of the corrosive protection for Mg
alloys in most BSS [42].
Samples corroded in MEM displayed a more severe corrosion morphology (Figure 6-28F). A
comparable corrosion pattern as the BSS could be observed, although the cracks tended to
form sharper edges. The BSA-containing MEM solutions also displayed a fractured corrosion
layer, but did not show the same crack pattern as the other BSS (Figure 6-28G-I). Gaps in the
layers were wider and appeared deeper than in the other media. For the protein-containing
solutions, no obvious corrosion layer could be seen on the surface.

179

Figure 6-28 : Scanning electron micrographs of the surface of pure Mg samples after 72 hrs immersion in: (A) NaCl, (B) KBM, (C) HBSS, (D)
EBSS, (E) PBS, (F) MEM, (G) MEM + 20 g/l BSA, (H) MEM + 40 g/l BSA, and (I) MEM + 60 g/l BSA. Dotted line in (A) indicates the grain
boundary. (Tphy, 7.4)
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EDS analysis of the surface of samples immersed in the NaCl solution found only Mg and O
(Table 6-6). This would indicate that a layer of Mg(OH)2 was present, which is typical for
Mg in saline solutions [37]. KBM, HBSS and EBSS had comparable quantities of Mg, O, Ca,
and P. The elements were distributed evenly across the corrosion layer. The surface of
samples immersed in PBS displayed high amounts of P and little Ca. This difference in
elemental composition of the corrosion layer is likely a result of two factors. Firstly, PBS
does not contain Ca, so there should be very little Ca2+ in the solution to form compounds
with and precipitate onto the surface [48]. Inaccuracy in the EDS technique may be the
reason that any Ca is being picked up on the PBS surface. Secondly, Rettig and Virtanen
found that magnesium phosphate tribasic (Mg3(PO4)2) will readily form in solutions absent of
Ca, whereas Ca will not be deposited on a Mg alloy surface without HPO42- [37]. Therefore,
it is likely that the surface of the samples in PBS were a combination of Mg(OH)2 and
Mg3(PO4)2, as indicated by EDS (Table 6-6).
As the concentration of BSA increased in the MEM solutions there was a concomitant
decrease in the amount of Ca and P in the corrosion layer. The surface layers of samples
immersed in MEM with 60 g/L BSA solution contained less than half the concentration of Ca
and P as did the layers of samples immersed in KBM, HBSS and EBSS. Although the
thickness of the corrosion layers could not be determined from the micrographs (Figure
6-28), EDS found that they consisted of increasing amounts of Mg as the protein
concentration rose. However, the concentration of oxygen on the surface remained relatively
stable irrespective of the BSA addition. Therefore it is hypothesised that the increased
concentration of Mg may be due to the corrosion layer being thin enough that the EDS
detected the pure Mg sub-layer.
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Table 6-6 : Elemental composition (at. %) of corrosion layer on pure Mg after testing in
various solutions (according to EDS). (Tphy, 7.4)
Solution

Mg

O

Ca

P

NaCl

43.2

55.1

0

0

KBM

28.7

49.1

13.1

7.2

HBSS

29

48.5

10.4

9.8

EBSS

33.1

46.8

12.5

7.4

PBS

32.9

45

0.5

17

MEM

27

50.2

9.5

5.7

20 g/L

36.1

50.4

5.8

4.4

40 g/L

40.4

50.1

4.1

3.2

60 g/L

42.4

47.2

4.2

3

Values may not reach 100% due to presence of other
elements (Na,Cl) on the surface.

It should be noted that the use of EDS to determine the presence of proteins by detection of C
and O is potentially flawed as these elements could come from other sources (e.g. Mg(OH)2,
Mg and Ca carbonate). Consequently, although some authors in the bio-Mg literature have
used the detection of C and O on the surface to confirm protein attachment, this justification
is inappropriate [28]. Others have used EDS analysis to discuss the potential for the existence
of organic matter on the surface. Yamamoto et al. stated that protein additions are responsible
for increased Ca and P within surface coatings, although it was acknowledged that the EDS
technique was not an accurate measure of protein-substrate binding or adsorption [42]. Rettig
and Virtanen suggested it might be possible to detect the nitrogen (N) that is within the amino
acid to indirectly measure the presence of proteins [37]. However, the authors were not able
to detect any N in the study, and EDS analysis in this work did not find any measurable
amount.
6.5.4.6. Adsorption of proteins to pure Mg
Perhaps the most puzzling problem facing the development of appropriate media for Mg
corrosion experiments is the role of proteins. As the previous chapters have shown, proteins
play a significant role in the degradation of Mg alloys. Although some studies have found
protein additions to media decrease the corrosion of Mg alloys [42, 72, 81, 82], others have
found proteins to increase degradation rates [28, 89]. Still other studies have found their
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effect to be alloy and concentration dependant [7, 71]. The reasons for these differences are
currently unclear, and may only be elucidated through better understanding of the mechanics
of protein adsorption to the Mg.
Protein adsorption is itself very complex, involving hydrogen bonding, van der Waals forces,
hydrophobic and electrostatic interactions [90]. A review of the most common techniques
used to study protein adhesion is given in Appendix F. It is well-established in the literature
that proteins are likely adsorbing to the surface of Mg. Various experiments were designed in
this work with the aim of developing techniques for investigating protein adsorption on Mg.
Surface staining
The protein attachment to pure Mg was investigated using a surface staining technique, as
discussed in Chapter 4.6.1.

Some staining and a constant blue hue could be seen

macroscopically on the surface of samples immersed in PBS with 40 g/L BSA after 15 min
(Figure 6-29C). It was thought that this staining was primarily due to protein attachment as
little corrosion had occurred (indicated by the visible polishing grooves). The samples in
protein-free PBS did not display this colouring, but rather a dulling of the surface as
Mg(OH)2 formed (Figure 6-29B). However, significant staining was observed after 30 and 60
min regardless of whether proteins were present (Figure 6-29D). Extended wash times in the
distilled water did not remove this stain. The dye also appeared to have bonded to the Mg
surface, making it difficult to distinguish whether the observed colour was due to protein
attachment or the Mg substrate. Given the incomplete staining of the surfaces it is possible
that it is the corrosion layer itself that is being stained.
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Figure 6-29 : Photographs (2 ×) of protein staining of pure Mg samples. (A) As-polished Mg,
(B) 15 min in PBS, (C) 15 min in PBS with 40 g/L BSA, and (D) 60 min in PBS. (Tphy, 7.4)

The surface staining method appears to provide information on the success of protein
adhesion, at least in the early stages of immersion. Unfortunately the stain is not suitable for

longer-term experiments as it may adhere to the corrosion layer. Overall, the method may
offer a quick, visual check of protein attachment in the early stages of corrosion. The use of
different dyes, along with the potential for determining
determining protein attachment on different

microstructures (e.g. phases, surface roughness) means considerable promise remains for
future use of this method for Mg alloys.

Solute-depletion method
Solute-depletion provides another potential method for measuring protein
protein attachment to Mg
alloys. Initially the Nanodrop spectrophotometer was chosen to investigate the short-term
time dependency of the protein adhesion. Both BSA and cytochrome-c (CytoC) proteins
displayed a general trend of greater protein depletion percentage with increasing

concentrations (Figure 6-30). This agrees with Langmuir’s isotherm, which relates the
amount absorbed to the concentration in the solution [86]. This relationship was most evident
after 20 min for the BSA samples (Figure 6-31).
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Solutions containing BSA exhibited a drop in protein levels up until 30 min, with a maximum
loss of 18% for the 1 mg/mL of medium (Figure 6-30A). The same trend existed for the
CytoC solutions until 40-50 min. However, after 60 min both protein solutions displayed a
gain in absorbance at 280 nm. This was unexpected, and repeat tests found the same
phenomena. It is known that any non-protein component of the solution that absorbs
ultraviolet light will interfere with the assay [91], and it is thought that the corrosion products
of the Mg may be introducing this artefact. Aggregates of proteins may also interfere with
light transmittance [91]. Moreover, un-spun samples resulted in an increase in absorbance of
between 2-4 × the original amount of protein, making this step extremely important for an
accurate analysis. Interestingly, samples of corroded Mg in PBS without BSA also displayed
absorbance at 280 nm whilst pure PBS did not, further indicating the potential side-effects of
Mg corrosion on the test.
The BSA-containing solutions displayed significantly more protein depletion than the CytoC
equivalents (Figure 6-30A vs. B). This indicates a stronger affinity for attachment of the BSA
to the Mg surface than for CytoC. The differences in protein attachment may be explained in
part by considering the electrostatic attraction between the different proteins and Mg surface.
It has been found that BSA, with a negative charge at a pH of 7.4, adsorbs better to metal
surfaces that have a greater positive charge [92]. MgO has an isoelectric point (рI) of 12-13
[93], which results in a positive charge at 7.4. This would appear to be a plausible
explanation for the higher adsorption of BSA compared to CytoC, which has a positive
charge at a pH of 7.4. The results from these experiments also highlight the importance of
protein selection in designing a realistic in vitro experiment for biodegradable Mg.
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Figure 6-30 : Changes in adsorption over 1 hrs for pure Mg samples in PBS with (A) BSA
and (B) CytoC. No change in absorbance was detected where bars are not present. (Tphy, 7.4)

Figure 6-31 : Example of protein adsorption behaviour following Langmuir’s isotherm. Data
is from 20 min time point of tests in PBS with varying amounts of BSA. (Tphy, 7.4)
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Following the Nanodrop, longer-term tests were performed in an Ultrospec 2100 pro
spectrophotometer which required a 50 × greater volume to analyse. It was thought that the
greater volumes involved could minimise or eliminate the extra pickup of absorbance at 280
nm that was occurring around the 1 hr point for the Nanodrop tests. The larger volume and
dilution would also allow more accurate readings of the absorbance.
Samples taken at 1 hr supported the trend that was shown by the Nanodrop results, with
significantly more loss of BSA occurring than CytoC (Figure 6-32). In addition, the “extra”
absorbance at 280 nm did not occur for these experiments. The largest decrease in protein
concentration occurred in the 1 mg/mL BSA solution, with the BSA overall showing greater
depletion rates at each concentration.

Figure 6-32 : Decrease in adsorption after 1 hr immersion in PBS with different protein
concentrations (mg/mL). (Tphy, 7.4)

However, data from the 24 hrs samples were not as definitive. The samples displayed

extremely varied behaviour with large deviations from sample to sample in the same solution
(Figure 6-33). Multiple repetitions of spinning in the centrifuge did not solve this. It appears
that the Mg corrosion product that is released over time significantly affects the absorbance
of light at 280 nm. This limits the use of this test for longer-term experiments where
corrosion products remain in solution.
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Figure 6-33 : Protein depletion after 24 hrs for PBS with different protein concentrations.
(Tphy, 7.4)

Overall, the solute-depletion method has shown promise as a powerful technique for
detecting the amount of protein that has been absorbed to a Mg surface. In the short term, and
using the correct analysis equipment, it is possible to determine the amount of protein that has

been adsorbed to a known surface area. However, it appears that the Mg corrosion product
also influences the 280 nm absorption profile, creating a problem in longer-term experiments.
It is also possible that the corrosion by-product in solution denatured or aggregated the

proteins. This would mean that they would be lost when the media were centrifuged before
absorbance measurements. This would account for some of the loss from the solution phase.

The difference in adsorption between the two proteins may also be due to their different
reactions to this corrosion product. Further investigation of this phenomenon is warranted in
order to develop a more robust methodology.

Quartz crystal microbalance
The morphology of the Mg coatings on the crystals resembled hexagonal-shaped “microtowers” (Figure 6-34). There was an increase in the average size of each micro-tower as the
voltage increased, from around 100 nm at 150 V to 400-600 nm at 600 V; this was in line

with other studies [94]. The thickness of the coatings was found to be 2.03 ± 0.7 µm, which
was close to the value recommended (2 µm) by the manufacturer of the crystals (Q-Sense).
Image analysis software (ImageJ) was used
used to determine the amount of area that was taken up

by the micro-towers relative to the gaps in-between. The 600 V samples were found to have
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the smallest area occupied by the gaps (21%). Thus, these samples with the lowest surface

area were chosen for QCM analysis to minimise the corrosion rate.

Figure 6-34 : Scanning electron micrographs of sputter coated surfaces using different
applied bias voltages: (A) 150 V, (B) 300 V, (C) 450 V and (D) 600 V.

Unfortunately, the results of the QCM experiment displayed a fundamental flaw with the
coating of the crystals. The gold-coated reference crystal displayed expected behaviour, with
a notable drop in frequency when comparing the MEM after immersion in MEM+BSA to

that before (Figure 6-35). This indicated that proteins had adhered to the surface, dampening
its frequency response. This was still evident after the ethanol was flowing at the end of the
experiment. However, the Mg-coated samples did not perform as was hoped. Soon after
immersion in MEM the frequencies started to rise significantly. This was the opposite

behaviour to what occurred to the gold samples, indicating a mass loss occurring in the Mg
coating. Changing of the medium from MEM+BSA to MEM had a minimal effect on the
frequency response compared with mass loss due to Mg degradation on the surface. Several
frequencies (not shown) rose by more than 5 orders of magnitude due to this loss. When the
samples were removed (after 26 min of immersion) there was no visible trace of the Mg on

the surface.
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Figure 6-35 : Fundamental frequency responses of Mg sputter
sputter coated crystals and a goldcoated reference crystal. Two fundamental frequencies are shown for the gold sample to
highlight its stability. (Tphy, 7.4)

Although QCM shows significant promise as a relatively easy way to measure protein

adsorption over time, the process is currently limited by the coating process for the crystals. It
appears that sputter deposition does not provide a suitable surface with sufficient corrosion
resistance to measure the protein attachment. This is attributed to the large surface area of the

micro-towers that form during sputtering. However, it may be possible that alternative
coating techniques will provide a suitably smooth coating with sufficient corrosion resistance.
The potential of this technique for studying the impact of proteins on a range of Mg alloys is

considerable; provided thin Mg films can be formed on the crystal that closely represent the
surface area and microstructure of the bulk alloys.
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6.5.5.

Further discussion of organic components of SBF

6.5.5.1. Importance of amino acids to Mg biodegradation
AA are a vital component of the body. They are molecules that contain C, H, O, and N,
perform many roles that are vital to nutrition, and form the building blocks for proteins [95].
AA are also known to affect corrosion. Several studies on aluminium alloys have found
significant corrosion inhibition due to AA [96-98], while others have found similar effects for
steel [99] and lead alloys [100]. Recently, some studies have indirectly looked at the effect of
AA on the performance of Mg alloys in vitro.
Yamamoto et al. found the presence of AA in MEM to increase the corrosion rate of pure Mg
when compared with AA-free media such as EBSS [42]. The authors suggested that the AA
were forming a complex with Mg2+ ions, as has been suggested elsewhere [101, 102]. AA
may also be involved in inhibiting the formation of the Mg(OH)2/CaP layer on the Mg via
chelation, where metal ions attach to a large molecule and are removed from the surface [42].
Xin et al. also observed an increased corrosion rate in MEM compared with PBS and HBSS,
although no explanation was given for this [61].
However, other studies observed AA to result in a decrease in the corrosion rate of Mg alloys.
Gu et al. reported that, over a period of 7 days, Mg-1.5Ca, AZ31 and AZ91 displayed an
increased Rtot and reduced icorr in MEM compared with HBSS [71]. However, no
experimental evidence was available to support the author’s hypothesis that AA adsorb on the
Mg surface, acting to decrease the corrosion rate.
In this work it has been found via several methods that solutions containing AA appear to
corrode faster than those that do not (Figure 6-23, Figure 6-27). Although the reasons for this
variance have not been completely deduced, several theories have been expressed in the
literature. Ashassi-Sorkhabi et al. found that a wide variety of individually tested AA acted as
cathodic inhibitors for aluminium, with increasing concentrations from 0.0001 to 0.1 M
providing growing protection [96]. Some AA, such as tryptophan and proline, were more
effective at inhibiting corrosion than others, including alanine and valine. They also found
that the efficiency of the inhibition increased with concentration, obeying the Langmuir
isotherm [96]. Earlier work by the same author found similar results [99], as did another
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study on a Pb-Ca-Sn alloy [100]. However, it should be noted that these tests were performed
in HCl or H2SO4 solutions, so the AA may not behave in the same way in SBFs.
Bereket et al. found that AA limited the presence of pitting corrosion on Al [98]. They
indicated a shift in the pitting potential due to AA adsorption as the most likely reason for
this. A similar effect was found by El-Shafei et al., where a range of AA all resulted in a
reduced corrosion rate and a more positive Ecorr for pure Al [97].
AA have been shown to affect Mg in vitro by altering the morphology (Figure 6-28) and
elemental composition (Table 6-6) of the corrosion layer. AA also have a considerable effect
on the electrochemical corrosion performance of pure Mg, changing both the way in which
the surface films form as well as lowering the overall Rtot (Figure 6-27). However, it is still
unknown how AA affect Mg biodegradation in vivo and this area warrants further study.
6.5.5.2. Influence of cellular attachment on Mg biodegradation
Another potential addition to SBFs on the path to biorealistic solutions is the use of cells.
Cellular attachment is critical to the success of a Mg implant and may play a considerable
role in its corrosion. For example, macrophages and the active oxygen species generated by
them are reported to accelerate corrosion of Ti [103]. Although cells were not studied as part
of this dissertation work, relevant literature was collected to provide a comparison to the
experiments performed.
In the bio Mg literature the vast majority of experiments that have utilised cells have been
toxicity studies on different alloys [25, 32, 87, 89, 104-112]. While most have found that the
alloys have caused little toxicity with the cells, they generally have not investigated the effect
cellular attachment can have on corrosion.
However, recently several studies have made steps to investigate this. Feser et al. looked at
the concentration of Mg (mmol/L) in cell media for a range of Mg-Ca alloys (0.6-1.2 wt. %
Ca) [113]. They found increasing levels of Mg as the Ca content increased. However, little
discussion was given on the mechanism or reasons for differences in corrosion. Wong et al.
compared cell viability with Mg2+ ion release over time, but did not directly look at the effect
of cells on the corrosion [114]. In perhaps the most relevant study, Gu et al. examined the
Mg, Ca and Zn concentrations at 1, 3 and 5 days for a range of Mg bulk metallic glasses in
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DMEM with and without L929 or MG63 cells [47]. It was found that several alloys corroded
around 30-50% slower in media containing cells, however pure Mg remained similar. They
also discussed the effect that H2 evolution, rapid ion release and pH changes may have on cell
attachment.
In related work, Hiromoto et al. described how cells may slow the interaction of Cl- ions with
the surface of metal implants, slowing corrosion significantly [115]. Witte et al. has also
reported that giant cells have actually engulfed small amounts of Mg corrosion product,
although this was related more to toxicity [116].
It is clear that cellular activity is crucial to the success of a Mg implant in vivo. However,
what has not been established is the potential role the cells may play in the degradation
mechanisms of Mg alloys in both the short- and long-term.

6.5.6.

Summary of effect of medium choice on Mg biocorrosion

Correct medium choice is absolutely vital to the biocorrosion of Mg alloys in vitro.
At this point in the research of Mg alloys for bio-applications, the use of simple saline
solutions is normally inappropriate. It is clear that the corrosion that occurs varies
significantly from other BSS, including corrosion rates (Figure 6-25) and the surface
morphology (Figure 6-28) and composition of the resultant corrosion layer (Table 6-6). The
most crucial of these, a lack of a CaP layer on the surface of the Mg, contributes significantly
not only to an increase in corrosion but also to different degradation behaviour.
The BSS that have been used thus far are themselves not perfect. With the vast majority of
work performed in HBSS, EBSS, or PBS, the increased Cl- content over blood plasma (Table
6-4) has been shown in this work to contribute significantly to the corrosion rate in both
chemical and carbonate buffering systems (Figure 6-18). The BSS themselves vary somewhat
in corrosion rates (Figure 6-23), anodic/cathodic reaction rates (Figure 6-22) and the
elemental composition of the corrosion layer (Table 6-6). However, with the exception of
PBS, most BSS displayed similar polarisation behaviour over 72 hrs (Figure 6-25) and
exhibited comparable corrosion morphology (Figure 6-26). PBS cannot be generally
recommended for Mg in vitro experiments due to the lack of Ca that is crucial to CaP
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formation. While the other BSS may be considered a suitable option, it is recommended that
future experiments be performed in SBFs with ionic concentrations as close as possible to
physiological conditions, especially for Cl-, Ca and P (such as KBM).
Proteins and amino acids have also been shown to effect the degradation rates and
mechanisms in Mg. Amino acids present in MEM primarily affect the bare Mg surface,
causing reduced corrosion resistance (Figure 6-27) and a wider variation in electrochemically
recorded values (Figure 6-19). Proteins have a more complex effect, reducing the cathodic
reactions of pure Mg (Figure 6-22) and reducing the recorded icorr (Figure 6-23) in the early
stages of immersion, likely due to adsorption to the bare Mg surface (Figure 6-30). However,
after this period they appear to heavily inhibit the formation of any CaP layer on the surface
(Table 6-6) and result in increased overall corrosion (Figure 6-27, Figure 6-28). Although
some progress has been made towards greater understanding of the adsorption behaviour of
selected proteins to Mg (see Chapter 6.5.4.6), there remain considerable gaps in this
knowledge.
Although arbitrarily it might be correct to say the most realistic solution should always be
used for in vitro tests, this may not currently be the case. Efforts have been made in the
literature and this work to understand the effect that proteins have on the degradation
performance of Mg alloys. However, much of the time-dependant adsorption behaviour of
proteins and the effect they have on long-term corrosion are unknown. Greater comparison of
surface corrosion mechanisms and corrosion layer product between in vitro and in vivo is
drastically needed to confirm that the effects of proteins are similar when investigated outside
the body. Without this core knowledge it will not be feasible to recommend any single
amount of protein addition and claim that it presents a realistic, physiological environment.
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6.6. Other in vitro variables that affect biodegradation of Mg
6.6.1.

Media flow rates

6.6.1.1.

Introduction

At any site in the body, an implant material will come into contact with some form of
perfusion (i.e. flow) of blood and body fluid. This movement of fluid provides cells and
nutrients to the implant surface as well as disposing of degradation products [117]. Flow
conditions can vary widely, from rates of ~1 m/s in arteries to virtually undetectable
perfusion in cortical marrow [118, 119]. These conditions can therefore have an extensive
range of effects on the performance of an implant, including its corrosion rate. This was
highlighted in a study by Witte et al., which proposed that blood flow around implants in vivo
increases the corrosion rates of AZ91 and LAE442 alloys [76]. They inferred that flow
accelerates Mg mass diffusion, prevents the formation of gas cavities of evolving H2, and
inhibits pH change at the surface [76].
Recently, there has been increasing interest in the effect of flow rate on the biodegradation of
Mg alloys. Bender et al. performed electrochemical tests on AM and AZ alloys using a
rotating disc electrode at 2000 rpm [120]. However, although they found varied corrosion
results between the different alloys and rotation speeds, they did not compare the rates to
static (no flow) conditions. Chen et al. investigated a Mg-Zn alloy of an unstated composition
using parallel flow over the sample surface with a flow shear stress of 0.68 Pa for 180 hrs
[121]. However the pH was not controlled during the experiment and no comparison was
made between dynamic and static conditions.
Hiromoto et al. examined pure Mg in 0.6 wt.% NaCl using a rotating electrode at 0, 120, 240,
720 and 1440 rpm [118]. Increasing the rotation speed of the samples significantly increased
the corrosion rate in the first few hours. The authors revealed that the chemical dissolution of
Mg(OH)2 was accelerated by increasing rotation speeds up to 720 rpm, thereafter faster
speeds had no further impact. Furthermore, electrochemically determined icorr results
indicated that approximately three times more corrosion was occurring at 720 and 1440 rpm
compared with static conditions. It should be noted that this study was based on a simple
saline solution (pH = 6.0), which would not allow a CaP layer to form at the Mg surface,
limiting extrapolation of the results to a real physiological situation [118]. Hiromoto et al.
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also investigated the effect of both flow and pH concurrently for pure Mg samples [122].
They found rotation speed to have minimal influence on corrosion at high pH (9.3),
highlighting the importance of considering pH conditions in dynamic environments.
The most thorough investigation into the effect of flow on the biocorrosion of Mg was
performed by Levenesque et al. on AM60 in HBSS [65]. A new type of corrosion flow cell
was implemented to investigate shear stresses from 0.88 to 8.8 Pa. It was found that under
static conditions the alloy surface exhibited pitting and filiform corrosion, while under
moderate shear stresses (0.88, 4.4) a more uniform attack occurred. Conversely, higher shear
stresses (8.8) were found to cause extremely localised attack after 24 hrs. The authors thus
concluded that moderately dynamic conditions inhibit a pH rise at the surface, promoting
more uniform corrosion. The moderate shear stresses also reduced the overall mass loss in
comparison to static conditions as localised attack appears to be minimised under dynamic
conditions [65].
The current literature provides some insight into the effect of physiological flow rates on the
overall corrosion rate and corrosion morphology of Mg alloys in SBF. However, an
electrochemical time-dependant relationship of flow on corrosion is lacking. Electrochemical
impedance spectroscopy is well-suited to determining the consequence of different flow rates
on the corrosion mechanisms of Mg in SBF, such as the formation of corrosion layers (e.g.
CaP) on the surface of samples over time.
6.6.1.2.

Experimental methods

A custom corrosion flow cell was designed to allow for controlled media flow rates in a
direction perpendicular to a sample surface (Figure 6-36). An electrochemical corrosion cell
was modified to allow the insertion of a thermoplastic PHARMED® tube (Cole-Palmer Inc.,
Vernon Hills, IL, USA) with a 3 mm inner diameter in order to direct the medium flow. The
outlet was positioned 1 cm from the sample surface. The corrosion cell and medium reservoir
were then placed in a water bath which was kept at Tphy ± 0.5 °C. A Masterflex® L/S®
Digital peristaltic pump (Cole-Palmer Inc.) was used to control the flow rate. The pH of the
solution was monitored closely and maintained at 7.4 ± 0.05 during testing.
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Figure 6-36 : Schematic of flow cell setup.

EIS experiments were performed in the flow cell using standard conditions as outlined in
Chapter 4.3.5. Pure Mg was examined in HBSS using flow rates of 0, 5 and 25 mL/min.
These rates were chosen as they provide flow close to that of blood through various bone (per

100g) [119], yet were sufficiently different from the bio-Mg literature that focuses primarily
on stent applications [65, 118, 122].
6.6.1.3.

Results and discussion

Increased corrosion of pure Mg due to faster SBF flow rates

EIS analysis displayed a significant shift in corrosion resistance in differing flow conditions
(Figure 6-37, Figure 6-38). Overall the flow resulted in a decrease in Rtot of 52% and 66% for
the 5 mL/min and 25 ml/min conditions after 72 hrs, respectively (Figure 6-38A). The RCT in

the flow conditions was also reduced and more variable compared with static conditions. This
indicates that the flow likely prompted a more rapid change in the surface microstructure than
that found in non-flow environments. However, both flow conditions displayed a similar
behaviour after 24 hrs with an average of ~450 Ω/cm2.

Unlike in a static environment, a peak in Rf was not evident for either of the investigated flow
rates. A flow rate of 5 mL/min resulted in a heavily reduced Rf of 145 Ω
Ω/cm2, 80% lower
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than in static conditions (Figure 6-38B). The samples in 25 mL/min conditions did not
display any second time constant at all (i.e. Rf was zero). This is shown clearly when
analysing a Nyquist plot of the data after 30 hrs of immersion, where the 25 mL/min sample
displays a single time constant behaviour.

Clearly the investigated flow rates increase the corrosion rate of pure Mg. The flow appears
to retard the development of the Mg(OH)2 / CaP layers that are known to form on the surface
of Mg in HBSS, with faster flow resulting in a weaker layer. Flow also has an appreciable

negative effect on the RCT, further reducing overall resistance.

Figure 6-37 : Nyquist plot of pure Mg after 30 hrs immersion with different flow rates (0-25
mL/min). (HBSS, Tphy, 7.4)
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Figure 6-38 : (A) Rtot, (B) RCT and (C) Rf of pure Mg for different flow conditions of 0, 5,
and 25 mL/min. (HBSS, Tphy, 7.4)
199

6.6.1.4.

Summary

Flow rates have been shown to significantly affect the short term corrosion of pure Mg. The
effect of flow on degradation rates is likely more important in certain high-flow situations,
such as stents, than in environments where fluid is slowly perfused across the surface, such as
in orthopaedic applications. Investigation of low-flow environments may require the
development of a corrosion cell that simulates the relevant rates, such as those provided by
bioreactors used for various biological applications. This could be accomplished by adapting
a bioreactor to allow electrochemical measurement, but such a development would likely
require significant work. Factors such as shear stress on the surface and the flow type
(laminar/turbulent) also need to be considered and maintained as close to in vivo conditions
as possible.
Although it is not fully understood how flow affects the adhesion of proteins and cells to the
Mg surface, a suitable experimental setup must first be developed before this can be fully
investigated. This further investigation is required to clarify the effect of flow on the “basic”
corrosion mechanisms of Mg in balanced salt solutions. Conditions that simulate different
tissues in the body such as soft tissue, bone marrow, and blood vessels must be established.
Confirmation of the correlation of the in vitro and in vivo conditions will also be necessary.
Another important consideration is that, soon after implantation, the surface of many implants
become covered in organic matter such as proteins and cells and eventually bone or tissue
encapsulation will occur. This may significantly decrease the flow rates the implant is
exposed to. Consequently, flow rates in the body may have a negligible effect on the end
performance.

6.6.2. Effect of sample preparation (surface roughness)
6.6.2.1.

Introduction

Every step taken in the preparation of samples must be considered when comparing results
between experiments. Preparation steps that can influence the corrosion rate include:
a. Cutting of samples – may cause subsurface deformation that changes microstructure,
leaving residual stresses that may go deep (>50 µm) into the surface [123, 124],
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b.

Cleaning – contaminants left on the surface of a sample can affect corrosion or
biocompatibility,

c. Mounting – it has been suggested [125] that mounting a sample can cause increased
crevice corrosion at the interface of the sample and mounting material,
d. Grinding/polishing – differences in roughness and surface topology may affect both
corrosion [126] and protein/cell adhesion [127].
Of these parameters, the most crucial and easily controlled is the polishing or grinding of the
samples to a desired roughness (Ra). After casting, surface topology may vary widely
depending on the location of the sample in the cast mould or ingot. Grinding normalises the
surfaces of the samples and may also be used to remove any deep residual stresses due to
prior deformation.
However, it should be considered that polishing is effectively a local form of severe plastic
deformation and may alter more than just the surface roughness of the material [128]. This
could cause local compositions to vary due to redistribution of alloying elements or
segregation of impurities, residual strain and/or result in the embedding of foreign particles
(such as SiC) [129]. Any change in surface roughness will also change the effective surface
area; rougher surfaces with deeper “valleys” have a greater area than smooth surfaces. This in
turn can affect both immersion and electrochemical experiments, where surface area must be
known to accurately calculate corrosion parameters [130].
The aim of this work was to outline the effect of different polishing grades, and subsequently
surface roughness, on the corrosion of pure Mg in HBSS via electrochemical and immersion
methods. Roughness is a “bulk” term that does not take into account other microstructural
factors that have a significant effect on Mg alloy corrosion, such as grain boundary density,
extent of plastic strain, and alloying segregation. The purpose was not to determine the best
surface roughness value, but rather to explicate differences between the polishes and
highlight the importance of consistency for all experiments.
The roughness of Mg surfaces has been shown to have a significant effect on the corrosion
rate both in vitro and in vivo. Gray-Munro et al. found that a rougher, phosphoric acid-etched
surface displayed greater corrosion protection than non-etched surfaces, though Ra values
were not provided [131]. However, the etching also imparted a thicker Mg(OH)2 and
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phosphate layer onto the surface prior to testing, which may have contributed considerably to
the corrosion protection.
Denkena et al. found Mg-3Ca in 0.9% NaCl to corrode approximately 40% faster with a
roughness of 4 µm compared with a 2 µm roughness [3]. The difference was attributed to a
sealing of micro-cracks and pores on the smoother sample, which would have helped to
prevent the corrosion medium from deeply penetrating the sample. This sealing was in turn a
product of the different methods (turning and mechanical deformation) used to obtain the
roughness values, indicating the difference in mechanical work on the samples was the
primary cause of the corrosion variance [3]. Yoo et al. found that oxide-coated AZ91 in 3.5%
NaCl corroded an order of magnitude faster for each increase in roughness from a Ra of 0.5 to
1 to 2.5 [132]. Increased pitting was suggested as the main reason for the higher corrosion
rate. A similar result was found for AM50 [133] and AZ91 [134]. Alvarez et al. performed
ML experiments on AE44 in 3.5% NaCl with surface roughness vales of 5.5 and 1 µm [126].
Interesting, although a greater number of deep pits formed on the rougher sample, this study
contradicts others in that the smoother surface exhibited greater overall corrosion (2.5 ×)
[126].
Only one study was found in the available bio-Mg literature that investigated the effect of
surface roughness on biodegradation of Mg in an in vivo environment. Von der hoh et al.
examined the performance of Mg-0.8Ca implants placed into the femora of rabbits over 3 and
6 months [135]. Implants were either “smooth” or sandblasted to produce surfaces with an
average roughness of 3.65 and 32.7 µm, respectively. The rougher surfaces were found to
cause significantly more H2 evolution, resulting in multiple gas pockets near the surface of
the implants. Therefore, while smooth samples displayed homogenous degradation around
the edges of the implants, the sand blasted samples showed substantial structural loss to the
cylinder. The extensive H2 evolution of the sandblasted samples eventually led to failure of
the implant [135].
It is well known that the roughness of a surface may also influence cellular adhesion to the
substrate [127, 136] and, eventually, bone bonding [137]. The surface roughness can also
affect the type of cells that are able to adhere to the substrate [138]. Cells would likely attach
to the Mg substrate via a protein layer that is adsorbed onto the Mg(OH)2 and CaP layers,
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which rapidly form after immersion. This in turn may limit the potential increase in corrosion
rate caused by the rougher Mg surface.
6.6.2.2.

Experimental methods

Sample preparation
As-cast samples of pure Mg were polished to various surface conditions using SiC paper with
grits of 180 (63 µm), 600 (20 µm) and 1200 (9.5 µm). Smoother samples were prepared using
a soft polishing pad (Beuhler® Master-Tex 2000) and 9, 3, and 1 µm slurries. A final polish
slurry containing 0.02 µm diamond particles (Beuhler® Master-Met 2) was then used on a
very soft pad (Beuhler® ChemoMet). After polishing, samples were cleaned by placing them
in high purity ethanol (99.8%) in an ultrasonic cleaner for 2 min (to avoid reactions with
water).
Actual Ra values were determined using a Dektak 150 stylus profiler (Bruker-AXS, Tuscan,
AZ, USA) (Table 6-7). The measured values were found to be different than the theoretical
surface roughness, which may be due to “smearing” or other mechanical deformation that
occurred during polishing. However, for clarity each sample is discussed with reference to its
nominal Ra value in the rest of this work.
Table 6-7 : Theoretical and measured surface roughness of pure Mg polished to various
grades.
Nominal
Polish

Theoretical
Roughness
(µm)

Measured
Roughness
(µm)

180 grit

63

23.105 ± 5.67

600 grit

20

4.398 ± 1.254

1200 grit

9.5

2.190 ± 0.211

1 µm

1

1.242 ± 0.125

0.02 µm

0.02

0.04 ±0.045
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Electrochemical tests
Pure Mg samples with nominal Ra values of 63, 20, 9.5, 1, and 0.02 µm were investigated in
HBSS over 72 hrs at Tphy and a pH of 7.4. EIS was carried out using the standard setup
described in Chapter 4.3.5.
Hydrogen evolution
H2evo experiments were performed in HBSS on samples with nominal Ra values of 63, 20, 9.5
and 0.02 µm over 72 hrs at Tphy and a pH of 7.4 using the standard setup as described in
Chapter 4.2.2.
Microstructural analysis
After EIS experiments the surface topology of each sample was analysed using a SEM and
EDS was performed to obtain the elemental composition of the corrosion layers.
6.6.2.3. Results and discussion
Electrochemical corrosion over 72 hrs
EIS over 72 hrs elucidated some interesting behaviour due to the ∆Ra (Figure 6-39). The 0.02
µm sample displayed only one time constant, with no appreciable Rf. The 9.5 µm samples
exhibited the characteristic Rf peak after a few hours, as did the 20 µm samples, although to a
lesser extent. The 63 µm samples did not display this peak but instead exhibited a slow rise in
Rf to 400 Ω/cm2, almost exactly the same value as the 20 µm samples (Figure 6-39C).
The RCT displayed a similar trend for the four rougher surfaces, although the 1 µm samples
exhibited consistently greater resistance values (Figure 6-39B). However, the 0.02 µm
samples demonstrated radically different behaviour, rising sharply after 30 hrs to more than
double the RCT of the three roughest samples. It was not clear why this occurred at this time
point.
All samples other than the 0.02 µm displayed strikingly similar Rtot, with values within 100
Ω/cm2 of each other (Figure 6-39A). This indicates that although the differences in surface
preparation resulted in varied corrosion in the initial hours of immersion, the effect was
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minimal after 2 days. However, the smoothest surface displayed a significantly different
corrosion resistance behaviour and approximately 60% greater Rtot over the 72 hrs.
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Figure 6-39 : (A) Rtot, (B), RCT, (C) Rf of pure Mg as a function of surface roughness over 72
hrs. (HBSS, Tphy, 7.4)
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Effect of Ra on hydrogen evolution behaviour
H2evo experiments over a period of 72 hrs did not reveal any substantial differences in H2
evolution rate as a function of the surface roughness of pure Mg (Figure 6-40). After the first
30 min the three rougher samples had similar evolution rates of approximately 2.5-3
mL/cm2/d. This rate was maintained for ~5 hrs, thereafter it started to drop. The 0.02 µm
sample displayed slightly different behaviour with no noticeable H2 evolving for the first 1.5
hrs. Between 1.5 and 2.5 hrs a significant amount of corrosion took place – the highest
recorded rate. Between 5 and 20 hrs the evolution rates steadily dropped for all samples,
although the 63 and 20 µm samples displayed roughly double the rate of the smoother
samples. After approximately 30 hrs, the evolution rates of all samples reached a steady state
of 0.25-0.5 mL/cm2/d. After 50 hrs there was no appreciable difference in H2 evolution rate
as a function of surface roughness.
This indicates that although the corrosion rate varies in the first few hours depending on the
Ra, the effect is dramatically diminished after just over 24 hrs. This may occur due to rougher
samples initially corroding quicker due to an increased surface area, but as a Mg(OH)2 and
CaP layer forms the detrimental effects of this increased Ra lessens. The 0.02 µm samples
restricted this initial corrosion, but after the degradation attack commenced they actually
corroded more rapidly than the other samples.
This behaviour of very slow corrosion in the initial stages of immersion may provide a
benefit in vivo that has not been investigated here. The lower H2 evolution and subsequent
slower change in pH levels at the surface of the material may be beneficial to protein
attachment, which can be easily affected by pH (see Chapter 6.3). This may then be critical
for the cascade of events that leads to tissue formation – cell attachment, proliferation, and
finally ECM formation. This is an area worth pursuing in future work.
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Figure 6-40 : H2 evolution rates of pure Mg over 72 hrs with Ra values of 0.02, 9.5, 20 and 63
µ m. Displayed in log(10) scale to show early evolution rates. (HBSS, Tphy, 7.4)

The total H2 evolved was similar for the pure Mg samples polished to a Ra of 0.02, 9.5, 20
and 63 µm (Figure 6-41). From roughest to smoothest, an average total of 10.3, 9.1, 8.2, and
7.7 mL evolved over the course of 72 hrs. The results indicate that overall
overall the corrosion rates
were not drastically different in this period. The small increases in total H2 evolution that
coincide with each increase in Ra may be due to the extra surface area resulting in slightly
higher rates of corrosion in the initial stages
stages before the surface becomes coated with a

Mg(OH)2 / CaP layer (Figure 6-39).

Figure 6-41 : Total H2 evolved over 72 hrs for pure Mg with Ra values of 0.02, 9.5, 20, and
63 µm. (HBSS, Tphy, 7.4)
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Analysis of corroded surfaces

The surfaces of the samples provided some indication of how the corrosion proceeded
(Figure 6-42). All surface finishes other than the 0.02 µm displayed a similar corrosion layer,
with a Mg(OH)2 “cracked-earth” sub-layer and CaP flakes above. This surface morphology is
commonly observed for pure Mg in balanced salt media, both in this work and in the bio-Mg
literature [6, 71, 87, 88]. However, the 0.02 µm samples displayed an entirely different
morphology, with a more amorphous, smooth corrosion layer composed of similar levels of
Ca and P as the flakes on the other samples (Figure 6-42A). The coverage of this layer was

also far greater than that on the other samples, appearing to envelop the entire surface. The
fractures in the layer are likely due to dehydration of the surface during preparation for SEM

analysis; the surface would likely be completely covered by this layer during immersion in
HBSS. This layer may have caused the significant increase in corrosion protection that was
shown in the EIS data (Figure 6-39). In addition the complete coverage and considerable
protection that is provided may help explain why the 0.02 µ m samples appeared to display
only one time constant (Figure 6-39C)

Figure 6-42 : Scanning electron micrographs (1000 ×) of the surface of pure Mg samples
after 72 hrs immersion as a function of surface roughness: (A) 0.02 µ m, (B) 1 µm, (C) 9.5
µm, (D) 20 µm, and (E) 62 µ m. (HBSS, Tphy, 7.4)
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Summary
In this work is has been empirically shown that the surface roughness of pure Mg can play a
role in the corrosion that occurs in HBSS, which is an important finding. However, except for
extremely smooth surfaces, the Rtot and H2 evolution rates of all samples values were
comparable. This indicates that although differences existed in the initial rate of corrosion
due to ∆Ra, the effect became less evident over time. However, it should be considered that
the initially slow rate of corrosion that was observed for the 0.02 µm samples may be
beneficial to protein and cellular attachment in vivo.
Although samples polished to 0.02 µm displayed increased resistance to corrosion, the extra
care that must be taken to achieve this polish, requiring 4 polishing steps over 1200 grit
paper, limits its feasibility for larger studies. There is also greater potential for the suspension
particles to become imbedded in the surface of the sample [139]. Depending on the method
used to create a final biomedical device, the 0.02 µm finish is likely to be much smoother
than the end implant, and as such may not represent a realistic surface.
A single surface roughness value should be utilised for all tests for the sake of comparison
with both literature and between an individual’s experiments. A medium/fine Ra, such as that
provided by 1200 grit SiC paper (9.5 µm), appears to be ideal as it allows for several rougher
steps to remove deep residual stresses from the surface while providing a homogenous
surface without large “valleys”.

6.7. Summary of effect of in vitro variables
 Temperature has an effect on the corrosion rate of a range of Mg alloys, with higher
temperature leading to dramatically faster degradation (Figure 6-3, Figure 6-4). The
magnitude of the increase is dependent on both the specific alloy and the chosen
solution, making it difficult to approximate the exact increase for a given
alloy/solution combination without experimentation. Therefore it is crucial that any
experiment be carried out at the normal physiological temperature, 37° C, to eliminate
any effect a temperature difference may cause.
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 The pH of a medium used to test Mg performance critically affects the results that are
obtained. A small variation from 7.2 to 7.8 results in a large decrease in corrosion rate
(220-300%) (Figure 6-7). Such small changes in pH can also bring the corrosive
electrolyte / medium to within the crucial range in the precipitation of calcium
phosphate in SBF (Figure 6-13), resulting in radically different corrosion
morphologies on the Mg surface (Figure 6-11). pH can also affect other surface
interactions, such as amino acid or protein adhesion, that then alter the biodegradation
behaviour. Adjustment of the pH to physiological levels (7.4-7.6), and maintenance of
this level throughout the experiment should be considered a critical aspect of in vitro
testing.

 Use of a buffering agent is, for all but the shortest experiments, a vital part of
corrosion media. If left unbuffered, the rapid release of OH- during Mg degradation
rapidly increases the pH of the solution. This creates an unrealistic environment for
corrosion to occur and dramatically alters the degradation process. HEPES and other
chemical buffers do not naturally occur in the body although they do provide a
method of controlling the pH for in vitro tests where an incubator and CO2
environment is not available or feasible. Ideally, biocorrosion testing of Mg should be
performed using a physiological amount of sodium bicarbonate in a 5% (or similar)
CO2 atmosphere (i.e. the closest in vitro condition to the human body).
 The correct choice of an appropriate medium is absolutely vital to obtain valuable
data when performing in vitro tests. NaCl solutions cannot be considered useful in the
investigation of Mg biodegradation, as the lack of other inorganic salts results in
considerable differences in both corrosion rates and mechanisms (Figure 6-28).
Balanced salt solutions provide a more suitable inorganic environment. However, care
should be taken to ensure balanced salt solutions have the correct physiological
concentration of the elements most significant to the degradation process, including
Cl-, Ca and P (Figure 6-18). Amino acids and proteins increase the physiological
relevance of these solutions, but greater understanding of the underlying corrosion
mechanisms and their effect on long-term performance is required before they may be
confidently and correctly employed in vitro.
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 Flow rates are important to the biodegradation of Mg alloys depending on their
implant location and intended use. Near-physiological rates have been shown in this
work to alter the formation of layers on the Mg surface (Figure 6-37) and increase the
corrosion rate of pure Mg (Figure 6-38). However, significantly more work is
required to determine appropriate flow rates and pressures for the varied conditions
throughout the body. The typical fibrous encapsulation soon after implantation will
further change the flow conditions adjacent to the implant over its lifetime and much
greater attention is required from researchers to judge the relevance of dynamic
conditions during in vitro corrosion testing.

 Surface roughness is a variable that needs to be controlled throughout a group of tests
to allow for valid comparison between results. Different Ra values can result in varied
corrosion rates for pure Mg in HBSS (Figure 6-39, Figure 6-40, Figure 6-41),
although the overall degradation mechanism appeared comparable except for very
finely polished Mg (Figure 6-42). A finer polish and lower surface roughness does not
appear to guarantee slower in vitro corrosion. Therefore, there is no specific
roughness that can be recommended for testing. However, it appears that a medium
grade, such as 1200 grit (9.5 µm), is ideal as it allows for several rougher steps to help
remove deep residual stresses from the surface while providing a consistent surface
topology.
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CHAPTER 7: Alloying Effects on Magnesium
Biocorrosion
7.1. Introduction
The development of suitable biodegradable implant alloys is a multidisciplinary challenge,
since freedom in alloy design must be confined to a range of alloying additions that are
biologically nontoxic, whilst still providing the requisite mechanical properties. This leaves a
small number of compatible elements that can provide benefits when alloyed with Mg,
including Ca and Zn.
To date, although a range of different Mg alloys have been investigated both in vitro and in
vivo, little work has been performed to characterise (electrochemically) the individual phases
that form when elements are added in concentrations above Mg solid solubility limits, or to
generalise the corrosion morphology in bio-electrolytes. The limited solubility of most
elements in Mg typically results in the formation of intermetallic particles (IMP). Typical
intermetallics that form include but are not limited to Mg2Ca, MgZn2, Mg17Al12, and Mg3Al2.
Conversely for elements with low solubility, such as Fe, Mn, Cu, Ni and Zr, it is possible to
have a two phase structure consisting of pure Mg and pure X, where X = Fe, Mn, Cu, Ni or
Zr. In such instances no IMP forms, but complete insolubility prevails (the ramifications on
corrosion being catastrophic).
In this chapter we aim to typify the effects of a specific set of alloying elements upon Mg.
This is done by systematically studying binary alloy sets, ternary alloy sets, and using microelectrochemical testing. Interpretation of IMP electrochemical responses has led to significant
developments in the understanding of corrosion, especially for Al alloys [1, 2]. Consequently,
an investigation into the corrosion behaviour of any Mg alloy requires an understanding of
the relationship between microstructural features/phases, and their influence on overall
reaction kinetics.
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The microelectrochemical technique
Some of the fundamental localised electrochemical properties of alloys cannot be determined
using standard electrochemical setups, such as that outlined in Chapter 4.3. [3]. The contact
area is too large (1 cm2), which does not allow the analysis of the electrochemical behaviour
of single phases. Thus a different setup is required to allow analysis of the microstructural
characteristics. Microelectrochemical experiments (µCell), also referred to as micro-cell tests,
are capable of providing significantly smaller working electrode contact areas for analysis (1
µm2 – 1000 µm2). Typical setups have been outlined in [2-4] and reviewed in [5]. The µCell
offers a number of benefits over standard electrochemical techniques. For example, due to the
small working electrode contact area, current resolution can be drastically improved down to
pA, even fA [6]. The small contact area also allows investigation of single areas of interest,
such as grain boundaries, inclusions, or precipitates.
The limitations of the µCell technique have been outlined in a review paper by Birbilis et al.
[5]. These include: (i) high impedance (1013 – 1014 ohm) due to the small working electrode
area, (ii) a large ohmic resistance, again due to working electrode surface area, and (iii) need
for higher potential scan rates due to potential leakage of solution and blockage of the
capillary during anodic cycling. However, the use of a suitable potentiostat with a high-input
resistance and low-input current, combined with a selection of appropriate scan rates for the
investigated material can minimise the effect these issues can have on results [5].
µCell methods have been used in the literature for in vitro studies of Ti [7], cobalt-based
alloys [8], and a number of pure metals for use in dental applications [9]. For Mg alloys, in
vitro work has almost entirely been performed by Dr. W.-D. Mueller and his associates. In
the earliest work, Mueller et al. used standard and µCell (0.8 mm2 surface area)
electrochemical analysis to investigate pure Mg, LAE442 and AZ31 in 0.9 % NaCl, a SBF
similar to HBSS (but without Ca2+), and PBS with and without 0.1, 1, or 10 g/L BSA [10].
Although the study examined the effect of the different solutions and alloys on polarisation
performance, it did not investigate the individual phases of each alloy alone. A later study by
Mueller et al. on the same alloys and solutions provided greater insight into the values of icorr,
Ecorr, and Rtot, although not in reference to the individual phases of the microstructure. The
same issues remain in a recent publication by the same primary author [11].
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The separate analysis of individual phases is missing in the bio-Mg literature. Although the
interpretation of the electrochemical response of Mg intermetallics was first performed by
Lunder et el. over 20 years ago [12], no work has been done to characterise this response in
vitro. This is required from an alloy design perspective for the engineering of alloys with
predictable and customized dissolution rates, by helping to understand the compositionmicrostructure-electrochemistry paradigm of these new biomaterials. Consequently there is a
considerable need for a detailed study of the phase-corrosion relationship of common Mg
alloys investigated for biomedical purposes.
Investigated alloys and solutions
Calcium is one of the most promising and biocompatible alloying elements for Mg. It is
known to be the most abundant mineral in the body [13] and plays a crucial role in the
formation of bone [14]. Although several limited studies have investigated Mg-Ca alloys for
biomedical applications [15-18], a systematic and primary study of the role of Ca additions
upon dissolution of Mg alloys in vitro is lacking.
Zn has been commonly used in Mg alloying for biomedical purposes [19-26]. The addition of
Zn to Mg results in improved mechanical properties from grain refinement [27], has
displayed a reduced corrosion rate compared with pure Mg in HBSS [19, 28], and corroded at
a suitable rate in vivo [21]. Given its general non-toxicity, wide use and biomedical potential,
further investigation of its intermetallic properties is merited.
The addition of Zn to Mg-Ca alloys has been shown to improve the mechanical properties
(e.g. hardness) significantly [29]. A number of studies have investigated Mg-Ca-Zn alloys in
vitro, in both cast [30-33] and bulk metallic glass form [34]. The results have normally been
promising, and Mg-Ca-Zn alloys have been found to corrode slower than pure Mg in vitro
[30]. Incorporating two of the most biocompatible elements also minimises any chance of
toxicity-related problems when placed in vivo. Consequently Mg-Ca-Zn presents an
interesting alloy system that requires further examination.
The use of an SBF with a similar composition to in vivo conditions combined with a
controlled environment has been found in this work to be critical in the evaluation of
bioactivity of biomaterials (see Chapter 6.5). The inclusion of proteins, such as albumin, in an
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SBF has been shown to dramatically affect the corrosion properties of metallic biomaterials,
both in the literature [35, 36] and this work. Recently, this has been further confirmed in a
range of tests on pure Mg, as well as Mg alloyed with rare earth elements [37, 38].
Consequently, to greater understand the role of alloying elements on the microstructure/phase
differences, an electrochemical study in a variety of electrolyte media is required.
The aim of this study was to use the µCell technique in combination with standard
electrochemical methods to analyse a Mg-Ca, Mg-Zn, and Mg-Ca-Zn alloys (and their
subsequent secondary phases) to determine their effect on electrochemical biocorrosion.
Further analysis was performed on the Mg-Ca alloying system due to its favourable
properties in vivo. Some of the phases discussed herein have never been studied using the
µCell technique nor in combination with an SBF as the corrosive medium.

7.2. Experimental methods
7.2.1. Sample preparation
A range of Mg-xCa alloys (x = 0.4-28 wt. %), Mg-xZn (x = 1-20 wt. %), and Mg-xCa-yZn (x
= 0.4-5 wt. %, y = 3-6.2 wt. %) were prepared using an induction furnace. Commercial
alloys, AZ91, and AZ31 (Magnesium Elektron Ltd., Manchester, UK) were also considered
as reference materials such that our results with experimental alloys could be compared to
those of standard alloys heavily tested in the literature. Samples were polished to 0.05 µm.
Difference phases and grain boundaries were visible optically in the as-polished surfaces
without chemical etching.

7.2.2. General corrosion and microelectrochemical testing
For the investigated alloys, experiments were carried out using the normal flat cell with 1 cm2
of surface area as described in Chapter 4.3.3. PDP was performed in HBSS, MEM and MEM
containing 10% FBS. All media were buffered with HEPES.
Electrochemical testing of the intermetallic phases of the Mg-Ca and Mg-Zn alloys was
performed using a microelectrochemical cell (µCell) method following the configuration
outlined in Chapter 4.3.4. The β-phase of the Mg-Ca-Zn alloys could not be isolated due to
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its small size and consequently was not investigated in this study. Tests on the other phases
and α-Mg were performed in MEM solution at Tphy at a pH of 7.4.

7.2.3. Microstructural characterisation and EBSD
As-polished surfaces of the alloys were analysed using an inverted optical microscope
(Leica® DM-IRM). Images were obtained using an attached AxioCam digital camera.
Scanning electron microscopy and electron backscatter diffraction (EBSD) were carried out
on a Quanta SDFEG with a Hikari EBSD camera.

7.3. Results
7.3.1. Microstructural of Mg-Ca alloys
The phase composition of Mg-Ca binary alloys has been examined in detail previously,
where the appearance of a Mg2Ca intermetallic phase is typical for Mg-Ca alloys to a
composition window up to ~45 wt. % Ca [15, 29, 39, 40] as predicted by the phase diagram
(Figure 7-1) [41]. This is consistent with the microstructure of Mg-xCa alloys produced for
this work, where primary α-Mg dendrites and an interdendritic eutectic phase consisting of
α-Mg and Mg2Ca was visible (Figure 7-2). The process of relatively slow cooling (~0.1°C/s)
from the melt leads to the formation of a dendritic microstructure. There was an increased
refinement of the α-Mg dendritic structure and Mg2Ca phase from about 3 to up to 24 vol.%
with increasing Ca content from Mg-0.8Ca to Mg-28Ca, respectively.
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Figure 7-1 : Binary phase diagram of Ca-Mg.

Figure 7-2 : Optical light micrographs of the microstructure of ; (A) Mg-0.8Ca, (B) Mg1.34Ca, (C) Mg-5Ca, and (D) Mg-10Ca binary alloys. (1) α-Mg and (2) interdendritic
eutectic phases are denoted with arrows.
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The intermetallic phase is clearly evident in the Mg-28Ca alloy, along with a well-defined
divorced eutectic component of the microstructure (Figure 7-3A). Spot EBSD upon the

intermetallic phase (Figure 7-3B) reveals that the phase has the crystal structure and lattice
characteristics of Mg2Ca - in accordance with known lattice structures [41]. The Mg2Ca
intermetallic is unique amongst the phases
phases typical of Mg alloys, in that the intermetallic has
the same crystal structure (hexagonal) as the Mg itself, and the only difference is that the

Mg2Ca has lattice parameters almost twice as large as the α-Mg.

Figure 7-3 : An example of phase analysis performed by EBSD for Mg-28Ca. (A) Scanning
electron micrograph of the microstructure. (B) Kikuchi pattern of Mg2Ca phase as captured
by EBSD camera. (C) Virtual Kikuchi pattern of Mg2Ca phase as calculated by TSL OIM
software.

7.3.2. Microstructure of Mg-Zn alloys
The Mg-Zn alloys displayed a typical as-cast dendritic microstructure of primary α-Mg
dendrites with a MgZn/MgZn2/α-Mg eutectic located between the dendrite arms, based on
previous EBSD analysis [2] (Figure 7-5). MgZn2 is not the phase that would traditionally
form at the investigated concentrations under ideal conditions according to the Mg-Zn binary

phase diagram (Figure 7-4, [42]). However, MgZn2 is commonly found under nonequilibrium cooling conditions [31, 43], and is believed to have formed in this case.
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Figure 7-4 : Binary phase diagram of Mg-Zn.

Figure 7-5 : Scanning electron micrographs of Mg-20Zn alloy with α and β phases indicated.

7.3.3. Microstructure of Mg-Ca-Zn alloys
The ternary Mg-xCa-yZn alloys were all in the range for the formation of α-Mg and an
interdendritic phase of α-Mg + CaMg2Zn, as determined by the phase diagram (YELLOW,
Figure 7-6) and scanning electron micrographs (Figure 7-7).
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Figure 7-6 : Ternary phase diagram for Mg-Ca-Zn. Colours indicate formation of : (RED) αMg + CaMg2, (GREEN) α-Mg + CaMg2 + CaMg2Zn, (YELLOW) α-Mg + CaMg2Zn.

Figure 7-7 : Scanning electron micrograph of Mg-0.4Ca-3Zn alloy with α and β phases
indicated.
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7.3.4. Electrochemical characterisation of Mg-Ca alloys - Effect of alloy
concentration and medium composition
For the Mg-Ca alloys it could be readily seen that, with increasing Ca content, the corrosion
potential becomes more negative with a concomitant increase in corrosion rate (Figure 7-8).

This same overall trend was also observed in HBSS and MEM.

Figure 7-8 : Polarisation curves of selected Mg-xCa alloys in MEM+FBS.

It was observed that all alloys displayed a trend towards reduced corrosion rate as the
medium more closely mimicked the in vivo environment (Figure 7-9). The addition of FBS to
the MEM had a significant effect on the corrosion rate of all the Mg-Ca alloys when
compared to the HBSS and standard MEM mediums, with a decrease in the corrosion rate of

between 10% - 290%. Furthermore, it was observed that below the solid solubility (Cs) limit
of ~1.34 wt.% Ca, the corrosion rate stayed the same or even slightly decreased with
increasing Ca additions, while above this limit, corrosion rates increased
increased with increasing Ca

content (Figure 7-9A). The corresponding corrosion potential of each of the alloys can be
seen in Figure 7-9B.
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Figure 7-9 : (A) Corrosion rate and (B) potential of Mg-xCa and AZ alloys as a function of
the alloy composition and corrosion medium.

Overall, Ecorr values for all Mg-xCa alloys displayed an ennoblement in MEM+FBS
compared to the other media (Figure 7-10). This was due to a shift in the anodic curves.
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Figure 7-10 : Polarisation curves of Mg-10Ca alloy as a function of the corrosion medium.

7.3.5. Effect of alloying concentration and medium composition on
electrochemical response of Mg-Zn alloys
For the Mg-Zn alloys it was found that the corrosion potential becomes more positive with
the increasing Zn content (Figure 7-11). This trend, also observed in HBSS and MEM,
appeared to be primarily cathodically controlled, as the anodic curves could be seen to start to

converge at higher currents.
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Figure 7-11 : Polarisation curves of Mg-Zn alloys in MEM+FBS.

The Mg-Zn alloys displayed a different behaviour to the Mg-Ca alloys in the various media
investigated (Figure 7-12). There was a retardation of the cathodic curve in HBSS relative to
the MEM solutions. The addition of FBS resulted in reduced icorr due to a small shift in the

anodic curve and larger shift in the cathodic reaction rate.

Figure 7-12 : Polarisation curves of Mg-10Zn alloy as a function of the corrosion medium.
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7.3.6. Effect of alloying concentration and medium composition on
electrochemical response of Mg-Ca-Zn alloys
The polarisation behaviour of the Mg-Ca-Zn alloys was found to be dominated by the Zn

concentration (Figure 7-13). In the binary alloys it was found that the Ca content resulted in
an increase in the anodic reaction rate (Figure 7-8), however the Mg-Ca-Zn alloys seem to be
virtually unaltered due to increasing Ca content. Instead the inclusion of 3 or 6 wt. % Zn
appears to control the cathodic reaction rate, with a greater concentration resulting in a more

positive Ecorr and increased icorr.

Figure 7-13 : Polarisation curves of Mg-Ca-Zn alloys in MEM + FBS. Low (3 wt. %) and
high (6 wt. %) Zn content alloys are indicated.

The ternary alloys all displayed a similar behaviour to Mg-Zn in the different media, with a
cathodically controlled rise in Ecorr occurring between the HBSS and the MEM solutions

(Figure 7-14). The addition of FBS reduced both the anodic and cathodic reactions rates.
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Figure 7-14 : Polarisation curves of Mg-0.4Ca-3Zn as a function of the corrosion medium.

7.3.7. Microelectrochemical investigation of intermetallic phases
The polarisation response of the Mg2Ca and MgxZny intermetallic phases displayed starkly

different behaviour (Figure 7-15). The Mg2Ca phase overwhelmingly supports higher rates of
reaction in comparison to α-Mg across a wide range of potentials. In contrast the MgxZny
was found to support much faster cathodic reaction rates while slower anodic rates of
reaction, resulting in a much more electropositive potential.
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Figure 7-15 : Polarisation curves of pure Mg, Mg2Ca, and MgxZny phases from
microelectrochemical testing.

7.4. Discussion
7.4.1. Biocorrosion of Mg-Ca, Mg-Zn and Mg-Ca-Zn alloys
Microstructural investigations described herein reveal and confirm that alloying Mg with Ca
leads to the formation of the intermetallic phase Mg2Ca. The presence of this second phase

has a significant impact upon the measured anodic kinetics of pure Mg as shown by a shift in
the anodic branches of the polarisation curves toward significantly higher currents with

increasing Ca additions (Figure 7-8). In contrast, the corresponding cathodic branches are
relatively unaffected by Ca additions. If one were to extrapolate the cathodic
cathodic branch of the

polarisation in Figure 7-8 for Mg-0.8Ca towards increasingly negative potentials, the
extrapolated curve would overlap the curves of the high Ca containing alloys. This result

therefore suggests that Mg2Ca is a more efficient anode than α-Mg.
The notion that Mg2Ca is more electrochemically active than α-Mg is further confirmed by
the microelectrochemical testing. It can be seen that the polarisation response of Mg2Ca
clearly reveals very high rates of reaction when compared to other metals or intermetallics in

engineering alloys (Figure 7-15). Nominally when intermetallics are present in Mg, the
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intermetallic assumes the role of the cathode, since the intermetallic – which is richer in
alloying element – cannot nominally support anodic reactions at the rate of Mg, which is
itself an active metal. This is not the case with Ca additions.
In part, the genesis of the rapid dissolution of Mg itself is owing to the fact that Mg cannot
produce a stable surface oxide of complete coverage, as judged by a Pilling-Bedworth ratio
(PBR) < 1 [41]. Thus, the volume of the oxide produced upon Mg is lower than the volume
of the metal consumed, indicating that a continuous oxide is not capable of forming in most
conditions. There are only very few instances in nature when a PBR < 1 is encountered. The
phase identified as Mg2Ca has the identical crystal structure as Mg but twice the lattice
parameter magnitudes (i.e. Mg: a = 0.32093, c = 0.52107, Mg2Ca: a = 0.623, c = 1.012). Thus
the notional expectation is that volume of metal consumed in Mg2Ca will be greater (for a
given number of atoms), and hence the PBR will be even further below unity (i.e. <<1) [41].
This situation – to the author’s knowledge – can only occur with Ca additions. It is also
noteworthy that Ca itself is amongst the only other elements that can sustain a PBR<1 [44].
Investigations of the Mg-Zn alloys reveal the formation of an intermetallic phase of
MgZn/MgZn2 (MgxZny). This phase has a significant effect on the measured cathodic kinetics
of pure Mg, displaying a positive rise in Ecorr with increasing concentrations of Zn (Figure
7-11). Interestingly the Zn content itself causes a cathodic shift even below its solid solubility
in Mg, which is furthered once this limit is reached. The anodic branches appear unaffected
by the increased Zn content. Extrapolating the anodic branch of the Mg-xZn alloys towards
increasingly positive potentials would eventually cause them to overlap, albeit at relatively
high currents. This would suggest the suitability of the MgxZny phase as a cathode to the αMg.
This behaviour is confirmed in the analysis of this phase via the µCell technique. The
MgxZny phase can be seen to have an Ecorr almost 1 V more positive than the α-Mg, yet
displays a significantly reduced icorr (Figure 7-15). Consequently this MgxZny phase is acting
as a cathode in the alloy, as it cannot support anodic reactions at the rate of the α-Mg.
The Mg-Ca-Zn alloys displayed what is believed to be α-Mg and an interdendritic phase of αMg + CaMg2Zn (Figure 7-6). This β-phase, which was visible on all the investigated
concentrations, appeared to affect the corrosion of the alloy primarily subject to the Zn
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content. The Ca in the alloy appeared to have a negligible effect on the polarisation curves,
with no trend apparent (Figure 7-13). However, alloys with a 6 wt. % Zn content displayed a
cathodic shift to more positive potentials compared with alloys containing 3 wt. % Zn. This
indicated the corrosion of the Mg-Ca-Zn alloys is primarily controlled by the cathode, which
in turn is dependent on the Zn concentration.

7.4.2. Influence of electrolyte on biocorrosion of alloys
The type of medium was found to strongly influence the overall dissolution rate of Mg-Ca
alloys. Given that experiments were conducted in various media to isolate the impact of
materials structure and reveal a general corrosion response, some discussion regarding
electrolyte influences is warranted. It was observed that, for a given Mg-xCa alloy
composition, the anodic branch was altered, whilst the cathodic branch remained essentially
unaffected for media that more closely mimicked the in vivo environment (Figure 7-10). This
apparent ennoblement of Ecorr is due to the reduction in anodic reaction kinetics in the
presence of serum proteins. In fact, based upon the polarisation data, the presence of proteins
appear to act as mild anodic inhibitors, leading to a considerable decrease in icorr by stifling
the overall anodic reaction rate (and hence moving the anodic branch towards the left as seen
in Figure 7-10). However, work performed in Chapter 6.5 of this thesis shows this effect to
be short-term.
Furthermore, the degree of ennoblement of Mg due to changing corrosive medium was not
consistent across all alloy compositions. It was observed that disparities in Ecorr, as measured
in the various media, were reduced for Ca additions of 10 wt. % or greater, indicating an
apparent decreased ennoblement by the MEM+FBS medium. The underlying mechanism for
this is unknown, although there are three possible explanations that exist: (i) the increase in
secondary phases with ≥10 wt. % Ca may present a less “attractive” site for protein
adsorption, (ii) additional calcium phosphate may form on the surface, conceivably in an
amorphous state, altering the corrosion kinetics and protein adsorption [45, 46], and/or (iii) a
localised increase in pH at the surface due to rapid degradation (and OH- evolution) reduces
the rate of protein adsorption. For example, Sharpe et al. similarly found that a higher pH
decreases the rate of protein adsorption on hydroxyapatite surfaces [47]. However, further
work is required to better understand the effect of localized pH changes on the surfaceprotein interaction in Mg alloys.
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The Mg-Zn alloys were primarily affected by altering the medium from HBSS to MEM
(Figure 7-12). The change in solution resulted in a shift towards a more positive Ecorr, with a
concurrent but minor increase in icorr. The amino acids appeared to slightly inhibit the anodic
reaction rate while significantly increasing the cathodic rate. This indicates that they are
slowing the dissolution of the α-Mg while speeding the H2 evolution of the interdendritic βphase. The addition of FBS to the MEM appeared to result in a minor reduction of the anodic
rate while causing a more considerable decrease in the cathodic curve, resulting in a lower
icorr. Thus the proteins are having a greater effect on the interdendritic β-phase, limiting the
reactions that are taking place.
A similar relationship was observed for the Mg-Ca-Zn alloys in the various media (Figure
7-14). Compared with HBSS, the MEM resulted in a large increase in the cathodic reaction
rate for all Mg-xCa-yZn alloys, as well as a minor decrease in the anodic reaction rate. Thus
the amino acids have a similar effect for these alloys as they do for the Mg-Zn, slowing the
anodic reactions of the α-Mg slightly while causing increased cathodic activity. However,
proteins appeared to have a greater effect on the anodic reaction rate for the Mg-Ca-Zn
alloys, resulting in a similar decrease in both anodic and cathodic reactions. This lead to a
decreased icorr at a similar Ecorr for MEM+FBS compared with MEM.

7.5. Conclusions
The (micro)electrochemical corrosion of Mg alloys
By increasing the content of Ca in binary Mg alloys to levels greater than the solubility limit
a considerable rise in measured icorr occurred (Figure 7-9). For the highly alloyed Mg, the
corrosion rates found were greater than for any Mg alloy reported in the bio-Mg literature.
This is primarily due to the highly reactive nature of the secondary Mg2Ca phase. Over a
wide range of potentials, Mg2Ca sustains dissolution rates about an order of magnitude
greater than Mg, which is already very reactive (Figure 7-15). This is posited to be owing to
the chemistry and crystal structure of Mg2Ca, and concomitant PBR<<1 which is expected,
allowing the phase to be very reactive.
The presence of proteins principally affects the anodic reaction kinetics of Mg-Ca alloys,
reducing the rate of metallic dissolution (Figure 7-10). This translates to an inhibitive effect
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on overall dissolution. However, longer term immersion and electrochemical experiments on
a range of Mg alloys reported in this work (Chapter 6.5) indicates that this may not be the
case over the entire life of the material. It is unknown whether the positive effects that Ca
might have on bone growth and osteoconduction would counterbalance the rapid corrosion.
Hence, in vivo studies are needed to compare the results of the current in vitro tests.
It has been shown in this work and the literature that increasing the Ca content up to the solid
solubility limit slightly alters the overall corrosion rate of Mg while additions above this
significantly increase the corrosion rate [48]. This is seen clearly in Figure 7-9A, whereby
following additions greater than a Cs (the solid solubility limit of Ca in Mg) of ~1.34 wt. %
Ca, the corrosion rate increases monotonically.
Increasing the level of Zn up to and above its solid solubility in Mg resulted in large increases
in the rate of the cathodic reactions in all media (Figure 7-11). However, the Zn in solid
solution, and especially when a secondary phase was present, exhibited little effect on the
anodic reaction rate, which appeared to be similar at higher currents. This indicates that the
Zn increases the efficiency of the cathode, a behaviour which was confirmed by analysis of
the individual MgxZny phase (Figure 7-15). This behaviour is in line with all other known Mg
intermetallics, with the exception of Mg2Ca. Consequently the MgxZny phase acts as the
cathode, and controls the overall reaction rate of the alloy.
The corrosion of the Mg-Ca-Zn alloys appears to be almost entirely controlled by the Zn
content (Figure 7-13). A higher concentration (6 wt. % versus 3 wt. %) leads to increased
cathodic reaction rates and a coinciding increase in icorr. The Ca, which in binary alloys was
found to control the anodic reaction rates, appears to have little effect on the overall corrosion
mechanisms. In the different media, all Mg-Ca-Zn alloys behaved in a similar fashion to the
Mg-Zn alloys, with a cathodically controlled increase in reaction rates due to the addition of
amino acids. However, proteins resulted in a decrease in both reaction rates and a subsequent
reduction in icorr.
The precise quantification of corrosion rates in the human body is a major challenge that lies
ahead for the design and clinical adoption of Mg biomaterials. However, the work described
herein reveals that it is possible to develop criteria for the design of suitable materials by
deconvolving the microstructure and its electrochemistry.
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Summary
This work reveals how control of alloying Mg with Ca and Zn can influence its biocorrosion
behaviour. By understanding the microstructural electrochemical response of these additions
they may be deployed in an engineering sense as functional additions capable of controlling
the dissolution rates of Mg alloys. This is not only important in the field, but gives significant
creed to the notion of using the deconstruction approach herein for unlocking the
microstructure-corrosion relationships that will enable functional (i.e. customisable) implants
to be developed.
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CHAPTER 8: Development of Topologically
Ordered Porous Magnesium
8.1. Introduction
The need for a process to safely produce ordered Mg structures has been well established (see
Chapter 2.2.8. ). The potential benefits for such a structure include improved integration with
the body [1, 2] and tailoring of mechanical properties (e.g. stiffness) for a variety of
applications [3].
Random foams, although capable of being produced non-toxically employing an NaCl route,
have an intrinsically wider variance of mechanical properties than ordered structures and
cannot be used to create a variety of designs [4, 5]. Current methods that are able to
synthesise topologically ordered porous Mg (TOPM) use a plaster porogen that is difficult to
completely remove from the surface of the Mg, causing potential biocompatibility issues [6,
7]. Thus, a simple process is required to produce TOPM for Mg-based implants using only
biocompatible materials.
The aim of this study was to create and investigate a suitable production method for TOPM
using only biocompatible materials. Investigation of processing parameters would be
necessary, as would study of the surface topology and mechanical performance. An
understanding of the effect that the production method has on corrosion rates was also
required.

8.1.1.

Synthesis of topologically ordered porous Mg

A fabrication method was developed for producing TOPM structures via a rapid prototyping
and salt (NaCl) casting process. The present work demonstrates the application of a multistep
process for the fabrication of porous magnesium that can be used to control the cellular
architecture at different topology scales. The high flammability of Mg in the powdered form
means that powder processing routes such as selective laser sintering are a formidable and
dangerous task. This has prompted the development of a new liquid metal casting route for
cellular Mg that involves the infiltration of a NaCl template having a desired ordered
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architecture. NaCl is an ideal porogen material for casting Mg due to its: (i) high thermal
stability and strength, (ii) non-reactive nature with Mg, (iii) ability to be formed into

complex, ordered structures, (iv) biocompatibility and (iv) the ease with which NaCl is
removed from the cast material.

8.2. Experimental methods
8.2.1.

Preparation of ordered NaCl template and TOPM

NaCl particles (Ø = 45-63 µm) were infiltrated into cylindrical polymer templates fabricated
from a computer aided design (CAD) model using
using a commercial rapid prototyping (RP)
machine (InVision® HR 3D Modeller, VisiJet HR 200, 3D Systems, Rock Hill, SC, USA).
Polymeric RP templates (Ø20 × 20 mm) were produced for NaCl infiltration (Figure 8-1).
The RP templates were infiltrated with a paste based on NaCl powder and a supersaturated
solution of NaCl. Upon removal of the water by drying in an oven a NaCl lattice structure
was formed. The polymer template was carefully removed by combustion in air, using a
burnout cycle with 690°C as the maximum temperature.

Figure 8-1 : Image of the CAD model of a 1 × 1 mm lattice structure.

The NaCl templates were cut horizontally into three equal sized samples. Each of these was
infiltrated with high purity (99.98%) liquid Mg using low pressure casting in a 10 kW
induction furnace under a high purity Ar atmosphere (Grade 0) at 700°C. Infiltration

pressures (Pi) of 1.4, 1.5, 1.6, 1.7, 1.8 and 1.85 bar (±5 mbar) were investigated. Following
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solidification of the Mg, the NaCl was removed by washing in a sodium
sodium hydroxide solution
with pH > 11.8 to limit corrosion of the Mg. The process resulted in a Mg casting having an

open lattice-type architecture that is referred to as TOPM in this study. A schematic of the
entire process for the synthesis of TOPM is given in Figure 8-2A, and a cross-section
schematic of the crucible with scaffold is shown in Figure 8-2B. Photographs of the sample at
each stage of the process can be seen in Figure 8-3.

Figure 8-2 : (A) Schematic of the RP fabrication process: (1) polymeric RP template, (2)
infiltration of RP with NaCl paste, (3) polymer template burn-out and subsequent sintering of
NaCl, (4) low-pressure casting of Mg into the NaCl template, and (5) final TOPM following
NaCl removal by dissolution. (B) Cross-section of crucible with NaCl template.
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Figure 8-3 : Photographs of a sample at different stages
stages of the infiltration process: (A) RP
template, (B) RP infiltrated with NaCl, (C) salt template after removal of the RP, (D) NaCl
infiltrated with Mg, (E) a piece of the final Mg scaffold after removing the NaCl.

8.2.2.

Corrosion experiments

H2evo tests were carried out to study the corrosion performance of the TOPM samples. Instead
of using the 3D TOPM structure, flat samples of Mg were prepared to ensure a controllable

surface area for corrosion testing. To create flat Mg samples, NaCl discs were prepared in the
same manner as for 3D lattice-type structures. Liquid Mg was then cast onto the flat NaCl
discs using a Pi of 1.8 bar, by means of the same apparatus as for TOPM. The as-cast surface
was referred to as template roughened Mg (TR). A sample of bulk Mg was also taken from

the same ingot, polished to 1200 grit and then investigated for comparison. All samples were
tested for 6 hrs in HBSS at Tphy and at a pH of 7.4 using the setup described in Chapter 4.2.2.
PDP and EIS were carried out on samples produced in the same way as for the H2evo
experiment. The normal electrochemical setup was used as described in Chapter 4.3 in HBSS
at Tphy and at a pH of 7.4.
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8.2.3.

Mechanical performance of TOPM

Compressive tests of selected samples were carried out using an initial strain rate of 10 -3 s-1
on a MTS® 810 Material Test System (MTS, Eden Drive, MN, USA) equipped with a 100 kN
load cell. Samples were prepared according to ASTM E9-89a with dimensions of 5 × 5 × 9
mm (depth × width × height) [8].

The maximum compressive stress of TOPM was

determined from the first stress peak in the stress-strain curve after Ashby et al. [9]. The
compressive strength of TOPM samples was compared to bulk Mg considering samples of
equivalent cross sectional area. The cross sectional area of the TOPM samples was based
solely on the area of the vertical columns in the lattice structure (Figure 8-1).

8.2.4.

Microstructural analysis

The TOPM samples were initially observed under an Olympus B061 upright optical
microscope and photographed using a digital camera (G10, Canon Inc., Tokyo, Japan). A
JEOL 7000F FE-SEM was used with EDS to analyse the surface morphology and
composition. Confocal microscopy (Leica® TCS-SP5) was used to characterize the surface
topology of the final as-cast TOPM at different pressures. The confocal micrographs were
analysed with specially-developed in-house software, based on well-defined techniques [10,
11] from the University of Canterbury, to obtain surface roughness (Ra) values. The software
used a large number of confocal images (100+) to calculate the mean “depth” from which the
Ra is obtained.

8.3. Results and discussion
8.3.1.

Effect of casting pressure on the infiltration and surface
roughness of TOPM

Initial trials demonstrated that the NaCl structures could not be infiltrated by liquid Mg in the
absence of an applied pressure. This suggested a lack of wetting between the Mg and NaCl as
well as an indication of the significant surface tension that hinders infiltration into the 1 × 1
mm pores. A lack of infiltration pressure results in smooth, curved surfaces (Figure 8-4A). A
Pi of 1.4 and 1.5 bar resulted in only partial infiltration of the NaCl lattice structure (Figure
8-4B & C). At a Pi of 1.6, 1.7 and 1.8 bar the scaffolds were fully infiltrated (Figure 8-4D, E,
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F). It was observed that a greater Pi resulted in a rougher surface than a lower Pi, indicating
that the process could be modified to produce a range of different Ra.

Figure 8-4 : Photographs of TOPM produced with Pi of: (A) 1 bar, (B) 1.4 bar, (C) 1.5 bar,
(D) 1.6 bar, (E) 1.7 bar and (F) 1.8 bar.

A Pi above 1.8 bar was found to cause a “random” infiltration due to Mg permeation in
between the salt grains within the struts of the NaCl structure. This is visible in the
photograph of a 1.85 bar structure (Figure 8-5A), and is even more apparent when viewed

with the SEM (Figure 8-5B). This highlights the importance of carefully controlling the Pi at
all points during the synthesis of TOPM.
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Figure 8-5 : (A) Photograph of TOPM using a Pi of 1.85 bar and (B) scanning electron
micrograph of over-infiltrated strut with red rectangle indicating area of Mg infiltration where
the original NaCl strut was positioned before washing.

It was observed that the roughness of the surface increased significantly as the Pi increased

(Figure 8-6). For example, the surface roughness of TOPM with a Pi of 1.8 bar is more than
twice that of a sample produced using a Pi of 1.4 bar (Table 8-1). The Mg was found to wet
the salt, leaving reverse imprints of the salt grains on the surfaces of the struts. This suggests

that the NaCl particle size and distribution could be selected to tailor the desired Ra.

Figure 8-6 : Scanning electron micrographs of the surface of TOPM cast as a function of Pi:
(A) 1.4 bar, (B) 1.6 bar, (C) 1.8 bar, (D) 1.85 bar.
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Table 8-1 : Surface roughness values of TOPM samples as a function of Pi.
Pi (bar)

Ra (µm)

1.4

11.07

1.5

11.49

1.6

17.54

1.8

23.36

This roughness may provide both positive and negative effects in biological situations.
Firstly, it has been shown that increased roughness can significantly enhance the corrosion
rate of Mg alloys [12, 13]. However, the surface micro-architecture or topology of
orthopaedic implant devices is recognized as an important parameter for encouraging new
tissue formation [14-18]. For example, Schwartz et al. found that implants with surface
roughness values (Ra) of 3 to 6 µm increase cell proliferation by up to 9 times compared with
a smooth surface (Ra = 0.2 µm) [17]. Wilson et al. found that “valleys” 40 µm wide and 20
µm deep had a positive effect on proliferation of bone cells when compared to smooth
surfaces [19]. The RP moulds used to create the inverse salt templates displayed a topology
containing micro-valleys ranging from 10-30 µm across (Figure 8-7A). These micro-valleys
appear to be partially transferred to the inverse salt mould (Figure 8-7B), although the size of
the NaCl particles (45-63 µm) resulted in limited penetration. The amount of penetration by
the NaCl is not clear in the electron micrographs due to the large size and random orientation
of the salt grains. However, it was clear from the TOPM sample at the higher infiltration
pressures (1.8 bar) that some of the original features of the RP mould had been transferred
(Figure 8-7A versus C). This indicates that through careful design and control of processing
parameters both the roughness and microarchitecture may be altered, allowing a variety of
surface topologies.
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Figure 8-7 : Scanning electron micrographs of (A) the micro-valley architecture of the
positive polymeric template that is partially transferred to (B) the negative NaCl template and
subsequently to (C) the TOPM surface.

8.3.2.

Improvements in compressive mechanical behaviour of TOPM
over random foams

The ability to control the surface topology of cellular Mg is important for mechanical
properties, since it will affect crack propagation
propagation and load transmission through the
introduction of “defects” and stress raisers at the surface. The periodic (1 × 1 mm) samples

exhibited ultimate compressive strengths (~13 MPa) equivalent to or slightly higher than bulk
Mg samples (~11 MPa) (Figure 8-8). This was somewhat unexpected since it was thought
that the introduction of sharp corners into the lattice structure might have decreased the
strength. However, the contribution of the horizontal struts in supporting the vertical columns

is presumed to help strengthen the lattice structure.
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Figure 8-8 : Compressive stress-strain behaviour of bulk Mg and TOPM with equivalent
cross-sectional areas.

Interestingly, TOPM with a theoretical porosity of 41% exhibited compressive strengths just
below that of random porous Mg foams reported in the literature [20]. Wen et al. reported a
compressive strength of 15 MPa for random Mg foam with a porosity of 41%. They also
noted that the pore size of the foams influenced the strength, with larger pores resulting in

reduced mechanical properties. On this basis, considering the trend of decreased strength as
pore size increases, if the TOPM could be considered to have an effective pore size of 1 mm
it would yield a compressive strength almost 40%
40% higher than equivalent random foams that
Wen et al. tested (Figure 8-9). Thus, in theory, the properties of TOPM exhibit a significant
mechanical efficiency over the random porous structures.
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Figure 8-9 : Compressive stress as a function of pore size, including the extrapolated data of
random porous foams and measured TOPM performance.

8.3.3.

Rapid hydrogen evolution of template-roughened Mg

A significant amount of H2 was observed to evolve from the template roughened Mg (TR)
samples over 6 hrs (Figure 8-10). The rate of evolution increased in the first 4 hrs, indicating
intensified corrosion on the surface of the sample. Between 4-6 hrs this rate appeared to
flatten, which is consistent with the electrochemical results (Figure 8-11). After 6 hrs the
evolution rate was approximately 10 × faster for the TR samples than for those polished to
1200 grit. It is likely that the H2 evolution was effectively occurring at its maximum rate for
the TR samples after 6 hrs, and the entire surface of the sample was observed to be covered in

H2 bubbles.
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Figure 8-10 : Instantaneous H2 evolution rate of TR and 1200 grit polished samples over 6
hrs. (HBSS, Tphy, 7.4)

8.3.4.

Electrochemical analysis of template-roughened Mg

The TR samples displayed a considerably different electrochemical response when compared
with pure Mg polished to 1200 grit (Figure 8-11). While the polished samples gradually

displayed a lower icorr, TR samples exhibited the opposite trend with a quickly increasing icorr.
The final icorr for the TR after 24 hrs (360 µA/cm2) was over 7 × higher than that of the 1200
grit Mg (50 µA/cm2). This is potentially a result of an increased surface area as the corrosion
proceeded, due to rapid corrosion in the initial period. However, given only
only 1 cm2 of surface
was in contact with the test solution, the levelling of corrosion current density for this sample
may simply be due to the sample reaching its maximum corrosion rate for the available area.
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Figure 8-11 : icorr of TR and 1200 grit polished Mg samples. (HBSS, Tphy, 7.4)

The physical imprints of the salt grains on the Mg surface that were visible on the surface of

the as-cast TR (Figure 8-12A)
12A) disappeared after 24 hrs of immersion, revealing the
underlying Mg grain boundaries (Figure 8-12C). The typical Mg(OH)2 / CaP surface dryearth corrosion layer, as shown for the polished sample (Figure 8-12D), was not visible on
the TR surface. EDS analysis of the surface confirmed
confirmed only Mg and O were present on the

TR surface compared with considerable amounts of Ca and P (Ca = 7 wt.%, P = 9 wt. %) on
the polished sample (Figure 8-13). This indicates that the corrosion of the polished samples
was partially limited by the build-up of a Mg(OH)2 / CaP layer on the surface. The corrosion
rate of the TR samples was not limited by any layer, and consequently proceeded rapidly.
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Figure 8-12 : Scanning electron micrographs (2000 ×) of the TR and 1200 grit polished
surfaces before (A&B) and after (C&D) 24 hrs immersion. (HBSS, Tphy, 7.4)

Figure 8-13 : Scanning electron micrographs (1000 ×) of surface after 24 hrs immersion of
(A) TR and (B) 1200 grit polished surfaces and corresponding EDS analysis. (HBSS, Tphy,
7.4)
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To further analyse this phenomenon, EIS experiments were performed over a shorter time
period (6 hrs) to limit the effect that corrosion may be having on the surface morphology. As
expected the TR samples displayed significantly lower Rtot than the polished samples (Figure
8-14A). Analysis of the curves over time on the Nyquist plot revealed a single time constant
behaviour for the TR samples at each time point over the 6 hrs (Figure 8-14B). The 1200 grit

samples displayed a single time constant initially, however a second eventually developed,
which, based on previous analyses in this work, is due presumably to a Mg(OH)2 / CaP layer.

Figure 8-14 : (A) Rtot over 6 hrs for TR and polished Mg and (B) corresponding Nyquist plots
at 30 min and 6 hrs. (HBSS, Tphy, 7.4)
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Considering the rapid corrosion rates (Figure 8-10, Figure 8-11) and significantly different
morphology (Figure 8-12) with a complete lack of the CaP layer (Figure 8-13), it appears that
the TOPM structure may not be suitable in its current form for use in vivo. There is potential
that the slower rates of corrosion that have been observed in vivo rather than in vitro may
help partially alleviate this problem [21-23], but it is likely that the rates observed are too
rapid for most applications. However, given the novelty of the process, there are many
improvements (e.g. lower pressures) that might be made that could reduce the corrosion rate
to acceptable levels.

8.4. Conclusions
A porous NaCl template with controlled internal structure was synthesised using existing
rapid prototyping methods. This process could be used to create ordered structures, currently
with a minimum pore size of 0.3 x 0.3 mm [24]. The potential of such a technique for Mg is
clear, as ordered cellular metal has been shown to have many benefits over solid structures.
The surface of the structure may be controlled by altering casting conditions during
processing. It was found that the casting pressure had a considerable affect not only on the
infiltration success and mechanical integrity, but also on the surface texture and wetting of
the liquid Mg with NaCl. Although higher pressures improved some of these characteristics,
they could also lead to uncontrollable effects such as infiltration between the NaCl grains.
Control of this surface, including the average roughness and creation of the “valley”
architecture, is crucial as it can yield a topology that is specially designed for cell attachment.
Combined with effective channelling of the new bone growth attributable to the overall
structure design, the potential for more effective and faster healing in orthopaedic
applications is significant.
However, sizeable challenges remain, primarily due to the increased corrosion rate that
occurs due to the rougher surface. Unlike polished surfaces, no significant corrosion layer
appears to effectively form on the surface of the TR/TOPM. This layer has been seen to form
on every non-TR alloy investigated in BSS in this work, and consequently indicates a
departure from this “normal” layer formation behaviour. It is likely that the primary reason
for the lack of a CaP layer is due to the rapid corrosion that occurs soon after immersion,
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between 7 × (Figure 8-11) and 10 × (Figure 8-10) faster than 1200-grit polished Mg,
preventing the build-up of any corrosion product. It is important to consider that the increased
corrosion may be due in part to a number of factors including: (i) impurities pickup during
the casting process, (ii) NaCl embedded into the Mg struts (resulting in an increase in Clconcentration near the surface), and (iii) variance in grain size (and grain boundary volume)
due to the difference in cooling conditions for the TOPM structure compared with the normal
casting method. These factors, although not investigated in this study, nonetheless constitute
future areas of work for this method. However, although TOPM currently corrodes too
quickly for virtually any biomaterial application, the properties may be altered by careful
processing control, balancing the potential favourable surface properties for cell attachment
with corrosion regulation. The use of coatings also may prove highly beneficial in slowing
this initial corrosion, which may in turn allow protein/cellular attachment to further slow
degradation.
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CHAPTER 9: Summary
Remarks

and

Concluding

9.1. Summary of findings and achievements
9.1.1.

In vitro experimental techniques
 Although mass loss experiments provide data on overall corrosion rates, they
do not elucidate information on the corrosion mechanisms that are occurring.
However, they are the only method that consistently and reliably provides
information on the exact amount of corrosion that has occurred, and
consequently are a vital part of almost any assessment of biodegradation of
Mg and its alloys.

 Hydrogen evolution may be used to clarify the physical corrosion rate over
time without the need for the multiple samples/end points that would be
required to obtain the same information using mass loss. However, the
experimental setup and assumptions required necessitate a large number of
considerations that must be taken into account to accurately predict the
physical mass loss of the sample. This makes it difficult to make comparisons
between data obtained from different experimental setups. Thus, careful
consideration and analysis of the experimental setup must be made when
drawing conclusions for hydrogen evolution experiments.

 The monitoring of solution pH as a technique of measuring Mg corrosion is
inappropriate for use in Mg in vitro tests. It requires the pH of the medium to
deviate significantly from physiological levels to allow for quantitative
measurements. This undermines the validity of the method and, as such, pH
monitoring cannot be recommended as a tool for investigating Mg
biocorrosion.

 Potentiodynamic polarisation can be used to provide data on the instantaneous
corrosion current density of a given alloy, which is related to its corrosion rate.
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PDP is a crucial technique for use in determining the mechanistic causes of
corrosion and how they change depending on the environment or alloy choice.
However, the corrosion rates obtained by PDP should not be considered
absolute, but rather indicative of the amount of corrosion taking place.
Although care should be taken when drawing conclusions from extrapolated
short-term data, PDP should be considered an indispensable technique for
most Mg biodegradation studies.

 Electrochemical impedance spectroscopy can be used to elucidate changes that
are occurring at the interface between the substrate and corrosion medium. EIS
can detect the formation of calcium phosphates and other biocorrosion layers
directly at the surface of a Mg sample. Consequently, it can also determine
how much protection this layer is providing to the Mg subsurface, and whether
it is growing or degrading. This information is vital as these layers are crucial
to the success of any Mg alloy, and in their absence corrosion typically
proceeds rapidly. However, care must be taken when properly analysing the
data, as the selection of an equivalent circuit is crucial to understanding the
reactions taking place. The rapid biodegradation of Mg in SBFs also results in
problems when recording lower frequencies, as they may affect the accuracy
of the calculated results. In spite of this, overall EIS offers vital insight into the
biodegradation of Mg alloys, primarily due to its use in analysis of layer
formation, and should be considered a core technique for most Mg studies.

9.1.2.

Effect of in vitro variables on the biocorrosion of Mg alloys
 The change from room temperature to the physiological temperature resulted
in a substantially increased rate of corrosion for a range of Mg alloys. icorr was
found to rise by up to 840% (for AZ91) and there was a 130% increase in total
H2 evolved (for Mg-1Zn) over a 72 hr period. Analysis of the polarisation
curves indicated that the increase in icorr was almost entirely due to faster rates
of oxidation reaction, displaying a shift in the anodic curve for all alloys. The
cathodic reaction was relatively unaffected by the temperature increase. The
magnitude of the increase in corrosion is both alloy and solution dependant,
preventing conversion of data obtained at one temperature to another. Hence,
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it is crucial that all in vitro experiments be performed at the normal body
temperature of 37 °C.

 The control of pH to physiological levels in vitro is crucial to the
biodegradation of Mg alloys. Deviations in pH of only ± 0.3 outside the
physiological range can result in up to a 300% change in corrosion rate and
can lead to significant morphological and chemical changes of the surface
layer. pH variation may also affect the surface adsorption of proteins and
amino acids. Thus the control of the pH of a medium in vitro to between 7.4 to
7.6 is required for an appropriate test design to attempt to mimic the body’s
environment.

 It is highly recommended that a buffering agent be utilised in all in vitro
experiments. An unbuffered solution creates an unrealistic environment for
corrosion to occur and dramatically alters the degradation process of Mg
alloys. Chemical buffers provide a method of controlling the pH in situations
where an incubator and CO2 environment are not available or feasible.
However, they may react with the Mg itself, causing increased corrosion.
Ideally all corrosion experiments should be performed using a physiological
concentration of sodium bicarbonate in a 5 % (or similar) CO2 atmosphere, the
closest in vitro condition to that of the body.

 Choice of an appropriate medium is perhaps the most crucial aspect of any in
vitro experiment. NaCl solutions should not be utilised as they do not contain
critically important elements that have been shown to influence the corrosion
rate of Mg. Hanks and other balanced salt solutions provide a more realistic
inorganic environment. Moreover, the use of a medium specially designed to
contain appropriate levels of the most important elements, such as Kirkland’s
biocorrosion medium (KBM), is recommended. The organic components that
are present in vivo, such as amino acids and proteins, increase the
physiological relevance of the medium and have been shown in this work to
influence the corrosion rate of Mg. Therefore it can be concluded that it is
important to incorporate these components into the in vitro test design.
However, the mechanisms of adsorption for these organic components are still
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not fully understood in light of Mg biocorrosion and further work is required
before they may be appropriately employed in vitro. Further, comparisons
with in vivo data are also essential before any valid conclusions can be made
regarding the most appropriate way in which to utilise organic components in
vitro.

 Near-physiological flow rates were found in this work to result in significant
increases in the corrosion rate for pure Mg. The flow primarily affected the
corrosion layer formation, effectively stopping any calcium phosphate layer
nucleating on the Mg surface. However, more work is required to better
simulate in vivo conditions. Further, it is also not clear how long an implant
will be subjected to a flow in vivo after cell attachment and tissue
encapsulation.

 Although sample surface preparation may affect Mg corrosion, its relationship
is not linear with increasing surface roughness. A range of different corrosion
behaviours were found depending on the polish of the Mg surface. It is
recommended that a standard preparation method be developed and used by an
experimenter throughout all in vitro tests, allowing for comparison of work.
Ideally, this process would be adopted by the biomedical magnesium
community as a whole, allowing greater transparency and more effective use
of the literature.

9.1.3.

Influence of alloying additions on Mg biodegradation
 Calcium was found to contribute significantly to the corrosion rate of Mg
when alloyed above the solid solubility limit, creating a secondary Mg2Ca
phase. As the concentration of Ca increased, the anodic reaction rate became
more rapid, while the cathodic curve did not move. This indicates that the
Mg2Ca is a more efficient anode than the α-Mg, a behaviour which has not
been reported for any other Mg β-phase. The Mg2Ca is also highly reactive,
and can sustain dissolution rates an order of magnitude greater than Mg. This
is suggested to be due to the chemistry and crystal structure of the phase.
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 All Mg-Ca alloys displayed a trend towards a reduced corrosion rate as the
solution more closely mimicked the in vivo environment. The presence of
amino acids and FBS both primarily affected the anodic reaction kinetics of
Mg-Ca alloys, reducing the rate of metallic dissolution. This indicates that
these organic components principally affect the Mg2Ca phase, as there was
minimal shift in the cathode (which would be α-Mg in this case).

 The addition of Zn to Mg was found to result in large cathodic shifts to faster
reaction rates. The Ecorr rose as the amount of Zn increased, both below and
above the solid solubility limit. This indicates that the secondary phase of
MgxZny is a more efficient cathode than the α-Mg, typical of the behaviour of
intermetallic particles in Mg alloys.

 Changing the solution from HBSS to MEM primarily resulted in a shift of the
cathode of all Mg-Zn alloys to faster reaction rates, although a small decrease
in the anodic curve was also observed. This indicates that the amino acids
were having a greater effect on the β-phase, but were also providing some
protection to the α-Mg. The addition of FBS to the MEM resulted in a minor
decrease in the anodic curve but a larger reduction in the cathodic reaction
rates, resulting in a lower icorr.
 The ternary Mg-Ca-Zn alloys, although containing a range of Ca additions,
appeared to have their electrochemical response controlled almost entirely by
the Zn content. Increased levels of Zn lead to a shift in the cathodic curve to
faster rates of reaction, as seen for the Mg-Zn binary alloys. In contrast, the Ca
additions did not result in any perceived shift in the anodic curve. This
indicates that it is the Zn content which is most crucial to the mechanistic
control of Mg-Ca-Zn biocorrosion.

 The Mg-Ca-Zn alloys displayed very similar behaviour to Mg-Zn alloys when
immersed in different media. The amino acids resulted in an increase in the
reaction rates at the cathode with a small anodic shift to lower rates. However,
for these alloys the addition of FBS was found to decrease both the cathodic
and anodic reaction rates by similar amounts.
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9.1.4.

Ordered Mg structures for biomedical applications
 A process to create topologically-ordered porous Mg (TOPM) was described
as a potential route for the production of biomedical devices based on Mg. It is
capable of producing structures using only biocompatible materials and
methods.

 The surface topology of the TOPM structures is controllable by altering the
infiltration pressure during production. It is possible to manipulate the surface
roughness and, at larger scales, create “micro-valleys” on the surface. It is
foreseeable that the tailoring of such surface features could be potentially used
to influence the cell-substrate attachment and biodegradation rates of Mgbased implants.

 The mechanical performance of the TOPM was found to be superior to
random cellular Mg with a similar porosity. Although the test was preliminary,
this highlights one of the benefits which greater control over the
macrostructure can provide.

 The rougher surfaces of the TOPM created by the infiltration method lead to
increased rates of hydrogen evolution. The structures produced by the current
process degrade too rapidly for virtually any biomedical application. However,
further refinement of the process will likely allow greater control of this rate.
Overall, it will be necessary to balance the increase in corrosion rate with the
potential improvements for biomedical applications presented by the rougher
surface.

9.2. Concluding remarks
The primary objective of this research was to clarify the influence of in vitro experiments and
variables in the context of their use for screening potential Mg biomaterials.
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A number of in vitro techniques and analytic methods were used to determine the effects that
a variety of variables have on the degradation performance of Mg alloys. When possible,
suggestions were made for idealised ranges of values for these variables which would not
only allow for more realistic representation of the biological environment but also for greater
comparison and consistency in interpreting the validity of findings in the literature. In
addition, the primary benefits and drawbacks of the most common in vitro techniques for
testing Mg biomaterials were examined and discussed. A collation of some of the most
important considerations when performing these tests was also presented. These were
explained in light of each technique, with the aim of improving future experiments and
minimising experimental error.
Several biocompatible alloying systems were investigated using a microelectrochemical
(µCell) technique. The concentration of the alloying element, and subsequent secondary
phases, was found to result in distinct and potentially controllable shifts in the reaction rates
of both the cathode and the anode. Mg2Ca was found to be unique in its role as an anode,
increasing the corrosion rate of Mg alloy significantly. MgxZny displayed the opposite
behaviour, controlling the cathodic reaction rate, and the Mg-Ca-Zn alloys were found to
have their electrochemical behaviour dominated by the addition of Zn. This present work
provided an initial investigation into these alloying effects in SBF for the first time. Further
inquiry is warranted, however, to more fully develop an understanding of these alloying
effects for a variety of other compositions.
A technique for the production of topologically-ordered porous Mg was presented. The effect
of casting pressure as a means of controlling the surface topology was examined, and the
corrosion rate of the structures was investigated. It was found that the process could be
tailored to create a range of roughness and microarchitectures on the surface of the Mg.
Although current corrosion rates are too high, there is potential that further refinement of the
process could result in a suitable structure with an optimised morphology for cellular
adsorption.
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CHAPTER 10:

Future Work

10.1. Effect of chemical buffers on Mg corrosion
Results gathered from these investigations suggest that solutions buffered with HEPES
corroded considerably faster than those without added buffer. This can be attributed to a
number of factors, including the neutralisation of hydroxyl ions, as suggested by Rettig and
Virtanen [1]. Additionally, the maintenance of pH neutrality at the surface of the Mg
obstructs the formation of an Mg(OH)2 / CaP layer, allowing corrosion to proceed more
rapidly. However, it is not apparent if the HEPES itself interacts with the Mg to further
increase the corrosion rate.
In this thesis, it was found that HEPES has a significant negative impact on the corrosion
performance of pure Mg when added to both Hanks and distilled water. It was suggested that
HEPES and other chemical buffers may form complexes with the Mg, actively attaching to
the Mg2+. Certain techniques, such as nuclear magnetic resonance (NMR), should be used to
help determine whether interactions are taking place between Mg and HEPES. By varying
buffer and Mg2+ concentrations, it should be possible to determine what complexes are
forming. This would be fundamental in helping to determine how the chemical buffers may
be affecting the Mg corrosion.
It should also be considered that the effect of the buffer may not be a question of
thermodynamic stability of the complexes, but rather a kinetic issue where the HEPES
provides a mechanism to assist the dissolution of oxide coatings. The amount of MgO
dissolved over time needs to be determined both in the presence and absence of HEPES and
other buffers.

10.2. Development of electrochemical perfusion bio-cell
The flow of biological fluids around an implant is an area of study that has received relatively
little attention in the design of in vitro tests for Mg alloys. It has been shown both in this
work and in the literature [2, 3] that flow can have a considerable effect on corrosion.
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However, faster flow rates do not necessarily result in increased corrosion [4]. Fluid flow in
the body can also affect bone adsorption, and consequently may play a vital role in the
success or failure of a given implant [5]. Mg biodegradation studies have used a number of
methods to induce flow, including rotating electrodes [4, 6], shaking platforms [3], and sheerstress controlled flow parallel to the sample surface [2, 7]. Levesque et al. created perhaps the
most realistic flow cell for degradable metallic biomaterials to date [2]. However, the setup
was designed to determine the performance of materials for stent applications in coronary
arteries rather than orthopaedic applications for which significantly slower flow rates are
observed.
Bioreactors offer ideal test conditions for the flow rates that may be encountered in
orthopaedic applications. They provide a controlled environment, in which variables crucial
to Mg corrosion, such as pH and temperature, may be monitored and adjusted. The creation
of a bioreactor specifically designed for Mg or metallic biomaterials would be required in
which electrochemical measurements could be carried out while the experiment is running.
This would allow for an environment that could be used to simulate a range of flow
conditions that may be encountered in the body while permitting analysis of the chemical
reactions occurring at the surface. It would also allow for more effective study of protein and
cell interactions with Mg, as the adsorption and desorption of these organic components is
affected by flow and induced sheer stress at the surface [8].

10.3. Investigation into the effect of organic compounds on Mg
corrosion
The effect of amino acids and proteins on the corrosion of Mg remains unclear. Therefore, it
is not possible to recommend the manner in which these organic compounds should be used
in the in vitro prediction of Mg implant performance. In this work, attempts were made to
determine some of the more basic characteristics (e.g. adsorption/desorption rate, quantity
adsorbed) of the interactions between proteins and Mg using a variety of techniques with
limited success. However, techniques such as quartz crystal microbalance (QCM) show
significant promise if a better coating method for the crystals can be found, allowing slower
Mg corrosion rates. There is also the possibility for other experiments, such as attenuated
total reflectance Fourier transform infrared spectroscopy (ATR-FTIR), which may help detect
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protein attachment without modification of the surface after immersion. Atomic force
microscopy (AFM) also shows promise in detecting the attraction of proteins to a Mg surface,
although the corrosion of Mg may remain an issue. A more comprehensive study of the effect
of organic compounds on Mg corrosion will require a multi-disciplinary approach based on
biomolecular chemistry and electrochemistry.

10.4. Microelectrochemical behaviour of biocompatible Mg
alloys and media
Further systematic studies of the microelectrochemical behaviour of biocompatible Mg alloys
are warranted. The work herein found the behaviour of the alloyed Mg to vary significantly
depending on the alloying element and its concentration. For example, the Mg2Ca phase was
found to act as an anode to the α-Mg, whilst the MgxZny phase acted as a cathode. A larger
and more fundamental study is warranted on the performance of a wide range of Mg alloys
using microelectrochemical techniques, thereby expanding the knowledge presented in the
present work.
It is also crucial that future studies investigate the effect of the different microstructure in
solutions containing proteins and even cells, as the varying microstructures may have
currently unknown effects on these organic components. For example, in this study, proteins
were found to primarily effect the anodic reactions of Mg-Ca alloys, while slowing the
cathodic reactions of Mg-Zn alloys. Knowledge garnered from future investigations could
then be used to effectively design alloys with known corrosion performance in vitro.

10.5. Refinement of TOPM process
Topologically-ordered porous Mg (TOPM) will show promise for open porous biomedical
Mg devices if the problems of excessive hydrogen evolution (and consequently corrosion)
can be solved. This is currently the primary issue facing this production technique, and
therefore warrants the focus of future work.
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The use of different rapid prototype materials and manufacturing machines should also be
investigated to see if the “valley” architecture or surface roughness is altered. It is possible
that the surface topology could even be controlled by incorporating it into the design of the
RP if a higher resolution production process were used. It may also be possible to control the
surface of the TOPM by using finer NaCl particles, as they would better replicate the shape
of the original RP. These would all affect the corrosion rate, and subsequently the suitability
of the TOPM process.
In addition, the use of a variety of pore topologies would allow for greater understanding of
the limitations and resolution of the current production method. This would be necessary for
the eventual production of biomedical devices, as it would determine possible designs that
could be produced. Overall, there remains significant promise for this production method.
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APPENDIX A : CONDITIONS FOR THE
AVERAGE HUMAN
Table 10-1 : Macroscopic parameters of the reference human.
General Parameters:
Weight (kg): 70
Height (m): 1.80
Basal metabolic rate: 37 (/kcal*m2/h)

Surface Area (m2): 1.88
Volume (m3): 0.065

Composition:

Density:

Water: 60% (42 l)
Solid: 40% (28 kg)

Fat: 0.9 g/cm3
Whole Body: 1.07 g/cm3

Distribution of Tissue Types (% of Body Weight)
Muscle:
Bone:
Blood:
Skin:
Internal Organs
Viscera:
Brain:
Liver:
Lungs
Kidneys (2):
Heart
Spleen:

43
30
7.2 (5 l)
7
5.6
2.3
2
1.6
0.5
0.4
0.2

Adapted from [1]
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Table 10-2 : Mechanical and physiochemical conditions in humans.
Physiochemical

Value

Location

pH

1.0
4.5-6.0
6.8
7.0
7.15-7.45
37
20-42.5
28
0-45
2-40
12
40
100
160
40
2

Gastric contents
Urine
Intracellular
Interstitial
Blood
Normal core
Deviations due to disease
Normal skin
Skin extremities
Interstitial
Intramedullary
Venous
Arterial
Atmospheric
Alveolar
Atmospheric

Stress (MPa)

Tissues

0.08-0.1
0.12-0.16
0-0.4
0-4
4
40
80

Across aortic valve
Across mitral valve
Cancellous bone
Cortical bone
Muscle (peak stress)
Tendon (peak stress)
Ligament (peak stress)

Stress Cycles ( / y)

Activity

3 x 105
0.1-1 x 106
1-2 x 106
3 x 106
0.5-4 x 107

Finger joint motion
Walking
Peristalsis
Swallowing
Heart contraction

Temperature (°C)

pO2 (mmHg)

pCO2 (mmHg)

Mechanical

Data from [2, 3], adapted from [2]
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APPENDIX B : COLLECTED IN VIVO STUDIES
Alloy

Animal Model

Area of
Implantation

Coating/
Prework

Concurrent
In Vitro

Cleaning
Fluid

Time

Experiments

Ref

1, 5
Weeks

SEM, EDS

[4]

3 months
1, 9
Weeks
24 days

SEM, EDX,
SEM, EDS

[5]
[6]

Histomorphological Analysis, ICPAES

[7]

SEM, EDX, XRD, Fluorescence Microscopy,

[8]

Histological Analysis, x-Ray, Mg Ion Concentration,
Flourescence, uCT
uCT,

[9]
[10]

Pure Mg
Pure Mg

Rabbits

Femura

-

Yes

Chromic
Acid
AZ Alloys

AZ31
AZ31

Sheep
Rabbits

Hip Bones
Femura

Extrusion
-

Yes

AZ31

Guinea Pigs

-

-

AZ31

Guinea Pigs

Intradermal
injection,
Topical
Induction
Femora

Chromic
Acid
-

-

-

-

AZ91

Trochanter

Polymer
Coating
-

Yes

-

AZ91
(Foam)
AZ91
AZ91

New Zealand
White Rabbits
New Zealand
White Rabbits
Guinea Pigs
Guinea Pigs

-

-

6,18
weeks
1,2
months
12 weeks

-

-

-

18 weeks
24 days

Synchrotron-radiation uCT, Volume Loss
Histomorphological Analysis, ICPAES

[11]
[7]

AZ91

Guinea Pigs

Femura
Intradermal
injection,
Topical
Induction
Femora

-

-

-

SEM, EDX, XRD, Fluorescence Microscopy,

[8]

AZ91
AZ91

Guinea Pigs
New Zealand
White Rabbits
New Zealand
White Rabbits
New Zealand

Femora
Knee

-

Yes
-

-

Foam

-

-

3D Volume Analysis, SEM, EDX
Compression Tests, uCT, Histomorphological
Analysis
Histological Analysis, Staining, Optical,

[12]
[13]

Knee
Knee

Foam

-

-

6,18
weeks
18 weeks
12, 24
weeks
3, 6
months
3, 6

Histological Analysis, Staining, Optical,

[15]

AZ91D
AZ91D

Knee
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[14]

Alloy

Animal Model

Area of
Implantation

Coating/
Prework

Concurrent
In Vitro

Cleaning
Fluid

White Rabbits

Time

Experiments

Ref

months
Ca Binary Alloys

Mg-0.4Ca
Mg-0.8Ca
Mg-0.8Ca

Mg-0.8Ca
Mg-0.8Ca
Mg-0.8Ca

Mg-1Ca
Mg-1.2Ca
Mg-2Ca

New Zealand
White Rabbits
New Zealand
White Rabbits
New Zealand
White Rabbits
New Zealand
White Rabbits
New Zealand
White Rabbits
New Zealand
White Rabbits
New Zealand
White Rabbits
New Zealand
White Rabbits
New Zealand
White Rabbits

Femura

Tibias

Surface
Modified
Surface
Modified
Extruded,
Surface
Modified
-

Tibae

-

-

40% HF
Acid
-

Femura

Extruded,
Surface
Modified
Rolling /
Extrusion
Surface
Modified
Surface
Modified

-

-

Yes

-

3 months

Radiographs, Mass Loss, Serum Mg Levels, Optical

[21]

-

-

6 weeks

Radiographs, X-Ray, Gas Analysis

[16]

-

-

6 weeks

Radiographs, X-Ray, Gas Analysis

[16]

14 weeks

Histological Analysis, Blood Testing, Staining

[22]

3, 6
months
18 weeks
12 weeks

3-Point Bend, Mass Loss, uCT, SEM, EDX,

[18]

Synchrotron-radiation uCT, Volume Loss
ICP-MS, Optical, Spot Ablation, PIXE

[11]
[23]

Femura
Femura

Femura
Femura
Femura

-

-

6 weeks

Radiographs, X-Ray, Gas Analysis

[16]

-

-

6 weeks

Radiographs, X-Ray, Gas Analysis

[16]

-

-

3,6
months

Radiographs, X-Ray, Gas Analysis, uCT

[17]

-

3, 6
months
3,6
months
3,6
months

3-Point Bend, Mass Loss, uCT, SEM, EDX,

[18]

Mass/Volume Loss, Radiographs, uCT

[19]

Radiographs, EDX,

[20]

Zn Binary Alloys
Mg-6Zn

New Zealand
White Rabbits

Femora

-

Yes

LAE442 (9)

LAE442
LAE442
LAE442

New Zealand
White Rabbits
Guinea Pigs
New Zealand
White Rabbits

Tibias

-

-

Femura
Femura

-

-

40% HF
Acid
-
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Alloy

Animal Model

LAE442

New Zealand
White Rabbits
Guinea Pigs

LAE442

Area of
Implantation
Tibae

Coating/
Prework
-

Concurrent
In Vitro
-

Cleaning
Fluid
-

Intradermal
injection,
Topical
Induction
Femura

-

-

-

-

-

-

2,4,6,12
weeks
6,18
weeks
18 weeks

LAE442

New Zealand
White Rabbits

LAE442

Guinea Pigs

Femora

-

-

-

LAE442

Guinea Pigs

Femora

-

Yes

-

Time

Experiments

Ref

3,6
months
24 days

Mass/Volume Loss, Radiographs, uCT

[19]

Histomorphological Analysis, ICPAES

[7]

uCT, Particle Induced Gamma Emissions,
Histopathological Analysis, X-Rays, SEM, EDX,
ICP-MS
SEM, EDX, XRD, Fluorescence Microscopy,

[24]

3D Volume Analysis, uCT, SEM, EDX

[12]

[8]

WE43 (4)

WE43
WE43

New Zealand
White Rabbits
Guinea Pigs
Guinea Pigs

WE43

Guinea Pigs

WE43

Tibias

-

-

3, 6
months
18 weeks
24 days

3-Point Bend, Mass Loss, uCT, SEM, EDX,

[18]

-

40% HF
Acid
-

Femura
Intradermal
injection,
Topical
Induction
Femora

-

Synchrotron-radiation uCT, Volume Loss
Histomorphological Analysis, ICPAES

[11]
[7]

-

-

-

6,18
weeks

SEM, EDX, XRD, Fluorescence Microscopy,

[8]

5-26
weeks
1,2,3,4
weeks
9,18
weeks
1,2,3,4
weeks
?
56 days

Histological Analysis, Blood Testing, Cross Area
Measurement, SEM, EDS
Fluorescence Microscopy, Staining,
Immunohistochemistry, SEM, EDX, XPS
Optical, SEM, EDX, Histological Analysis, Blood
Ion Testing
Fluorescence Microscopy, Immunohistochemistry,
SEM, EDX, XPS, XRD
Angiograms
Optical, Digitized Images For Analysis

[25]

Mg-Zn-Mn (4)
Mg-1Zn0.8Mn
Mg-1.2Mn1Zn
Mg-1.2Mn1Zn
Mg-1.2Mn1Zn
AMS Mg*
AE21

Rats

Femora

-

-

-

Japanese BigEar Rabbits
Rats

Femora

Ca-P
Coating
-

Yes

-

-

-

Ca-P
Coating
-

Yes

-

-

-

Japanese BigEar Rabbits
Human Baby
Pig

Femora
Femora
Stent
Corronary Stent
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[26]
[27]
[28]
[29]
[30]

Alloy

Animal Model

Area of
Implantation
Distal Phalanges

Coating/
Prework
-

Dogs
MBA Mg
Filler**
* = Unknown composition metal from Biotronik™, Germany.
** = Osteocrete from Bone Solutuons, Inc. Dallas, TX.

Concurrent
In Vitro
-

Cleaning
Fluid
-

278

Time

Experiments

Ref

21 days

Histological, Tensile, Bone Density

[31]

APPENDIX C : COLLECTED IN VITRO STUDIES
Alloy

Solution

Buffer

Coating/
Prework

Atmosphere

Temp
(°C)

pH
Control

Time

Experiments

Ref.

Mass Loss, Cytotoxicity, Total Protein Assay,
Alkaline Phosphatase Test, SEM, EDX, Confocal
Microscopy
Mass Loss, Vickers Hardness, Tensile, Optical,
SEM, EDX

[32]

Pure Mg
99.8% Mg

MEM + 15%
FBS

N/S

-

5% CO2

37

N/S

8 days

99.87% Mg

Model Saliva

N/S

-

20

Yes, N/S

164
hours

99.9% Mg

Hanks (±Ca,
Mg)
Hanks

N/S

Sand/Mold
Cast,
Extruded
½ Oxidised

-

20

N/S

Mass Loss, SEM, XRD, Optical

[34]

N/S

25

No (12)

1080
hours
75 days

Mass Loss, SEM, EDX, XRD

[35]

HEPES

5% CO2

37

7.4, Yes

14 days

Mg Ion Measurement, EDX, Optical

[36]

99.9% Mg

NaCl (±HEPES,
NaHCO3),
Earles, MEM
(±10% FBS)
Hanks

N/S

20

N/S

SEM, XRD, EDX,

[37]

99.9% Mg

0.6% NaCl

N/S

N/S

37

No, 6

625
hours
6 hours

PDP, OCP, EIS, Optical,

[38]

99.9% Mg

0.6% NaCl

N/S

37

EIS, OCP, XPS, Optical,

[39]

PSS

-

37

Yes, 6.7,
7.6, 9.3
N/S

6 hours

99.9% Mg

Borate
Buffer
-

Basic SBF

HEPES

-

37

99.9% Mg

Basic SBF

N/S

-

Mass Loss, pH Recording, Compression, Optical,
SEM, XRD
Cytotoxicity, Wettability, Laser Profilometer, SEM,
EDX,
Mass Loss, pH Recording, Atomic Absorption,
SEM, EDX, XRD

[40]

99.9% Mg

144
hours
5 days

99.9% Mg
99.9% Mg

Basic SBF
Basic SBF (± Cl)

N/S
N/S

N/S

99.9% Mg
99.9% Mg

N/S

N/S

Na2CO3 /
NaHCO3
-

Heat
Treated
Rotating
disk
Rotating
Disk
Foam
Solution
Treated
± Calcium
Phosphate
Coating
Annealed
Solution /
Heat

37

Yes, 7.4,
9
No, 7.4

21 days

37
37

No, 7.6
No

21 days
14 days
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Mass Loss, pH recording Optical, SEM, EDX, XRD
Mass Loss, pH Recording, Cytotoxicity, SEM,
XRD, XPS

[33]

[41]
[42]

[43]
[44]

Alloy

Solution

Buffer

Coating/
Prework
Treated
Ti Coating
-

Atmosphere

Temp
(°C)

pH
Control

Time

Experiments

Ref.

99.92% Mg
99.947%
Mg
99.946%
Mg
99.95% Mg

0.9% NaCl
Basic SBF

N/S
HEPES

N/S

25
37

N/S
7.4

N/S

PDP, SEM, EDX, XRD
PDP, EIS, SEM

[45]
[46]

Hanks

N/S

N/S

20

No, 7.4

[47]

-

37

N/S

180
hours
4 days

Hydrogen Evolution, ICP, SEM, EDX, XPS,

N/S

Impurity
Levels
-

99.95% Mg

Hanks (±Ca,
Mg)
PBS, Dionized
Water, McCoys
Culture + 5%
FBS
1 % NaCl

Hydrogen Evolution, SEM, ICP

[48]

N/S

-

-

37

N/S

5 days

Mass Loss, OCP, Cytotoxicity, EIS, EDX, SEM,

[49]

-

N/S

25

N/S

37

168
hours
40 days

[50]

Mass Loss, pH Recording, SEM, EDX, XRD, ICP

[51]

99.96% Mg

Hanks

N/S

Solution /
Heat
Treated
pH Test

Yes, 6.5,
9
No, 7.4

Mass Loss, pH Recording,

Basic SBF

Borate
Buffer
HEPES

99.96% Mg

-

37

5.5-8, yes

7 days

[52]

99.96% Mg

Hanks

N/S

Air

37

N/S

2 days

99.96% Mg

Hanks

Citric Acid
Based

Conversion
in HF
Steric Acid
Coating

Hydrogen Evolution, Mg Ion Measurement, PDP,
EIS, Optical, SEM,
EIS, PDP, SEM, AFM, XRD, XPS,

-

37

Yes, 7.4

PDP. EIS, Optical, SEM, FTIR, XRD

[54]

99.96% Mg

Hanks

Tris Buffer

-

37

Yes, 7.4

EIS, SEM, EDX, XRD,

[55]

99.96% Mg

Hanks

N/S

± Sol-Gel
Coating
± Anodized

24
hours,
80 days
15 days

-

37

No, 6

30 days

[56]

99.96% Mg

Basic SBF

N/S

-

20

N/S

N/S

[57]

99.967%
Mg
99.976%
Mg
99.98% Mg

Hanks

N/S

N/S

20

No, 7.4

[47]

HEPES

-

37

No, 7.4

180
hours
24 days

Hydrogen Evolution, ICP, SEM, EDX, XPS,

m-SBF

Heat
Treated
Impurity
Levels
-

PDP, EIS, Hydrogen Evolution, pH Recording,
Optical
PDP, SEM, Optical, XRD, 3-Point-Bend,

Mass Loss, PDP, EIS, SEM, EDX

[58]

5,10,35 g/L
NaCl, PBS ±

N/S

-

-

N/S

N/S

5 mins

PDP, EIS, MircoCell, Optical, SEM, EDX

[59]

99.95% Mg
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[53]

Alloy

Solution

Buffer

Coating/
Prework

Atmosphere

Temp
(°C)

pH
Control

Time

Experiments

Ref.

N/S

-

-

N/S

N/S

N/S

PDP, EIS, Optical, SEM, EDX, MicroCell

[60]

N/S

Solution
Treated
-

-

N/S
37

7, No
No, 7.44

37

Yes, 7.5

Impurity
Levels
-

N/S

20

No, 7.4

5% CO2

37

No, 7.4

180
hours
14 days

Mass Loss, OCP, Linear Polarization, Optical, XRD
PDP, EIS, Mass Loss, Tensile, Compression, ICPAES, SEM, EDX, XRD (In Vivo Also)
Mass Loss, Hydrogen Evolution, Kinetic Clotting
Time Test, pH Recording, SEM, EDS (+ In Vivo)
Hydrogen Evolution, ICP, SEM, EDX, XPS,

[61]
[22]

-

22 days
3, 30
days
30 days

Mass Loss, PDP, SEM,

[62]

-

N/S

25

[50]

N/S

37
37
37

168
hours
30 days
30 days
3,6 days

Mass Loss, pH Recording,

± Anodized
± Anodized
-

Yes, 6.5,
9
N/S
N/S
7.4, Yes

[63]
[63]
[64]

Anodized,
Static/Dyna
mic Flow

-

N/S

7, Yes

20 days

Hydrogen Evolution
Hydrogen Evolution
Dendritic Cell Viability, Mg & Ca Ion
Measurement, Mixed Leukocyte Reaction,
Chemotaxis Assay
Mass Loss, EIS, Optical

99.98% Mg
99.99% Mg

0.1/1/10 g/L
BSA
0.9% NaCl, PBS
± 1/10 g/L BSA
0.1M NaCl
Basic SBF

99.99% Mg

Hanks

N/S

99.993%
Mg
99.998%
Mg
99.9999%
Mg
CP Mg
HP Mg
“Pure” Mg

Hanks

N/S

MEM

SB

1 % NaCl

Borate
Buffer
N/S
N/S
In culture

99.98% Mg

HP Mg

Hanks
Hanks
Cell Culture +
10% FBS
Hanks

N/S

[4]
[47]

[65]

Ca Binary Alloys
Mg-0.4Ca
Mg-0.4Ca
Mg-0.4Ca
Mg-0.4Ca

MEM
0.05 - 5% NaCl
5% NaCl
5% NaCl

SB
TRIS
TRIS

N/S

Extruded
Extruded
½ Heat
Treated
± Heat
Treatment
-

Mg-0.4Ca

N/S

N/S

Mg-0.5Ca

MEM + 15%
FBS

Mg-0.5Ca

MEM + 15%

N/S

-

5% CO2
N/S

37
21
21
N/S

No, 7.4
Yes, 7.4
Yes, 7.4
N/S

14 days
900 h
900 h
72 h

Mass Loss, PDP, SEM,
OCP, PDP, Hydrogen Evolution, Tensile
OCP, PDP, Hydrogen Evolution, Tensile
Mass Loss

[62]
[66]
[67]
[68]

-

N/S

N/S

72 hours

Mass Loss

[68]

5% CO2

37

No

8/17
days

[32]

5% CO2

37

N/S

8 days

Mass Loss, Cytotoxicity, Total Protein Assay,
Alkaline Phosphatase Activity, SEM, EDX,
Confocal
Mass Loss, Cytotoxicity, Total Protein Assay,
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[32]

Alloy

Solution

Buffer

Coating/
Prework

Atmosphere

Temp
(°C)

pH
Control

Time

FBS

Experiments

Ref.

Mg-0.6Ca

Cell Culture +
10% FBS

In culture

-

N/S

37

7.4, Yes

3,6 days

Mg-0.6Ca

Basic SBF

N/S

-

20

N/S

N/S

Mg-0.6Ca

Basic SBF

N/S

-

20

N/S

N/S

PDP, SEM, EDX, Nano Indentation

[69]

Mg-0.6Ca
Mg-0.6Ca
Mg-0.8Ca
Mg-0.8Ca

0.05 - 5% NaCl
5% NaCl
5% NaCl
Cell Culture +
10% FBS

TRIS
TRIS
TRIS
In culture

Heat
Treated
Heat
Treated, Ion
Implanted
(Zinc)
Extruded
Extruded
Extruded
-

Alkaline Phosphatase Test, SEM, EDX, Confocal
Microscopy
Dendritic Cell Viability, Mg & Ca Ion
Measurement, Mixed Leukocyte Reaction,
Chemotaxis Assay
PDP, SEM, Optical, XRD, 3-Point-Bend,

N/S

21
21
21
37

Yes, 7.4
Yes, 7.4
Yes, 7.4
7.4, Yes

900 h
900 h
900 h
3,6 days

[66]
[67]
[67]
[64]

Mg-0.8Ca

5% NaCl

N/S

N/S

N/S

72 h

Mg-0.8Ca
Mg-0.8Ca

Hanks
MEM + 15%
FBS

N/S
N/S

½ Heat
Treated
-

OCP, PDP, Hydrogen Evolution, Tensile
OCP, PDP, Hydrogen Evolution, Tensile
OCP, PDP, Hydrogen Evolution, Tensile
Dendritic Cell Viability, Mg & Ca Ion
Measurement, Mixed Leukocyte Reaction,
Chemotaxis Assay
Mass Loss

N/S
5% CO2

N/S
37

N/S
N/S

4 hours
8 days

[70]
[32]

Mg-0.8Ca
Mg-0.8Ca

0.05 - 5% NaCl
N/S

TRIS
N/S

Hydrogen Evolution, XRD,
Mass Loss, Cytotoxicity, Total Protein Assay,
Alkaline Phosphatase Test, SEM, EDX, Confocal
Microscopy
OCP, PDP, Hydrogen Evolution, Tensile
Mass Loss

Mg-0.8Ca

MEM + 15%
FBS

[32]

Mg-1Ca
Mg-1Ca
Mg-1Ca

5% NaCl
0.05 - 5% NaCl
Hanks, MEM,
MEM+FBS
Basic SBF

Mass Loss, Cytotoxicity, Total Protein Assay,
Alkaline Phosphatase Activity, SEM, EDX,
Confocal
OCP, PDP, Hydrogen Evolution, Tensile
OCP, PDP, Hydrogen Evolution, Tensile
Linear Polarization, OCP, EIS, SEM, EDX,
Hydrogen Evolution, pH Recording, PDP,
Cytotoxicity, EDX, XRD, Optical, Tensile (In Vivo
Concurrently)

[21]

Mg-1Ca

-

21
N/S

Yes, 7.4
N/S

900 h
72 hours

N/S

Extruded
± Heat
Treatment
-

5% CO2

37

No

8/17
days

TRIS
TRIS
N/S

Extruded
Extruded
-

N/S

21
21
37

Yes, 7.4
Yes, 7.4
N/S

900 h
900 h
7 days

N/S

Rolling /
Extrusion

N/S

37

No, 7.4

250
hours
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[64]

[57]

[68]

[66]
[68]

[67]
[66]
[71]

Alloy

Solution

Buffer

Mg-1Ca
Mg-1Ca
Mg-1Ca

0.1M NaCl
0.1 M NaCl
MEM

-

Mg-1Ca

Cell Culture +
10% FBS

In culture

Mg-1Ca

Hanks

N/S

Mg-1.2Ca

Cell Culture +
10% FBS

In culture

Mg-1.2Ca

Basic SBF

N/S

Mg-1.2Ca

Basic SBF

N/S

Mg-1.34Ca
Mg-1.5Ca
Mg-1.5Ca
Mg-1.6Ca

MEM
5% NaCl
0.05 - 5% NaCl
Basic SBF

SB
TRIS
TRIS
N/S

Mg-1.6Ca

Basic SBF

N/S

Mg-1.7Ca
Mg-1.7Ca
Mg-2Ca
Mg-2Ca

5% NaCl
0.05 - 5% NaCl
0.05 - 5% NaCl
N/S

TRIS
TRIS
TRIS
N/S

Mg-2Ca

5% NaCl

N/S

Coating/
Prework
Powder
Metallurgy
-

Atmosphere
-

Temp
(°C)
N/S
20
37

pH
Control
7, No
No
N/S

N/S

37

7.4, Yes

Hot
Extruded,
Ca-P
Coatings
-

-

20

No, 7.4

70, 250
hours

N/S

37

7.4, Yes

3,6 days

-

20

N/S

-

20

5% CO2
-

Heat
Treated
Heat
Treated, Ion
Implanted
(Zinc)
Extruded
Extruded
Heat
Treated, Ion
Implanted
(Zinc)
Heat
Treated
Extruded
Extruded
Extruded
± Heat
Treatment
½ Heat
Treated

Time

Experiments

Ref.

22 days
22 days
1,3,12,
72 hours
3,6 days

Mass Loss, OCP, Linear Polarization, Optical, XRD
Mass Loss, OCP, PDP, XRD
EIS, PDP, OCP, Tensile, Ion Measurement,
Cytotoxicity, SEM, EDX, IXP-AES, XRD
Dendritic Cell Viability, Mg & Ca Ion
Measurement, Mixed Leukocyte Reaction,
Chemotaxis Assay
OCP, PDP, Hydrogen Evolution, SEM, XRD, EDX

[61]
[72]
[73]
[64]

[74]

[64]

N/S

Dendritic Cell Viability, Mg & Ca Ion
Measurement, Mixed Leukocyte Reaction,
Chemotaxis Assay
PDP, SEM, Optical, XRD, 3-Point-Bend,

N/S

N/S

PDP, SEM, EDX, Nano Indentation

[69]

37
21
21
20

No, 7.4
Yes, 7.4
Yes, 7.4
N/S

14 days
900 h
900 h
N/S

Mass Loss, PDP, SEM,
OCP, PDP, Hydrogen Evolution, Tensile
OCP, PDP, Hydrogen Evolution, Tensile
PDP, SEM, EDX, Nano Indentation

[62]
[67]
[66]
[69]

-

20

N/S

N/S

PDP, SEM, Optical, XRD, 3-Point-Bend,

[57]

-

21
21
21
N/S

Yes, 7.4
Yes, 7.4
Yes, 7.4
N/S

900 h
900 h
900 h
72 hours

OCP, PDP, Hydrogen Evolution, Tensile
OCP, PDP, Hydrogen Evolution, Tensile
OCP, PDP, Hydrogen Evolution, Tensile
Mass Loss

[67]
[66]
[66]
[68]

N/S

N/S

N/S

72 h

Mass Loss

[68]
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[57]

Alloy

Solution

Buffer

Coating/
Prework
Heat
Treated
Rolling /
Extrusion

Atmosphere
-

Temp
(°C)
20

pH
Control
N/S

Time

Experiments

Ref.

Mg-2Ca

Basic SBF

N/S

N/S

PDP, SEM, Optical, XRD, 3-Point-Bend,

[57]

Mg-2Ca

Basic SBF

N/S

N/S

37

No, 7.4

250
hours

[21]

TRIS
TRIS
TRIS
TRIS
N/S

Extruded
Extruded
Extruded
Extruded
Rolling /
Extrusion

N/S

21
21
21
21
37

Yes, 7.4
Yes, 7.4
Yes, 7.4
Yes, 7.4
No, 7.4

900 h
900 h
900 h
900 h
250
hours

0.9% NaCl

N/S

-

20

Yes
(flow)

16 days

Mg-3Ca
Mg-4Ca
Mg-4Ca
Mg-5Ca

5% NaCl
5% NaCl
0.05 - 5% NaCl
Model Saliva

TRIS
TRIS
TRIS
N/S

-

21
21
21
20

Yes, 7.4
Yes, 7.4
Yes, 7.4
Yes, N/S

900 h
900 h
900 h
164
hours

OCP, PDP, Hydrogen Evolution, Tensile
OCP, PDP, Hydrogen Evolution, Tensile
OCP, PDP, Hydrogen Evolution, Tensile
Mass Loss, Vickers Hardness, Tensile, Optical,
SEM, EDX

[67]
[67]
[66]
[33]

Mg-5Ca

MEM

N/S

-

37

N/S

MEM
Hanks
MEM

SB
N/S
N/S

5% CO2
N/S
-

37
N/S
37

No, 7.4
N/S
N/S

Mg-16.2Ca

MEM

SB

5% CO2

37

No, 7.4

1,3,12,
72 hours
14 days
4 hours
1,3,12,
72 hours
14 days

EIS, PDP, OCP, Tensile, Ion Measurement,
Cytotoxicity, SEM, EDX, IXP-AES, XRD
Mass Loss, PDP, SEM,
Hydrogen Evolution, XRD,
EIS, PDP, OCP, Tensile, Ion Measurement,
Cytotoxicity, SEM, EDX, ICP-AES, XRD
Mass Loss, PDP, SEM,

[73]

Mg-5Ca
Mg-5Ca
Mg-10Ca

Surface
Roughness
Modificatio
ns
Extruded
Extruded
Extruded
Sand/Mold
Cast,
Extruded
Powder
Metallurgy
Powder
Metallurgy
-

Hydrogen Evolution, pH Recording, PDP,
Cytotoxicity, EDX, XRD, Optical, Tensile (In Vivo
Concurrently)
OCP, PDP, Hydrogen Evolution, Tensile
OCP, PDP, Hydrogen Evolution, Tensile
OCP, PDP, Hydrogen Evolution, Tensile
OCP, PDP, Hydrogen Evolution, Tensile
Hydrogen Evolution, pH Recording, PDP,
Cytotoxicity, EDX, XRD, Optical, Tensile (In Vivo
Concurrently)
Mass Loss, Hydrogen Evolution,

Mg-2Ca
Mg-2.5Ca
Mg-2.5Ca
Mg-3Ca
Mg-3Ca

5% NaCl
5% NaCl
0.05 - 5% NaCl
0.05 - 5% NaCl
Basic SBF

Mg-3Ca

30 days
22 days
22 days
20 days

Hydrogen Evolution
Mass Loss, OCP, PDP, XRD
Mass Loss, OCP, Linear Polarization, Optical, XRD
H2 Evolution, Mg Ion Concentration, PDP, Tensile,
Cytotoxicity, Hemolysis, Platlet Adhesion

[63]
[72]
[61]
[76]

[67]
[67]
[66]
[66]
[21]

[75]

[62]
[70]
[73]
[62]

Zn Binary Alloys
Mg-1Zn
Mg-1Zn
Mg-1Zn
Mg-1Zn

Hanks
0.1 M NaCl
0.1M NaCl
Hanks, Basic
SBF

N/S
-

± Anodized
-

N/S

37
20
N/S
37

N/S
No
7, No
N/S
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Alloy

Solution

Buffer

Mg-3Zn
Mg-6Zn

MEM
Basic SBF

SB
-

Mg-6Zn

Basic SBF

N/S

Mg-6.2Zn
Mg-10Zn

MEM
MEM

SB
SB

Coating/
Prework
-

Atmosphere
5% CO2
-

Temp
(°C)
37
37

pH
Control
No, 7.4
No, 7.4

Solution
Treated
-

-

37

No, 7.44

5% CO2
5% CO2

37
37

No, 7.4
No, 7.4

Time

Experiments

Ref.

14 days
3,30
days
3, 30
days
14 days
14 days

Mass Loss, PDP, SEM,
PDP, EIS, Hemolysis, XRD, EDX, SEM

[62]
[77]

PDP, EIS, Mass Loss, Tensile, Compression, ICPAES, SEM, EDX, XRD (In Vivo Also)
Mass Loss, PDP, SEM,
Mass Loss, PDP, SEM,

[22]
[62]
[62]

Al, Mn, Si, Zr, Li Binary Alloys
Mg-3Al

MEM

Mg-1Mn

Hanks, Basic
SBF
Hanks, Basic
SBF
Hanks, Basic
SBF
0.1 M NaCl
0.1M NaCl

Mg1-Zr
Mg-1Si
Mg-12Li
Mg-12Li

SB

-

-

5% CO2

37

No, 7.4

14 days

Mass Loss, PDP, SEM,

[62]

-

N/S

37

N/S

20 days

[76]

-

N/S

37

N/S

20 days

-

N/S

37

N/S

20 days

-

-

20
N/S

No
7, No

22 days
22 days

H2 Evolution, Mg Ion Concentration, PDP, Tensile,
Cytotoxicity, Hemolysis, Platlet Adhesion
H2 Evolution, Mg Ion Concentration, PDP, Tensile,
Cytotoxicity, Hemolysis, Platlet Adhesion
H2 Evolution, Mg Ion Concentration, PDP, Tensile,
Cytotoxicity, Hemolysis, Platlet Adhesion
Mass Loss, OCP, PDP, XRD
Mass Loss, OCP, Linear Polarization, Optical, XRD

[72]
[61]

[76]
[76]

RE Binary Alloys
Mg-4Ce
Mg-0.5Y
Mg-0.1Sr
Mg-1La
Mg-2Y
Mg-4La
Mg-4Nd
Mg-8Y

MEM
MEM
MEM
MEM
MEM
MEM
MEM
3.5% NaCl

SB
SB
SB
SB
SB
SB
SB
-

Mg-1Nd
Mg-0.05Sn
Mg-1Ce
Mg-1Sn

MEM
MEM
MEM
Hanks, Basic
SBF

SB
SB
SB

Zone
Solidified
-

5% CO2
5% CO2
5% CO2
5% CO2
5% CO2
5% CO2
5% CO2
-

37
37
37
37
37
37
37
N/S

No, 7.4
No, 7.4
No, 7.4
No, 7.4
No, 7.4
No, 7.4
No, 7.4
N/S

14 days
14 days
14 days
14 days
14 days
14 days
14 days
10 Min

Mass Loss, PDP, SEM,
Mass Loss, PDP, SEM,
Mass Loss, PDP, SEM,
Mass Loss, PDP, SEM,
Mass Loss, PDP, SEM,
Mass Loss, PDP, SEM,
Mass Loss, PDP, SEM,
PDP, Vickers Hardness, Optical, SEM, EDX, XFS

[62]
[62]
[62]
[62]
[62]
[62]
[62]
[78]

5% CO2
5% CO2
5% CO2
N/S

37
37
37
37

No, 7.4
No, 7.4
No, 7.4
N/S

14 days
14 days
14 days
20 days

Mass Loss, PDP, SEM,
Mass Loss, PDP, SEM,
Mass Loss, PDP, SEM,
H2 Evolution, Mg Ion Concentration, PDP, Tensile,
Cytotoxicity, Hemolysis, Platlet Adhesion

[62]
[62]
[62]
[76]
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Alloy

Solution

Buffer

Mg-1Y
Mg-2Gd

Hanks, Basic
SBF
1% NaCl

N/S

Mg-5Gd

1% NaCl

N/S

Mg-10Gd

1% NaCl

N/S

Mg-15Gd

1% NaCl

N/S

Coating/
Prework
-

Atmosphere
N/S

Temp
(°C)
37

pH
Control
N/S

Time

Experiments

Ref.

20 days

[76]

Heat
Treated
Heat
Treated
Heat
Treated
Heat
Treated

N/S

22

No, 6.5

N/S

N/S

22

No, 6.5

N/S

N/S

22

No, 6.5

N/S

N/S

22

No, 6.5

N/S

H2 Evolution, Mg Ion Concentration, PDP, Tensile,
Cytotoxicity, Hemolysis, Platlet Adhesion
Hydrogen Evolution, Mass Loss, Optical, SEM,
EDX, TEM, XRD, Tensile, Compression
Hydrogen Evolution, Mass Loss, Optical, SEM,
EDX, TEM, XRD, Tensile, Compression
Hydrogen Evolution, Mass Loss, Optical, SEM,
EDX, TEM, XRD, Tensile, Compression
Hydrogen Evolution, Mass Loss, Optical, SEM,
EDX, TEM, XRD, Tensile, Compression

Mass Loss, Cytotoxicity, Total Protein Assay,
Alkaline Phosphatase Test, SEM, EDX, Confocal
Microscopy
Mass Loss, Cytotoxicity, Total Protein Assay,
Alkaline Phosphatase Activity, SEM, EDX,
Confocal
PDP, pH Recording, Three-Point Bend, SEM, EDX,
XRD
Mass Loss, SEM, EDX, XRD

[32]

Mass Loss, OCP, Linear Polarization, Optical, XRD
Mass Loss, SEM, XRD, Optical

[61]
[34]

Mass Loss, Tensile, SEM, EDX, XRD, FTIR

[82]

[79]
[79]
[79]
[79]

AZ Alloys
AZ21

MEM + 15%
FBS

N/S

-

5% CO2

37

N/S

8 days

AZ21

MEM + 15%
FBS

N/S

-

5% CO2

37

No

8/17
days

AZ31B

Basic SBF

N/S

5% CO2

37

7.4, Yes

AZ31

Basic SBF

N/S

-

37

7.3, Yes

168
hours
3,5,7,11,
15 days

AZ31
AZ31

0.1M NaCl
Hanks (±Ca,
Mg)
3% NaCl

N/S

Fluoride
Treatment
Ca-P
Coating,
Shaken
½ Oxidised

-

N/S
20

7, No
N/S

-

37

N/S

N/S

-

20

N/S

1080 h

Mass Loss, SEM, XRD,

[18]

AZ31

Hanks (±Ca,
Mg)
8 g/l NaCl, PBS

Calcium
Phosphate
Coating
½ Oxidised

22 days
1080
hours
15 days

-

20

N/S

6 Days

OCP, PDP, EIS, SEM, EDX, FTIR, Grain Size

[83]

AZ31

0.1 M NaCl

-

20

No

22 days

Mass Loss, OCP, PDP, XRD

[72]

AZ31

AZ31

N/S

N/S

Heat
Treated /
Rolled /
ECAP
-

286

[32]

[80]
[81]

Alloy

Solution

Buffer

AZ31

Hanks, MEM,
MEM+FBS
1 % NaCl

N/S

AZ31

Coating/
Prework
-

Atmosphere
N/S

Temp
(°C)
37

pH
Control
N/S

Time

Experiments

Ref.

7 days

Linear Polarization, OCP, EIS, SEM, EDX,

[71]

168
hours
14 days
N/S

Mass Loss, pH Recording,

[50]

Mass Loss, PDP, SEM,
PDP, EIS, Optical, SEM, EDX, MicroCell

[62]
[60]

Borate
Buffer
SB
N/S

-

N/S

25

-

5% CO2
-

37
N/S

Yes, 6.5,
9
No, 7.4
N/S

N/S

-

-

N/S

N/S

5 mins

PDP, EIS, MircoCell, Optical, SEM, EDX

[59]

N/S

-

-

37

Yes, 7.5

30 days

[6]

HEPES

-

-

20

N/S

N/S

[84]

AZ31
AZ31

0.5-3.5% NaCl,
PBS (±0-10 g/l
BSA), McCoys
Media
Basic SBF
Hanks

Mass Loss, Hydrogen Evolution, SEM, EDS (+ In
Vivo)
PDP, EIS, MicroCell,

N/S
N/S

-

37
20

Yes, N/S
No, 7.4

72 hours
70, 250
hours

EIS, Optical, SEM, EDX, XPS
OCP, PDP, Hydrogen Evolution, SEM, XRD, EDX

[85]
[74]

AZ31

0.9% NaCl

N/S

-

20/37

N/S

90 mins

OCP, PDP, Optical,

[86]

AZ31
AZ31

m-SBF
Hanks

HEPES
N/S

-

37
N/S

No, 7.4
7, Yes

24 days
20 days

Mass Loss, PDP, EIS, SEM, EDX
Mass Loss, EIS, Fatigue Test, SEM, TEM, Optical

[58]
[87]

AZ31

Hanks

N/S

-

N/S

7, Yes

20 Days

Mass Loss, Optical, TEM

[88]

AZ31

Hanks

N/S

Hot
Extruded,
Ca-P
Coatings
Macro-Arc
Oxidation
Squeeze
Cast, Hot
Rolled,
ECAP
Squeeze
Cast, Hot
Rolled,
ECAP
Anodized,
Static/Dyna
mic Flow

-

N/S

7, Yes

20 days

AZ31
AZ31
AZ31

AZ31
AZ31

MEM
0.9% NaCl, PBS
± 1/10 g/L BSA
5,10,35 g/L
NaCl, PBS ±
0.1/1/10 g/L
BSA
Hanks

287

Mass Loss, EIS, Optical

[65]

Alloy

Solution

Buffer
HEPES
N/S

Coating/
Prework
½ Oxidised

Atmosphere
-

Temp
(°C)
37
20

pH
Control
No, 7.4
N/S

AZ61
AZ61

m-SBF
Hanks (±Ca,
Mg)
Hanks (±Ca,
Mg)
Basic SBF

N/S

½ Oxidised

-

20

HEPES

-

N/S

0.9% NaCl,
Thyrode’s

N/S

AZ91

0.9% NaCl

N/S

AZ91D

Basic SBF

N/S

AZ91

Model Saliva

N/S

AZ91
AZ91
AZ91
AZ91

m-SBF
MEM
Hanks
Hanks

HEPES
SB
N/S
N/S

Solution /
Heat
Treated
Macro-Arc
Oxidation
HA
Coating,
Sand/Mold
Cast,
Extruded
± Anodized
± Anodized

AZ91D

Basic SBF

N/S

AZ91

Basic SBF (± 1
g/l BSA)
Hanks

HEPES

Basic SBF
Hanks, MEM,
MEM+FBS
Hanks (±Ca,
Mg)
Basic SBF

AZ61
AZ61+0.4C
a
AZ63

AZ91

AZ91
AZ91
AZ91
AZ91

HEPES

Heat
Treatment
-

Time

Experiments

Ref.

Mass Loss, PDP, EIS, SEM, EDX
Mass Loss, SEM, XRD, Optical

[58]
[34]

N/S

24 days
1080
hours
1080 h

Mass Loss, SEM, XRD,

[18]

37

7.4

N/S

PDP, EIS, Slow Strain Rate Test, SEM, EDX,

[89]

N/S

37

Yes, 7.2

14 days

Mass Loss, OCP, pH Recording, Optical, Atomic
Absorption,

[90]

-

20/37

N/S

90 mins

OCP, PDP, Optical,

[86]

-

37

7.4, No

48 hours

PDP, EIS, SEM, EDX, XRD,

[91]

-

20

Yes, N/S

164
hours

Mass Loss, Vickers Hardness, Tensile, Optical,
SEM, EDX

[33]

5% CO2
-

37
37
37
37

No, 7.4
No, 7.4
N/S
No, 6

24 days
14 days
30 days
30 days

[58]
[62]
[63]
[56]

-

37

7.3-7.4

N/S

37

Yes, 5,
7.2
Yes, 7.37.5

168
hours
7 days

Mass Loss, PDP, EIS, SEM, EDX
Mass Loss, PDP, SEM,
Hydrogen Evolution
PDP, EIS, Hydrogen Evolution, pH Recording,
Optical
Mass Loss, PDP, SEM, EDX, Optical
Mass Loss, OCP, PDP, EIS, SEM, EDX, FTIR

[93]

168
hours

Atomic Absorption, SEM, EDX, XRD, EPMA,
FTIR, Optical

[94]

[92]

N/S

37

HEPES
N/S

Static/Dyna
mic
Environmen
t
Sand Cast
-

N/S
N/S

37
37

7.4
N/S

N/S
7 days

PDP, Slow Strain Rate Test, ICPAES, SEM
Linear Polarization, OCP, EIS, SEM, EDX,

[95]
[71]

N/S

½ Oxidised

-

20

N/S

Mass Loss, SEM, XRD, Optical

[34]

N/S

-

Air

37

N/S

1080
hours
35 hours

EIS, PDP, SEM

[96]
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Alloy

Solution

Buffer

Atmosphere
N/S

Temp
(°C)
37

pH
Control
Yes

Time

Experiments

Ref.

N/S

Coating/
Prework
-

AZ91

AZ91

0.9% NaCl,
Hanks, ±FBS
Substitute Sea
Water
Basic SBF

N/S

Linear Polarization, PDP, EIS,

[97]

-

-

Air

20

-

PDP, SEM, EDX (In Vivo Concurrently)

[12]

-

Polymer
Coating
Zr Coating
Al2O3
Coating

N/S

37

No, 7.4

N/S
N/S

N/S
N/S

PDP, Mass Loss, Cytotoxicity, Compression Tests,
pH Measurement, ICPMS, SEM
PDP, EIS, SEM, XRD, XPS
PDP. EIS, XPS, SEM

[9]

-

240
hours
2
months
N/S
18 hours

AZ91
AZ91

Basic SBF
Basic SBF

N/S
N/S

[98]
[99]

AZ91

Basic SBF

N/S

-

-

N/S

N/S

N/S

N/S

N/S

Mass Loss, Hydrogen Evolution, OCP, EIS,
Optical, SEM, EDX, FTIR, XPS
Mass Loss, Mechanical

[10
0]
[68]

N/S

N/S

-

N/S

N/S

72 hours

Mass Loss

[68]

N/S

-

20

N/S

1080 h

Mass Loss, SEM, XRD,

[18]

AZ91

Hanks (±Ca,
Mg)
1 % NaCl

½ Heat
Treated
± Heat
Treatment
½ Oxidised

1,4,7
days
72 h

AZ91

5% NaCl

AZ91
AZ91

-

N/S

25

[50]

Basic SBF

N/S

37

PDP, EIS, SEM

[46]

AZ91
AZ91+1Ca
AZ91 +
20% HA

Basic SBF
Basic SBF
Sea Water,
MEM (±10%
FBS)

Sand/Die
Cast
-

168
hours
N/S

Mass Loss, pH Recording,

AZ91

Yes, 6.5,
9
7.4

N/S
N/S
N/S

37
37
37

7.4
7.4
N/S

N/S
N/S
24, 72
hours

PDP, EIS, Slow Strain Rate Test, SEM, EDX,
PDP, EIS, Slow Strain Rate Test, SEM, EDX,
PDP, EIS, Mass Loss, Vickers Hardness, Nano
Indentation, Cytotoxicity, Optical, SEM, EDX,
XRD

[89]
[89]
[10
1]

PDP, SEM, EDX (In Vivo Concurrently)

[12]

PDP, EIS, MicroCell,

[84]

PDP, EIS, Optical, SEM, EDX, MicroCell

[60]

AZ91D

Borate
Buffer
HEPES
HEPES
HEPES
N/S

RE Ternary Alloys (LAE442, WE43, and others)
LAE442
LAE442

LAE442

Substitute Sea
Water
0.5-3.5% NaCl,
PBS (±0-10 g/l
BSA), McCoys
Media
0.9% NaCl, PBS

-

-

Air

20

-

HEPES

-

-

20

N/S

240
hours
N/S

N/S

-

-

N/S

N/S

N/S
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Alloy

LAE442

WE43

WE43

WE43
WE43

WE43

Solution
± 1/10 g/L BSA
5,10,35 g/L
NaCl, PBS ±
0.1/1/10 g/L
BSA
NaCl (±CaCl2,
K2HPO4), mSBF (± 40g/L
BSA)
NaCl (±CaCl2,
K2HPO4), mSBF (± 40g/L
BSA)
SBF with 3 Cell
Lines
Hanks

WE43

3% NaCl, Basic
SBF, Artificial
Plasma
0.9% NaCl

ZE41
ZE41
AE44
ZW21

MEM
Hanks
MEM
Basic SBF

WZ21

Basic SBF

ZX152

Hanks (±Ca,
Mg)
0.9 % NaCl
(±0.7 g/l
NaHCO3),

AX53

Buffer

Coating/
Prework

Atmosphere

Temp
(°C)

pH
Control

Time

Experiments

Ref.

N/S

-

-

N/S

N/S

5 mins

PDP, EIS, MircoCell, Optical, SEM, EDX

[59]

HEPES

-

-

20 / 37

No, 7.4

2 weeks

PDP, EIS, OCP,

[10
2]

HEPES

Extrusion,

-

37

Yes, 7.4

2-5 days

SEM, OPTICAL, EDX, XRD, FTIR

[10
3]

N/S

-

N/S

37

N/S

48 hours

Cell Study

HEPES

Static/Dyna
mic
Environmen
t
Extruded, ±
Heat
Treated
Macro-Arc
Oxidation
± Anodized
-

N/S

37

Yes, 7.37.5

168
hours

Atomic Absorption, SEM, EDX, XRD, EPMA,
FTIR, Optical

[10
4]
[94]

N/S

20

No, 6,
7.4

24 hours

EIS, Tensile, SEM, Optical, EDX, AES

[10
5]

-

20/37

N/S

90 mins

OCP, PDP, Optical,

[86]

5% CO2
5% CO2
N/S

37
37
37
20

14 days
30 days
14 days
7 Days

Mass Loss, PDP, SEM,
Hydrogen Evolution
Mass Loss, PDP, SEM,
Hydrogen Evolution, Tensile Test,

-

N/S

20

7 Days

Hydrogen Evolution, Tensile Test,

N/S

-

-

37

No, 7.4
N/S
No, 7.4
Yes,
below 8
Yes,
below 8
N/S

4 days

Hydrogen Evolution, SEM, ICP

[62]
[63]
[62]
[10
6]
[10
6]
[48]

N/S

-

-

20

N/S

6, 24
hours

PSP, Mass Loss, SEM, EDX, XRD

N/S

N/S
SB
N/S
SB
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[10
7]

Alloy

Solution

Buffer

Coating/
Prework

Atmosphere

Temp
(°C)

pH
Control

Time

Experiments

Ref.

Mg-4Y-2Nd

Hanks
Basic SBF,
Artificial Plasma

Tris Buffer

± Anodized

-

37

No

24 hours

EIS, pH Recording, SEM, AES, Optical,

[10
8]

Mg-Mn-Zn , Mg-Ca-Zn, AM Alloys
Mg-0.4Ca3Zn
Mg-0.4Ca10Zn
Mg-Zn-Ca
(N/S)
Mg-1Zn1Mn
Mg-2Zn0.2Mn
Mg-2Zn1Mn
Mg-2Zn1Mn
Mg-3Zn1Mn
Mg-1Mn1Zn
Mg-1.2Mn1Zn
Mg-1.2Mn1Zn
Mg-1.2Mn1Zn
AM50
AM50

MEM

SB

-

5% CO2

37

No, 7.4

14 days

Mass Loss, PDP, SEM,

[62]

MEM

SB

-

5% CO2

37

No, 7.4

14 days

Mass Loss, PDP, SEM,

[62]

Basic SBF

N/S

-

37

N/S

1 hour

PDP, SEM, EDX, Slow Strain Rate Test, XRD

[10
9]

Basic SBF

-

CaDeficient
Ha Coating
-

-

37

-

-

Hanks

N/S

± Anodized

-

37

N/S

30 days

PDP, Cytotoxicity, Hemolysis, Tensile, SEM,
Optical
Hydrogen Evolution

[11
0]
[63]

Basic SBF

-

-

-

37

-

-

Hanks

N/S

Extruded

N/S

37

No, 7.4

24 hours

PDP, Cytotoxicity, Hemolysis, Tensile, SEM,
Optical
PDP, pH Recording, OCP, SEM, XRD, XPS, EDX

Basic SBF

-

-

-

37

-

-

Hanks,
Simulated Blood
Plasma
PRMI1640
Medium
PRMI1640
Media
0.9% NaCl

N/S

-

Air

N/S

N/S, No

288
hours

PDP, Cytotoxicity, Hemolysis, Tensile, SEM,
Optical
Mass Loss, OCP, pH Recording, PDP, SEM, EDX,
XRD

[11
0]
[11
1]
[11
0]
[11
2]

N/S

Ca-P
Coating
Ca-P
Coating
Phosphate
Coating

5% CO2

37

N/S

5 days

Cytotoxicity, SEM, XRD, XPS, EDX

[28]

5% CO2

37

Yes, 7.4

5 days

Cytotoxicity, Cell Count, SEM, XRD, XPS

[26]

-

37

No, 7.4

1,2,4,9
days

PDP, SEM, EDX, SAXS, XRD, XPS

[11
3]

0.9% NaCl,
Hanks, ±FBS
Model Saliva

N/S

-

N/S

37

Yes

N/S

Linear Polarization, PDP, EIS,

[97]

N/S

Sand/Mold
Cast,

-

20

Yes, N/S

164
hours

Mass Loss, Vickers Hardness, Tensile, Optical,
SEM, EDX

[33]

N/S
N/S
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Alloy

Solution

Buffer

AM60

Hanks

HEPES

Coating/
Prework
Extruded
Static/Dyna
mic
Environmen
t

Atmosphere

Temp
(°C)

pH
Control

Time

Experiments

Ref.

N/S

37

Yes, 7.37.5

168
hours

Atomic Absorption, SEM, EDX, XRD, EPMA,
FTIR, Optical

[94]

Other Ternary, Quad, and Bulk metallic glass
Mg-7Al0.05Ti
Mg-2Zn1Mn-0.4Y
Mg-2Zn1Mn-0.8Y
Mg-2Zn1Mn-1.5Y
Mg-2Zn1Mn-0.3Ca
Mg-2Zn1Mn-0.5Ca
Mg-1.5Zn1Mn-1Ca
Mg Bulk
Metallic
Glass
Mg Bulk
Metallic
Glasses
Mg Bulk
Metallic
Glass

MEM

SB

-

5% CO2

37

No, 7.4

14 days

Mass Loss, PDP, SEM,

[62]

Hanks

N/S

Extruded

N/S

37

No, 7.4

24 hours

PDP, pH Recording, OCP, SEM, XRD, XPS, EDX

Hanks

N/S

Extruded

N/S

37

No, 7.4

24 hours

PDP, pH Recording, OCP, SEM, XRD, XPS, EDX

Hanks

N/S

Extruded

N/S

37

No, 7.4

24 hours

PDP, pH Recording, OCP, SEM, XRD, XPS, EDX

Hanks

-

-

-

37

N/S

15 mins

Hanks

-

-

-

37

N/S

15 mins

Hanks

-

-

-

37

N/S

15 mins

5% CO2

37

N/S

30 days

Volume Fraction, PDP, Tensile, SEM, EDX, ICPAES
Volume Fraction, PDP, Tensile, SEM, EDX, ICPAES
Volume Fraction, PDP, Tensile, SEM, EDX, ICPAES
pH Change, PDP, Cytotoxicty, SEM, XPS
Compression, Cell Test, Optical

[11
1]
[11
1]
[11
1]
[11
4]
[11
4]
[11
4]
[11
5]

Aireated
wtih
O2/N2
-

37

7.4

N/S

PDP, OCP, SEM, EDX, XRD, Optical,

[11
6]

N/S

7.3-7.4,
No

4 days

Hydrogen Evolution, PDP, EIS, OCP, SEM, EDX,
XRD

[11
7]

Basic SBF,

PBS

N/S

-

Basic SBF

N/S

Bulk
Metallic
Glass

N/S indicates values were not stated.
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APPENDIX D : ELEMENTAL COMPOSITION OF INVESTIGATED
ALLOYS
Alloy Designation

Mg

Ca

Al

Zn

Mn

Zr

Fe

Sr

Cu

Ni

Be

Cr

Pb

Sn

Pure Mg

Balance

< 0.002

< 0.005

< 0.005

< 0.002

< 0.002

< 0.001

< 0.001

< 0.002

< 0.001

< 0.0001

< 0.001

< 0.002

< 0.002

Mg-0.4Ca

Balance

0.42

< 0.002

Mg-0.8Ca

Balance

0.84

< 0.002

Mg-1.34Ca

Balance

1.5

< 0.002

Mg-5Ca

Balance

4.55

< 0.002

Mg-10Ca

Balance

10.2

< 0.002

Mg-16.2Ca

Balance

16.2

< 0.002

Mg-28Ca

Balance

28

< 0.005

Mg-1Zn

Balance

0.99

< 0.002

Mg-3Zn

Balance

2.87

< 0.001

Mg-6.2Zn

Balance

5.96

< 0.005

Mg-10Zn

Balance

9.68

< 0.009

Mg-20Zn

Balance

20.03

< 0.009

Mg-0.5Mn

Balance

0.61

0.012

Mg-1Mn

Balance

1.13

0.015

Mg-2.2Mn

Balance

2.31

0.016

Mg-5Mn

Balance

4.97

0.004

Mg-10Mn

Balance

8.75

0.002
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Alloy Designation

Mg

Ca

Al

Zn

Mn

Zr

Fe

Mg-0.3Zr

Balance

0.32

< 0.002

Mg-0.57Zr

Balance

0.58

< 0.001

Mg-1Zr

Balance

0.97

0.004

Mg-2Zr

Balance

1.73

0.009

Mg-0.4Ca-3Zn

Balance

0.41

2.95

< 0.002

Mg-0.4Ca-6.2Zn

Balance

0.42

9.87

< 0.002

Mg-1.34Ca-3Zn

Balance

1.25

3.12

< 0.002

Mg-1.34Ca-6.2Zn

Balance

1.38

6.2

< 0.002

Mg-5Ca-3Zn

Balance

5.31

2.99

< 0.001

Mg-5Ca-6.2Zn

Balance

5.17

6.15

< 0.002

Sr

Cu

Ni

Be

Cr

Pb

Sn

< 0.002

< 0.001

< 0.0001

< 0.001

< 0.002

< 0.002

Master Alloys / Elements
Balance

Pure Zn
Mg-33.3Zr

Balance

Mg-30Ca

Balance

29.97

0.005

< 0.005

< 0.001
< 0.002

35.42

0.015

< 0.002

< 0.005

Values reported are weight %.
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0.022

APPENDIX E : PREPARATION
OF
KIRKLAND’S
BIOCORROSION
MEDIUM
1. Cleaning of glassware
a. Use only new glassware and keep securely stored solely for production of
KBM.
b. All bottles, flasks, beakers and other glassware should be cleaned with
distilled water 3-4 times. Following this they should be washed with high
purity ethanol (99.8%) 2-3 times.
c. If required, immerse bottles in dilute HCl solution for 4-6 hours. Remove from
solution and repeat above steps.
2. Creation of media
a. All dissolution of chemicals should take place in a flow hood to minimise dust
pickup.
b. Pour 900 ml of distilled water into a 1 L beaker. Place a clean magnetic stirrer
bar in the beaker and place on a heated magnetic plate.
c. Adjust heated plate so temperature of bulk solution is 37 °C ± 1.
d. Add the chemicals given in Table E-1 one-by-one in the order provided.
Ensure each is completely dissolved before adding the next.
e. Buffer choice depends on the intended experimental atmosphere. Both may be
added if desired. Add the buffer (Table E-2) in 1 gram amounts to minimise
localised changes in pH.
f. Finally, add distilled water to the beaker until 1 L is reached (typically 95 ml).
3. pH adjustment for HEPES
a. Before any pH measurement, calibrate the pH meter to a minimum of two
points (e.g. 7 and 10).
b. Re-check the temperature of the solution to ensure it is 37 °C ± 1.
c. Measure the pH of the KBM and add 1 M NaOH in 0.25 mL portions until a
pH of 7.4 is reached.
4. pH adjustment for NaHCO3
a. The concentration of CO2 in the incubator will determine the pH of the media.
b. Adjust the volume % CO2 of the incubator to 5% and allow solution to
stabilise over 4 hours. Measure the pH of the media and raise CO2 level if pH
is too high (and lower CO2 level if pH is too low).
c. Let settle again for 4 hours and measure pH again. Typically 4.7%-5.1% CO2
results in a pH of 7.4.
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5. Storage
a. After pH adjustment decant the KBM into a 1 L Schott bottle or similar.
b. Store in a refrigerator at 5-10 °C.
c. Use within 2 weeks of creation.
Table 10-3 : Components and concentrations of KBM.
Compound

Amount (g/L)

NaCl

5.4

D-Glucose (C6H12O6)

0.9

KCl

0.38

CaCl2

0.28

Na2HPO4 (Anhydrous)

0.122

MgSO4

0.06

Phenol Red (C19H14O5S)

0.011

Table 10-4 : Buffers and concentrations for addition to KBM.
Buffer

Amount (g/L)

SB (NaHCO3)

2.2

HEPES (C8H18N2O4S)

5.96

296

APPENDIX F : COMMON EXPERIMENTAL
TECHNIQUES TO DETERMINE
PROTEIN ADHESION
Test

Use

Procedure

Comments

• Widely used
Surface is irradiated by beam of
monochromatic x-rays, released • Non-destructive
• Not useful for multi-protein
photoelectrons are captured
studies
Bombardment of surface with • Widely used
focused beam of ions/atoms • Good protein resolution
resulting in emission of secondary
particles

X-ray photoelectron
spectroscopy (XPS)

Elemental
composition

Secondary ion mass
spectroscopy
(SIMS)

Elemental &
molecular
composition

Time-of-flight
secondary ion mass
spectroscopy

Elemental &
molecular
composition

Similar to SIMS, secondary ions are • Greater resolution
accelerated through field-free drift • Increased sensitivity
region, which separates heavy/light
ions

Fourier transform
infrared
spectroscopy
(FTIR)

Chemical
bonds
&
conformation

IR beam is reflected from a surface • Very common
and spectrum is developed from IR • Limited use in multi-protein
absorbance at different frequencies
studies (complicated spectra)
• Quick

Attenuated total
frequency (ATRFTIR)

Chemical
bonds
&
conformation

Similar to FTIR, total internal • Reduced surface area
reflection of IR beam back into
required
detector along region of contact
with sample surface

Solute-depletion
test

Amount
adsorbed

Changes in bulk concentration of • Assumes all protein loss is
protein in a solution is measured
due to material attachment
over time

Protein labelling,
staining &
florescence

Amount
adsorbed and
areas

Proteins labelled with fluorescent or • Easy to perform
radioactive probes, concentration of
adsorbed protein deterred on
surface

Immunoassay (eg.
ELISA)

Presence and
bioactivity

An antibody is directed against a • Widely used
protein, bonding to specific
portions of the target protein

Ellipsometry

Layer
thickness

Polarised light is directed at surface • Very common
at an angle, then reflected back to • Nanometre resolution
detector. Changes in reflected light
provide information on interface

Surface plasmon
resonance (SPR) &
Neutron reflectivity

Layer
thickness

Similar to ellipsometry, but uses • More complicated
excitation of surface plasmons and • NR is not widely used due to
beam of neutrons, respectively.
equipment and potential
radiation problems

(ToF-SIMS)
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(NR)
Quartz crystal
microbalance
(QCM)
Matrix-assisted
laser / desorption /
ionisation time-offlight (MALDIToF)

Protein
adsorption
over time
Protein
identification

Measure change in frequency for • Real-time measurement of
coated quartz crystal as a solution
protein attachment
comes into contact
• Quantitative values obtained
• Easy to setup
Matrix molecules are added to • Difficult sample preparation
surface prior to irradiation with • Matrix fluid required
pulse laser.
• Very low detection limits
• Poor ability to resolve larger
proteins
Surface analysed under electron • Sample preparation (drying,
microscope
coating) may cause serious
issues
• Poor quantitative analysis

Scanning and
transmission
electron microscopy
(SEM / TEM)

Elemental &
layer analysis

Atomic force
microscopy (AFM)

Protein
attraction,
layer property

“Feels” surface with a very sharp • Allows tests in situ
micro-scale cantilevered tip
• Can be very hard to setup

Scanning tunnelling
microscopy (STM)

Protein
attraction,
layer property

Measures quantum mechanical • Can capture extremely fine
tunnelling of current between
changes in height
conductive surface and very sharp • Lateral information not
metallic tip.
available from AFM

Surface-enhanced
infrared adsorption
spectroscopy
(SEIRA)

Protein
functionality

IR technique, amplifies received • Not widely used
signal by two orders
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