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Abstract 

In recent years, there has been a growing interest in the development of biodegradable 

implants for bone fracture repair. Magnesium (Mg) is a promising candidate for these 

applications, due to its good biocompatibility, biodegradability and favourable 

mechanical properties. However, pure Mg degrades too rapidly under physiological 

conditions. There has been a large amount of research done recently to mitigate the 

degradation rate of Mg in order to make it a viable biomaterial. This is done primarily 

through the use of either alloying with other metals, or through a protective coating that 

degrades at a more favourable rate. To date, there has been limited success in achieving 

acceptable degradation behaviour through either alloying or coatings. This work was 

concentrated on two areas: (i) mechanistic understanding of the degradation of Mg-

based alloys in physiological conditions, and (ii) utilising partially protective coatings 

to improve the degradation behaviour of Mg-based alloys. This work culminated in 

further understanding of the effects of surface roughness and microgalvanic effects of 

degradation behaviour of Mg alloys, and a novel coating that provided a significantly 

improved degradation rate for Mg-based alloys. 

The influence of surface roughness on the passivation and pitting degradation 

behaviour of AZ91 Mg alloy in chloride-containing and simulated body fluid (SBF) 

environments was found to play a critical role on the initial breakdown of the passive 

layer and the subsequent localised pitting attack. In chloride environment, 

potentiodyanamic polarisation and electrochemical impedance spectroscopy tests 

suggested that the passivation behaviour of the alloy was affected by increasing the 

surface roughness.  Similarly, in SBF the polarisation resistance (RP) of the rough 

surface alloy immersed in SBF for 3 h was ~30% lower as compared to that of the 

smooth surface alloy.  After 12 h immersion in SBF, the RP values for both the surface 

finishes decreased and were also similar. However, localised degradation occurred 

sooner, and to a noticeably higher severity in the rough surface alloy as compared to the 

smooth surface alloy. Thus the study suggests that the surface roughness plays a critical 

role in the passivation behaviour of the alloy and hence the pitting tendency. 

Microgalvanic effects between the primary matrix and secondary phases are known to 

influence degradation behaviour. However, there had previously been some concern in 
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regards to the perceived high stability of secondary precipitates under physiological 

conditions. This work was able to show that after galvanic coupling between the 

primary (α) and secondary (β) phases was removed, the long term degradation 

resistance of the β-phase approached that of pure magnesium. Galvanic coupling of β-

phase (Mg17Al12) with pure Mg in simulated body fluid resulted in the formation of 

carbonated calcium phosphate on the β-phase. While the calcium phosphate layer 

initially increased the degradation resistance of the β-phase, the layer rapidly degraded 

once the galvanic coupling was removed. Within 48 h immersion in SBF, the 

degradation resistance of the β-phase began to approach that of pure Mg. The results 

suggest that under long-term immersion period in SBF, the degradation resistance of 

the β-phase will decrease and eventually the β-phase will dissolve in body fluid as the 

micro-galvanic effects are reduced due to complete dissolution of the Mg matrix around 

the β-phase. 

This work produced three coatings on Mg-based substrates: a single layer CaP, a dual 

layer PEO/CaP, and a triple layer PEO/CaP/PLLA. The single layer CaP coating was 

electrochemically deposited on an Mg-Ca substrate using a pulse potential waveform. 

EIS testing showed an initial increase in the RP of ~15 times when compared to the bare 

alloy. Following 72 h immersion in SBF, only ~70 % higher than that of the bare alloy. 

CaPs have a significantly lower dissolution rate than Mg alloys, which suggests that the 

rapid deterioration of the coating was instead caused by penetration of the electrolyte 

through the CaP layer. Open circuit potential measurements showed a constant ~100 

mV difference between the coated and uncoated samples across the entire immersion 

period, which suggests that the coating remained largely unchanged. This work also 

investigated whether the cathodic activity of the underlying Mg alloy substrate plays a 

significant role on the electrochemical deposition of such a coating, calcium phosphate 

(CaP). CaP was deposited electrochemically on two Mg alloys, i.e., magnesium-

calcium (Mg-Ca) and magnesium-aluminium-zinc (AZ91), with different 

electrochemical degradation behaviour.  The in vitro degradation behaviour of the CaP 

coated samples was evaluated using electrochemical impedance spectroscopy (EIS) in 

SBF. The RP of the CaP coated Mg-Ca alloy was ~85 % lower than that of the CaP 

coated AZ91 alloy. Fourier transform infrared (FTIR) analysis showed no difference in 

the chemical nature of the coatings. However, scanning electron microscopy (SEM) 

analysis revealed that the coating particles on Mg-Ca alloy were less densely packed 
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than that on the AZ91 alloy. This can be attributed to the higher dissolution rate of Mg-

Ca alloy as compared to AZ91 alloy. As a result, the former exhibited higher cathodic 

charge density which produced higher hydrogen evolution, and thereby affecting the 

coating process.   

In order to reduce the rate of penetration of electrolyte through the coating layer, a dual 

layer coating was employed. A porous PEO layer first produced on pure Mg as the first 

layer. This PEO layer acted as a scaffold for previously discussed CaP layer. This dual 

layer coating produced a much more tightly packed layer that showed a much higher 

degradation resistance than either layer did separately. The single PEO layer improved 

the RP of the pure Mg by an order of magnitude, and the addition of the second CaP 

layer added another order of magnitude. This improvement can be attributed to the PEO 

layer acting as a scaffold for the CaP, allowing for a more tightly packed structure and 

thereby reducing the porosity. A third, PLLA layer was then added to further improve 

the pore resistance of the coating. The PLLA layer was able to improve the RP by a 

third order of magnitude for low immersion times. Interestingly, by 72 h immersion, the 

triple layer coating displayed an average RP lower than that of the dual layer. During 

the immersion period, the electrolyte was able to penetrate the highly porous polymer 

layer, allowing for the bulk erosion to take place. The subsequent release of the acidic 

products damaged the underlying ceramic layer, which reduced the overall degradation 

resistance. 
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Chapter. 1 Introduction 

1.1 Background and Rational 

Biomedical implants are used by surgeons in order to replace or support damaged 

biological structures. These implants can be roughly divided into two categories: The 

first is permanent implants, where the implant is required to perform its function 

indefinitely, such as full hip replacements. The second, is temporary implants. These 

implants are typically used for bone fracture repair, and remain inert in the body, but 

are no longer required once the bone is fully healed. These implants are designed to 

rigidly hold bone in place during the healing process. A subset of temporary implants 

are biodegradable implants, such as sutures, which are designed to degrade naturally 

over time. Biodegradeable materials have typically been limited to polymeric materials. 

These polymers, such as polylactide, polyglycolide and their copolymers are both 

biocompatible and biodegradable. Unfortunately, their mechanical properties are quite 

poor as you can see, which limits their use to non-load bearing applications, such as 

sutures, maxilla fractures and paediatric mandibular fractures. 

Non-biodegradable implants for bone fracture repair are primarily metallic; stainless 

steel, chromium/cobalt alloys and most commonly, titanium. However, the mechanical 

properties of these materials are not well matched with those of bone. In particular, the 

elastic modulus of these materials is significantly higher than that of bone. This can 

cause an effect known as stress shielding. Stress shielding is a phenomenon that occurs 

due to the fact that bone is constantly being resorbed and regrown. The rate at which 

this occurs is proportional to the load that that bone undergoes. So if the majority of the 

load is being borne by the implant due to its high elastic modulus, the bone will grow 

back significantly weaker and more porous, increasing the likelihood of refracture. In 

addition to this, the implants increase the likelihood of complications due to foreign 

body reactions and infections caused by long term exposure. Often, surgeons have to do 

a secondary surgery to remove the implant if such a complication does arise. This 

secondary surgery is highly undesirable due to additional costs and increased risks 

associated with extra surgery. 
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A promising candidate for biodegradeable implants is Mg based biomaterials. Like the 

polymeric materials, it is both biocompatible and biodegradeable. In fact, Mg is one of 

the most common ions in the human body, and due to the efficient excretion of the 

degradation products, cases of hyper-Mg are almost non-existent. Furthermore its 

mechanical properties are more closely matched to that of bone. This considerably 

reduces the major issues of both stress shielding and the need for secondary surgery. 

However, there are currently some limitations that inhibit the use of Mg as a 

biodegradeable material. Firstly, pure Mg degrades too rapidly under physiological 

conditions. The degradation rate of approximately 22mm/year means that pure Mg 

would degrade far too rapidly to maintain mechanical integrity over the required 

implant service life. This rapid degradation would also cause issues with hydrogen gas 

build up in the body, which evolves too rapidly to be removed from the implant site. 

There are two main ways that the degradation rate can be reduced. The first is via the 

use of alloying elements. There has been a large amount of research done into alloying 

Mg in order to improve the degradation resistance. The main alloying elements are 

aluminium, rare earths and calcium, which have all been shown to improve this 

property. Unfortunately, Mg alloys are particularly susceptible to localised attack. This 

is a form of degradation that heavily attacks particular sites on the alloy. This is even 

more of a concern than general degradation, since the pits that form create act as stress 

risers which allow the propagation of cracks due to stress corrosion cracking and 

hydrogen embrittlement. This could potentially cause the implant to fail prematurely. 

This thesis investigated two areas that hadn’t been studied, namely the influence of 

surface roughness and microgalvanic effects on the localised degradation of Mg alloys.  

The second method of improving degradation rates is to apply a partially protective 

coating to the Mg surface. The coating acts as a barrier to the substrate, such that the 

favourable mechanical properties are retained, but the degradation rate can be slowed to 

that of the coating. There has been a wide range of coatings utilised for this purpose, 

but to date none have been able to provide suitable long term resistance for implant 

applications. This work produced a novel, multilayer coating that showed good in vitro 

degradation behaviour. 
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1.2 Research Objectives 

This work aimed to improve the understanding relating to in vitro Mg degradation in 

order to eventually produce Mg-based biodegradable biomaterials for bone fracture 

repair. To do this, the following research aims were developed: 

(1) To understand how surface roughness is related to localised pitting attack of Mg 

alloys under chloride-containing and physiological conditions. 

(2) Understanding of the role of microgalvanic degradation on the overall in vitro 

degradation behaviour of Mg alloys. 

(3) To identify whether substrate composition contributes significantly on the 

overall degradation behaviour of a coated Mg alloy. 

(4) To improve the in vitro degradation behaviour of Mg by developing a partially 

protective, tailorable coating that is suitable for temporary implant applications. 

Achieving these research goals has contributed directly to the field of Mg based 

biodegradable implants.  

1.2 Document Organisation and Publications 

This thesis is comprised of seven chapters, which address the background and work 

related to the research objectives outlined in the previous section. This chapter outlines 

the motivations and context surrounding the work approached in this thesis. 

Chapter 2 provides a current review of the literature related to the work in the body of 

the thesis. It primarily focusses on the use of Mg as a biomaterial, as well as its 

degradation behaviour and previous attempts to improve this behaviour. In particular, it 

outlines the work necessary for a complete understanding of the body of the work 

outlined in the subsequent chapters. 

Chapter 3 presents the methodology utilised in order to achieve the research objectives. 

It provides the details required to replicate any experimental data, as well as the 

fundamentals behind interpretation of the results. 
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Chapter 4 investigates how surface roughness influences Mg degradation in both pure 

chloride solution and under simulated body conditions. This work is reported in the 

following journals: 

 Walter, R. & Kannan, M. B. Influence of surface roughness on the corrosion 

behaviour of magnesium alloy, Materials & Design, 2011, 32, 2350-2354 

 Walter, R.; Kannan, M. B.; He, Y. & Sandham, A. Effect of surface roughness 

on the in vitro degradation behaviour of a biodegradable magnesium-based 

alloy, Applied Surface Science, 2013,  279, 343-348. 

Chapter 5 is a study on the significance of the microgalvanic effect on the degradation 

of secondary particles in Mg alloys. This work has been published in the following 

journal: 

 Walter, R. & Kannan, M. B. A mechanistic in vitro study of the microgalvanic 

degradation of secondary phase particles in magnesium alloys Journal of 

Biomedical Materials Research Part A, 2015, 103, 990-1000. 

Chapter 6 presents the research done to develop a partially protective coating to 

improve the degradation behaviour of Mg substrates. It also looks at the influence of 

the substrate composition on coating performance. The results in this chapter are 

reported in a number of papers: 

 Walter, R.; Kannan, M. B.; He, Y. & Sandham, A.  Influence of the cathodic 

activity of magnesium alloys on the electrochemical deposition of calcium 

phosphate, Applied Surface Science, 2014, Materials Letters, 130, 184-187. 

This work was also presented as a poster at the 5th International Symposium of Surface 

and Interface of Biomaterials (ISSIB) held in conjunction with the 24th Annual 

Conference of the Australasian Society for Biomaterials and Tissue Engineering 

(ASBTE). 
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The following papers are currently in preparation: 

 Kannan, M. B.; Walter, R.; Yamamoto, A. Biocompatibility and in vitro 

degradation behaviour of magnesium-calcium alloy coated with calcium 

phosphate using an unconventional electrolyte. Article under review, ACS 

Biomaterials Science & Engineering. 

 Kannan, M. B.; Walter, R.; Yamamoto, A.; Blawert, C. Biocompatibility and in 

vitro degradation behaviour of dual layer PEO/CaP coating on a magnesium 

substrate. (Article in preparation). 

 Walter, R.; Kannan, M. B.; Blawert, C. Controlling the in vitro degradation of 

magnesium using a novel multilayer coating. (Article in preparation). 

Chapter 7 presents the concluding remarks of the thesis, as well as recommendations of 

possible research direction for future work. The key findings of Chapters 4-6 are 

summarised in this section. 
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Chapter. 2 Literature Review 

2.1 Introduction 

Metallic materials have played an essential role as biomaterials in the orthopaedic field 

to replace or repair damaged bone tissue. Traditionally, inert materials such as stainless 

steel, titanium and chromium-cobalt alloys have been used over ceramic and polymeric 

materials in load bearing applications due to their high mechanical strength and fracture 

toughness (Staiger et al., 2006). However, these permanent implants have two major 

limitations. Firstly, degradation and wear can sometimes lead to the release of toxic 

metallic ions and particles (Jacobs et al., 1998; Jacobs et al., 2003), resulting in 

inflammation and tissue loss (Wang et al., 1996; Bi et al., 2001; Niki et al., 2003). In 

severe cases, a secondary surgery is required to remove the implant, increasing the risk 

of patient morbidity and potentially resulting in re-fracture due to voids in the bone at 

the implant site. Secondly, the elastic moduli of these materials are not well matched 

with that of natural bone resulting in stress shielding effects. This leads to reduced bone 

regrowth and remodelling, decreasing implant stability (Nagels et al., 2003). 

Mg is an attractive potential biomaterial to replace current temporary implants. It is 

exceptionally lightweight, and has a high strength to weight ratio. It has a higher 

fracture toughness than ceramic materials such as hydroxyapatite, but maintains an 

elastic modulus much closer to natural bone than other currently used metals, 

condiferably reducing stress shielding effects. Table 2.1 compares the key mechanical 

properties of natural bone, Mg and commonly used implant materials. Furthermore, Mg 

degrades naturally under physiological conditions, and has been shown to be highly 

biocompatible. Mg is required for a large number of physiological processes (Saris et 

al., 2000; Hartwig, 2001; Okuma, 2001; Vormann, 2003), and there is evidence to 

suggest that ionic Mg can accelerate bone growth. While hyper-Mg occurs at 

concentrations in excess of 1.05 mmol/L (Saris et al., 2000), cases are rare since it is 

excreted efficiently through the urine (Saris et al., 2000; Vormann, 2003). 

However, the degradation rate of pure Mg in the body is too high to be suitable for 

implant applications (Witte, et al., 2008). To combat this, many researchers have 

attempted to improve the degradation resistance through alloying and the application of 
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partially protective coatings to produce a material that can maintain structural integrity 

over the expected lifetime of the implant. 

Table 2.1 
Physical and mechanical properties of natural bone, Mg and other implant materials 
(Staiger et al., 2006). 

Material Density 
(g/cm3) 

Elastic 
modulus 

(GPa) 

Compressive 
yield 

strength (MPa) 

Fracture 
toughness 
(MPa.m1/2) 

Natural bone 1.8-2.1 3-20 130-180 3-6 

Mg 1.74-2.0 41-45 65-100 15-40 

Ti alloys 4.4-4.5 110-117 758-1117 55-115 

Co-Cr alloys 8.3-9.2 230 450-1000 N/A 

Stainless steel 7.9-8.1 189-205 170-310 50-200 

Hydroxyapatite 3.1 73-117 600 0.7 

 

The first use of Mg-based biomaterials for orthopaedic use was in 1900 to improve 

joint motion (Staiger et al., 2006). Soon after, Lambotte implemented a pure Mg plate 

with gold plated nails to stabilise a lower leg fracture (Staiger et al., 2006). The implant 

was reported to have dissolved after on 8 days in vivo, and produced a large amount of 

hydrogen gas around the implant site. While there were a number of other studies that 

utilised Mg-based biomaterials, the rapid degradation rate paired with high amounts of 

hydrogen evolution was a consistent limitation of the materials (Witte, 2010). Recently, 

Mg has regained interest as a potential biodegradable biomaterial, and there has been a 

large amount of work done to eliminate the problems associated with its high rate of 

degradation. 

This chapter provides an overview of the current literature relevant to this work. The 

scope of this thesis covered two distinct sections: the effects of certain properties of 

bare Mg, as well as the development of an effective coating. The following sections 

provide information relevant to the upcoming chapters. Although the degradation of 

Mg is heavily influenced by a large number of parameters, in this thesis, all 

experiments were run under physiological conditions (37 °C, pH 7.40, physiological 
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ion concentrations). As such, the effects of temperature, pH, and electrolyte 

composition will not be discussed in depth. The fundamentals of Mg degradation are 

provided for context, describing the general mechanisms as well as an examination of 

dominant influencing factors. Following this, an overview the current state of partially 

protective coatings is presented, with a particular focus on coatings similar to those 

presented in this work. 

2.2 Fundamentals of Mg Degradation 

2.2.1 Degradation Mechanism 

The degradation mechanism of Mg in an aqueous environment is shown in the 

following reactions: 

     (Anodic partial reaction) (2.1) 

       (Cathodic partial reaction) (2.2) 

   (Overall reaction)  (2.3) 

The production of the OH- causes a pH increase, favouring the production of a passive 

hydroxide film, as shown in the following reaction: 

    (Product formation)  (2.4) 

This passive film has low solubility in aqueous environments, causing the pH of the 

solution to rise to ~10.5 in only a few hours of immersion (Atrens et al., 2015).  During 

the degradation of most metals in acidic solutions, an increase in potential results in an 

increase in the anodic dissolution and a decrease in the cathodic hydrogen evolution. 

However, during the degradation of Mg, an increase in applied potential results in a 

hydrogen evolution increase along with higher anodic dissolution. This phenomenon is 

known as the negative difference effect (NDE). Researchers have attempted to explain 

this unusual behaviour through a number of mechanisms. Most recently, Song and 

Atrens (Song and Atrens, 1999) proposed that increasing applied potential results in an 

increase in the area free of surface film. In these areas, the anodic and cathodic partial 

reactions are able to occur more freely than on areas covered with surface film. As the 
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potential increases above the pitting potential, reaction 3 proceeds more rapidly due to 

the increased concentration of the available univalent Mg ions. 

In cases where Cl- concentration exceeds 30 mmol/L (physiological environment is 

~150 mmol/L), the passive film produced in reaction 5 rapidly converts to the highly 

soluble MgCl2 (Gu et al., 2014). This can be seen via the following reaction (Staiger et 

al., 2006): 

    (Passive film conversion) (2.5) 

As a result of the presence of the partially protective film, Mg tends to exhibit localised 

degradation, rather than general degradation. In fact, it is not uncommon for areas to 

remain unattacked after 24 h immersion in 3.5 % NaCl (Atrens et al., 2015). Localised 

degradation typically occurs via the formation of shallow pits at discrete sites, which 

then expand to cover the whole surface over time.  As shown in reaction 2.5, the 

passive film is not very stable, and the free corrosion potential is higher than the pitting 

potential for both single and multi-phase Mg alloys. Unlike steels, the pitting behaviour 

of Mg spreads laterally, and has a low tendency toward the formation of deep pits. The 

reason for this is that the by-product of the cathodic reaction is the formation of OH- 

ions, which result in a localised pH increase, as previously discussed. This allows for 

the stabilisation of the local passive film, and thus it can be said that the localised 

degradation of Mg is self-limiting (Atrens et al., 2015). However, while these pits are 

relatively shallow, they can over time link up and cause undermining. 

2.2.2 Environmental Influences 

The degradation rate of pure Mg is typically constant, apart from a transient period at 

low immersion times. Qiao et al. concluded a rate of 0.3 - 0.5 mm/yr for degradation of 

high purity Mg in 3.5 % NaCl solution (Qiao et al., 2012). However, the degradation 

behaviour is heavily influenced by a large number of parameters, including the 

electrolyte composition. In particular, the chloride composition plays a role on the rate 

of degradation. Ambat et al. (Ambat et al., 2000) reported that the degradation rate 

increased with increasing chloride ion concentration across all pH values. This is 

primarily due to the role of chloride on the passive layer breakdown as shown in 

reaction 6. Nakatsugawa et al. (Nakatsugawa et al., 2003) studied the degradation of 
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thixomoulded AZ91D alloy, and reported that the critical concentration of Cl- was 

approximately 10 mol/m3, below which the degradation rate was relatively constant. 

2.3 Material Effects 

2.3.1 Alloying 

Extensive research has been done on the selection of alloying elements, either to 

improve the degradation resistance or to improve mechanical or biological properties. 

Table 2.2 shows the solubility limits of the most common alloying elements in Mg. 

Initially, most of the alloys that were considered for biodegradable implant materials 

were alloys that had originally been developed for other commercial applications. 

While many alloying elements can improve the degradation resistance and/or 

mechanical properties, careful selection is required to produce an alloy that has minimal 

harmful effects on the body as metallic ions are released. The following sections 

describe the influences of common alloying elements on Mg, and their respective 

biocompatibility.  

Table 2.2  
Solubility limits of the most commonly used alloying elements in Mg (Chen et al., 
2014). 

Element Solubility Limit 
(wt. %) 

Element Solubility Limit 
(wt. %) 

Er 33.8 Zr 3.8 

Gd 23.49 Mn 2.2 

Sn 14.5 Ca 1.34 

Al 12.70 Ce 0.74 

Y 12.4 La 0.23 

Zn 6.2 Sr 0.11 

Nd 3.6 Si ~0 
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2.3.1.1 Influence of Aluminium 

Aluminium (Al) is the most commonly used alloying element for modification of 

mechanical and degradation resistant properties. The addition of Al in the order of 1-5 

% results in a significant refinement of grain size, with further additions having no 

effect (Lee et al., 2000). A small amount of the Al is dissolved in the primary α matrix, 

with the rest precipitating out as a secondary β phase of Mg17Al12 along the grain 

boundaries or a eutectic region along the dendrite boundaries. This takes the form of 

either a semi continuous network (Zhang et al., 2006) or lamellar growth (Nam et al., 

2011). Higher concentrations of Al lead to a more continuous network of Mg17Al12. The 

influence of Al addition the on the degradation resistance is related to the ratio of the 

primary to secondary phases. Higher volume fractions of the β phase result in improved 

degradation resistance, due to a more resistant passive layer forming across the surface, 

due to the continuous networks allowing for even distribution of the protective barrier. 

Conversely, lower volume fractions can lead to accelerated degradation due to galvanic 

coupling between the primary matrix and secondary Mg17Al12 phases.  

While Al based alloys have shown a good improvement in degradation resistance, 

research on biodegradable Mg alloys has shifted away from Al containing alloys, due to 

concerns that Al is a risk for the development of Alzheimer’s and other neurological 

diseases (Berthon, 2002). 

2.3.1.2 Influence of Rare Earths 

The rare earth elements (REs) refer to the fifteen lanthanides, as well as scandium and 

yttrium. The most commonly alloyed elements with Mg from this group are Cerium 

(Ce), Erbium (Er), Gadolinium (Gd), Lanthanum (La), Neodymium (Nd) and Yttrium 

(Y). REs were originally used to improve the creep resistance of Mg (Sanchez et al., 

1996), but have also demonstrated improved degradation resistance through grain 

refinement and the formation of secondary phases (Kannan et al., 2008; Chang et al., 

2008; Gu et al., 2010a).  

Walter and Kannan (Walter and Kannan, 2011) studied WE54 (1.58 Nd, 4.85 Y, 0.28 

Zr, 0.08 Ce, 0.13 Gd, 0.16 Er, 0.13 Yb) alloy in SBF, and reported a marginal increase 

in the degradation resistance when compared to pure Mg, although the resistance was 

still inferior to that of AZ91. Conversely, WE43 has been reported to show improved 
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degradation resistance in 3.5 % NaCl (Arrabal et al., 2008) and 1M NaCl (Zucchi et al., 

2006), even higher than AZ91 for longer immersion times. Interestingly, Rosalbino et 

al. (Rosalbino et al., 2005; Rosalbino et al., 2006) suggested that the addition of Er can 

have a synergistic effect with Al by producing Mg95Al3Er2 and Mg95Al2Er3, which 

inhibit degradation through enhanced passivation. Similarly, Mg-Al-Ce alloys show 

good degradation resistance since the Al11Ce3 phase around the grain boundaries can 

reduce microgalvanic effects (Liu et al., 2009). However, it is important to note that it 

can be difficult and costly to purify a specific rare earth, there are very few studies on 

binary Mg-RE alloys (Chia et al., 2009). Thus, it can be difficult to determine which 

form the secondary phases will precipitate as (Chia et al., 2009). 

2.3.1.3 Influence of Calcium 

Concerns over the biocompatibility of other alloying elements has led researchers to 

investigate Mg-Ca alloys, since Calcium (Ca) is a major component of bone in the form 

of hydroxyapatite (HA). As such, Mg-Ca alloys have been shown to exhibit good 

biocompatibility (Li et al., 2008; Erdmann et al., 2011). 

The inclusion of Ca reduces the density closer to natural bone (Li et al., 2008), further 

reducing the potential problems with stress shielding effects. Ca also shows a high level 

of grain refinement in Mg alloys up to additions of 0.5 % (Ding et al., 2014). Further 

addition of Ca results in a slight decrease in the grain refinement. The secondary phases 

of binary Mg-Ca alloys are Mg2Ca, which are distributed along the grain boundaries 

(Ding et al., 2014). Mg2Ca reduces ductility on account of its brittleness, and increasing 

the volume fraction reduces the degradation resistance due to the formation of 

microgalvanic cells (Kim et al., 2011). For these reasons, it has been suggested that the 

optimal concentration of Ca is ≤ 1.0 %. However, Mg-Ca alloys show a mixture of both 

Mg(OH)2 and HA films precipitating on the surface during degradation, which may be 

beneficial in the inhibition of further degradation (Li et al., 2008). 

2.3.1.4 Influence of Manganese and Zinc 

Manganese (Mn) is widely used as a secondary alloying element in Mg alloys. Mn 

itself does not react with Mg, and does not directly improve degradation resistance, but 

is often included to improve mechanical properties. Increasing Mn in Mg-Al-Mn alloys, 

for instance, produces improved grain refinement up to concentrations of 0.4 % Mn 
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(Avedesian et al., 1999). Furthermore, the addition of Mn in the AZ series alloys 

transforms Fe and other materials into more harmless intermetallics. While these 

intermetallics still produce microgalvanic cells (thereby increasing the overall 

degradation rate), the difference in activity is reduced, resulting in a much smaller 

effect. It has been suggested by multiple authors that the addition of 1 % Mn is 

beneficial in this regard (Gu et al., 2009; Nam et al., 2012). 

Similarly, Zinc (Zn) transforms impurities into less harmful intermetallics. Zn is 

commonly used with Mg-Al alloys, due to the formation of these secondary phases, as 

well as improving grain refinement. Several studies have reported that Zn improves the 

degradation resistance of several ternary Mg alloys (Rosalbino et al., 2010; Gu et al., 

2010). However, some studies contradict these results, and have suggested that the 

inclusion of Zn is detrimental to the degradation resistance of Mg alloys. Song et al. 

(Song et al., 2012) reported that the microgalvanic effects played a dominant role in the 

degradation behaviour of Mg-Zn alloys in 3.5 % NaCl, and suggested that the 

concentration of Zn should be less than 5.0 %. 

2.3.2 Secondary Phases and Microgalvanic Degradation 

Table 2.3 is a list of the widely studied Mg alloys under in vitro and/or in vivo 

conditions.  All the studies have focussed on the overall degradation behaviour of Mg 

alloys. However, it can be noticed that the Mg alloys used in the studies contain 

secondary phase particles. Due to the difference in chemistry, these secondary phase 

particles will have different dissolution behaviour as compared to that of Mg matrix. 

Galvanic degradation occurs when two or more metals are in contact with each other in 

the presence of an electrolyte, resulting in the preferential dissolution of the more active 

metal. When this process within a single alloy, due to differences in activity between 

the matrix and secondary phases, it is referred to as microgalvanic degradation. Table 

2.4 shows the corrosion potentials for Mg and common secondary phases in 5 % Na Cl. 

Secondary phase particles in Mg alloys are generally cathodic to the Mg matrix and are 

more degradation resistant than the Mg matrix (Song and Atrens, 1999; Ghali et al., 

2004; Song and Atrens, 2007). In chloride-containing solution, the secondary phase 

particles play a dual role on the degradation behaviour of these alloys (Song et al., 
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1998; Song et al., 1999). If the volume fraction of these secondary phase particles is 

relatively high, they improve the degradation resistance of the alloy by acting as a 

stable barrier against degradation, i.e., dissolution of the Mg matrix can leave behind a 

continuous network of the stable secondary phase particles. Conversely, if the volume 

fraction is low, the secondary phase particles act as cathodic sites for micro-galvanic 

degradation of the anodic Mg matrix and consequently increase the rate of dissolution 

of the Mg matrix (Song et al., 2012a). 

Recently, Kannan (Kannan, 2010) studied the influence of microstructure on the in 

vitro corrosion behaviour of AZ91, and found that the β-phase (Mg17Al12) was stable in 

SBF as compared to the Mg matrix. The die-cast AZ91 alloy, which contains a large 

volume fraction of β-phase, clearly revealed a stable network of β-phase after 

potentiodynamic polarisation test. This stable network of secondary particles has been 

widely reported in AZ91 alloy immersed in chloride-containing solutions (Song et al., 

1999; Ambat et al., 2000; Kannan and Singh, 2010; Jönsson and Persson, 2010). In a 

more recent study, Kannan et al. (Kannan et al., 2012) examined the short-term 

biodegradability of β-phase alone in SBF. It was found that the β-phase was noble to 

pure Mg by 680 mV, and the authors reported 80% higher degradation resistance for β-

phase than that of pure Mg.  

Since there is a significant difference in the electrochemical potential between β-phase 

and Mg, the Mg alloys containing β-phase would undergo micro-galvanic degradation. 

The effects of secondary phase distribution and refinement in AZ80 in 3.5 % NaCl 

were reported by Sun et al. (Sun et al., 2013), there has been no work on this form of 

degradation in physiological conditions.  Recently, Kalb et al. (Kalb et al., 2012) 

reported deposits of Mg(OH)2 around micro-cathodes, i.e., zirconium and iron rich 

particles in WE43 alloy. 
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Table 2.3 
In vitro and in vivo studies of Mg alloys and their secondary particles. 

Alloy 
Group 

Alloy Composition 

(Wt. %) (Bal. Mg) 

Secondary 
Particles 

References 

 

 

Mg-Al-
Zn 

AZ31 3 Al, 1 Zn Mg17Al12 Witte et al., 2005; Song et 
al., 2009; Zhang et al., 2012 

AZ63 6 Al, 3 Zn Mg17Al12 Liu et al., 2007 

AZ91 9 Al, 1 Zn Mg17Al12 Witte et al., 2006; Kannan, 
2010; Zhou et al., 2010; Gu 
et al., 2010a; Abidin et al., 
2011 

 

 

 

Mg-RE 

WE43 4 Y, 3 RE 
mischmetal: Nd, Zr, 

Yb, Er, Dy, Gd) 

Mg12YNd, 
Mg14YNd2 

Rettig and Virtanen, 2009; 
Hänzi et al., 2009; Kalb et 
al., 2012 

WE54 4.58 Y, 1.58 Nd, 
0.28 Zr, trace Ce, 

Gd, Er and Yb 

Mg and Y rich Walter and Kannan, 2011 

Mg-Nd-Zn-
Zr 

3.09 Nd, 0.22 Zn, 
0.44 Zr 

Mg12Nd Zhang et al., 2012; Zong et 
al., 2012 

 

 

 

Mg-Ca 

Mg-xCa (x = 0.5-10) Ca Mg2Ca Wan et al., 2008; Rad et al., 
2012 

Mg-Zn-Ca 4.0 Zn, 0.2Ca As cast: Ca2Mg6Zn3 
and Ca2Mg5Zn13 

Extruded: 
Ca2Mg6Zn3 

Sun et al., 2011; Sun et al., 
2011a 

AZ61-Ca 6 Al, 1 Zn, 0.4 Ca Mg17Al12, Al2Ca Kannan and Raman, 2008 

AZ91-Ca 9 Al, 1 Zn, 1 Ca 

Mg-Zr-Ca-
Sn-Sr 

5 Zr, 1 Ca, 8  
(Sn+Sr) 

Mg2Sn, another 
phase rich in Mg, 

Ca, Sr and Sn 

Zhang et al., 2012a 

 

 

 

Mg-Zn 

ZE41 4 Zn, 1 RE 
(primarily Sr) 

Mg7Zn3, Mg12RE Abidin et al., 2011 

Mg-Zn-Mn 2 Zn, 0.2 Mn Mg7Zn3 

Mg-Zn-Mn (1-3) Zn, 1Mn Mg-(1,2)Zn-Mn: 
Al-Mn (ratio 4:5) 

Mg-(3)Zn-Mn: Al-
Mn (ratio 4:5) and 

Mg7Zn3 

Zhang et al., 2009 

 

 

Mg-Si 

Mg-Si 0.6 Si Mg2Si Zhang et al., 2010 

Mg-Si-Ca 0.6 Si, (0.2-0.4) Ca Mg2Si, CaMgSi 

Mg-Si-Zn 0.6 Si, 1.5 Zn Mg2Si, MgZn 
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Table 2.4 
Typical corrosion potentials for Mg and common secondary phases in 5 % NaCl (Song 
and Atrens, 2003). 

Metal Ecorr (VSCE)    Metal Ecorr (VSCE) 

Mg -1.65    Beta-Mn -1.17 

Mg2Si -1.65    Al4MM -1.15 

Al6Mn -1.52    Al6Mn(Fe) -1.10 

Al4Mn -1.45    Al6(MnFe) -1.00 

Al8Mn5 -1.25    Al3Fe(Mn) -0.95 

Mg17Al12 (β) -1.20    Al3Fe -0.74 

 

The accelerated dissolution of the Mg matrix due to microgalvanic effects means that 

the degradation rate is highly dependent on impurity levels, most notably Fe, and to a 

lesser extent, Cu, Ni, and Co. The tolerance limit for Fe in as-cast Mg is 180 wt. ppm, 

corresponding to the eutectic composition in the Mg-Fe phase diagram (Liu et al., 

2009a). The Fe rich phase that forms above this concentration allows the hydrogen 

evolution reaction to occur easily, thereby acting as an effective cathode. The inclusion 

of Fe is of practical concern, since Fe is readily incorporated into the material from 

steel containers during the casting process. 

2.4 Biodegradeable Coatings 

While alloying with elements such as Al, Zn and REs can improve the degradation 

resistance (Song and Atrens, 2003; Witte et al., 2006; Walter and Kannan, 2011), 

localised degradation is still a major concern (Witte, et al., 2008). Pits caused by 

localised degradation act as stress risers, leading to the propagation of cracks from 

hydrogen embrittlement and/or stress corrosion cracking (Winzer et al., 2005; Winzer 

et al., 2007). For this reason, there has been a large amount of research aimed at 

developing a coating that provides a barrier for the Mg substrate that reduces localised 
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degradation, but is eventually resorbed by the body. There has been a wide range of 

coatings and surface modifications studied to this end, including surface treatment (Gu 

et al., 2009; Hwang et al., 2012), plasma electrolytic oxidation (Gu et al., 2012; 

Alabbasi et al., 2013), biodegradable polymers (Chen et al., 2011, Alabbssi et al., 

2012), and calcium phosphate deposition (Kannan and Orr, 2011; Hornberger et al., 

2012). 

2.4.1 Calcium phosphate (CaP) 

Calcium phosphate (CaP) coatings are known for their high bioactivity and 

biocompatibility, and have already been used on metallic implant materials such as 

titanium to improve osseointegration and osteoconductivity (Manso et al., 2000; Kuo 

and Yen, 2002; Liu et al., 2002; Le Guéhennec et al., 2007; Best et al., 2008). More 

recently, there has been research done to use these CaPs as a method of controlling the 

degradation rate of Mg and Mg alloys for implant applications. While these coatings 

have shown improvement in these degradation rates, issues with cracking, poor 

adherence and difficulties with phase formation are still cause for concern (Hornberger 

et al., 2012). Table 2.5 shows a summary of the most common CaP phases used for 

coating orthopaedic devices. 

Table 2.5 
Common CaP phases used for coating orthopaedic devices (Shadanbaz and Dias, 2012). 

Name Acronym Formula Ca/P ratio 

Calcium phosphate dihydrate  DCP CaHPO4·2H2O 1.0 

Anhydrous calcium phosphate  ADCP CaHPO4 1.0 

Octocalcium phosphate OCP Ca8H2(PO4)6·5H20 1.33 

Tricalcium phosphate TCP Ca3(PO4)2 1.5 

Hydroxyapatite HA Ca10(PO4)6(OH)2 1.67 
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2.4.1.1 Calcium phosphate dihydrate (DCP) and anhydrous calcium 
phosphate (ADCP) 

DCP is relatively inexpensive to produce and easy to coat onto metallic substrates 

(Narayanan et al., 2008). However, it exhibits greater solubility than most other CaP 

structures (LeGeros et al., 1988; Kumar et al., 1999; Dorozhkin and Epple, 2002). For 

this reason, it is sometimes used to promote osseointegration, since the higher solubility 

allows for a greater concentration of available Ca and P ions immediately near the bone 

(Kumar et al., 1999a). In terms of protective coatings, however, DCP is more widely 

used as a precursor to HA (Redepenning et al., 1996; Kumar et al., 1999; Xie et al., 

2001). In pH greater than ~6-7, DCP transforms into the more thermodynamically 

favourable HA (Levinskas, and Neuman, 1955; Strates et al., 1957). The direct 

synthesis of HA via precipitation produces a tightly packed crystal structure, but the 

crystal size is difficult to control. A simple method to combat this is by precipitating 

DCP as an intermediary, since it is much easier to control the crystal size, and then 

transforming directly into HA by adjusting pH (Redepenning et al., 1996). The 

transformation of DCP to HA can be shown as follows: 

   (2.6) 

ADCP has been studied much less than DCP, but shares many of the traits described 

above. The solubility is higher than that of DCP (Dorozhkin and Epple, 2002; 

Klammert et al., 2009), and as such can be used to promote osseointegration in a 

similar manner to DCP (Kumar et al., 1999a). ADCP is stable at relatively low pH 

values (~4-5) (Fujishiro et al., 1993; Fujishiro et al., 1995; Sivakumar et al., 1998), but 

transforms to HA at pH of ~6-7 (Fujishiro et al., 1993; Štulajterová, and Medveck, 

2008). 

2.4.1.2 Octacalcium phosphate (OCP) 

OCP is the most stable of the CaPs at physiological temperature and pH (Barrère et al., 

2001; Barrère et al., 2003; Habibovic et al., 2005), and exists as alternating layers of 

apatite and hydrated layers (Barrère et al., 2006). It is most often observed as an 

intermediate structure during the precipitation of HA. The reaction can be shown by 

(Barrère et al., 1999; Brown et al., 1987): 
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   (2.7) 

   (2.8) 

Under more acidic conditions, OCP transforms into a more bone-like apatite (Reiner 

and Gotman, 2010; Barrere et al., 2003a), and is known to be a precursor to bone 

mineralisation (Barrère et al., 2001). For this reason, OCP has been suggested as a 

coating material to aid in bone healing, since inflammatory responses produce acidic 

conditions (Barrere et al., 2003a; Habibovic et al., 2004). OCP has demonstrated good 

biocompatibility in in vitro studies (Bogdanski et al., 2004; Socol et al., 2004; Bigi et 

al., 2005; Mihailescu et al., 2005; Shelton et al., 2006). However, most studies on an 

Mg substrate have been limited to biphasic coatings containing both HA and OCP (Cui 

et al., 2008; Xu et al., 2009; Ohtsu et al., 2013). 

2.4.1.3 Tricalcium phosphate (TCP) 

TCP most commonly crystallises as two phases, depending on sintering temperature: α-

TCP, a monocyclic space group (Viswanath et al., 2008) and β-TCP, a rhombohedral 

space group (Dickens et al., 1974). α-TCP occurs at sintering temperatures above 1250 

°C, whereas β-TCP is the dominant phase at temperatures below this (Drlesson et al., 

1982; TenHuisen and Brown, 1998). TCP is most commonly studied as a biphasic 

coating alongside HA. Studies have shown that biocompatibility is improved for these 

biphasic coatings at higher HA:TCP ratios (Yamada et al., 1997), either due to the 

higher solubility of TCP compared to HA (Kokubo et al., 1990; Klein et al., 1994), or 

differences in porosity (Bigi et al., 2002). HA/TCP coatings on Ti implants have 

already been utilised in a clinical setting, and have demonstrated improved 

biocompatibility and decreased bone loss when compared to uncoated implants 

(Shimizaki and Mooney, 1985). Geng et al. (Geng et al., 2009) produced pure β-TCP, 

on an Mg substrate, and reported good cytocompatibility, and suggested that it may be 

viable to reduce the biodegradation of Mg at early stages of immersion. Notably, Geng 

et al. suggested that the degradation of β-TCP would continuously form HA and 

CaPO3(OH) (another HA precursor) on the surface, as shown by the following reactions 

(Geng et al., 2009): 
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  (2.9) 

       (2.10) 

2.4.1.4 Hydroxyapatite (HA) 

HA has been widely studied as a biocompatible coating for implant applications on 

both Ti (Manso et al., 2000; Kuo and Yen, 2002; Dumelie et al., 2008) and Mg 

substrates (Song et al., 2010; Wang et al., 2010, Kannan and Orr, 2011). It is the major 

mineral component of natural bone and teeth, alongside the organic components 

(Shadanbaz and Dias, 2012). Non-stoichiometric HA is more common than the 

structure described in Table 2.4, as hydroxyl groups can be substituted with fluoride, 

chloride and carbonates (Shadanbaz and Dias, 2012). HA has demonstrated good 

biocompatibility (Guo et al., 2009; Sandeman et al., 2009), and multiple in vivo tests 

have reported apparent bone regeneration (Chu et al., 2002; Tamai et al., 2002). HA is 

typically deposited in a two-step method: First by depositing the precursor CaP (DCP, 

β-TCP or OCP), and then transforming it in a low pH environment as shown in 

reactions 2.6 - 2.9. 

2.4.1.5 Coating Methods 

There are a number methods available for the coating of calcium phosphate onto a 

metallic substrate, such as sputtering (Ong et al., 1992; De Groot et al., 1998), plasma 

spraying (Tsui et al., 1998; Yang et al., 2005), and sol-gel techniques (Cai et al., 2009; 

Roy et al., 2011). However, these are often complicated or high temperature techniques, 

potentially resulting in a decomposition and non-uniformity of the coating when used 

on an Mg substrate. Low temperature chemical techniques can be used to easily 

precipitate CaP without damaging the Mg substrate. For example, the formation 

mechanism of β-TCP on Mg in the presence of Ca2+ and HPO4
2- is given in reactions 

2.11 – 2.13. The alkaline environment that occurs near the Mg surface allows for the 

transformation of HPO4
2- to PO4

3-, and subsequently to Ca3(PO4)2 (Geng et al., 2009): 

        (2.11) 
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        (2.12) 

       (2.13) 

Similarly, biomimetic techniques precipitate out the desired coatings onto the substrate, 

and are performed in near physiological conditions (Kim, 2003). Rettig and Virtanen 

(Rettig and Virtanen, 2009) were able to biomimetically produce a number of surface 

coatings on an Mg alloy by adjusting the bath solutions. Rettig and Virtanen immersed 

the Mg-RE alloy in blood plasma, NaCl + additives, SBF, and SBF + albimum for a 

period of 5 days. The authors reported that the CaP layer formed in the SBF solutions 

was an amorphous carbonated CaP layer, with some Ca substituted with Mg. However, 

the results indicated significant localised grain boundary degradation, and it was 

suggested that the coating would not be viable where fatigue failure is possible (Rettig 

and Virtanen, 2009). 

Another method is electrochemical precipitation, which can be done rapidly and at 

room temperature. Further, it is possible to coat materials with complex geometries, 

which is an essential characteristic for implants such as plates and screws. There has 

been some research done on the galvanostatic (Dumelie et al., 2008; Song et al., 2010) 

and potentiostatic (Song et al., 2008; Kannan and Orr, 2011) deposition of CaP.  There 

has also been some work done showing that CaP coatings on Mg can improve the 

degradation resistance (Xu et al., 2009; Shadanbaz and Dias, 2012; Shadanbaz et al., 

2013). However, a limitation of these techniques is that rapid deposition of CaP results 

in the evolution of large amounts of hydrogen gas, as shown in the following reactions 

describing the precipitation of DCP (Redepenning et al., 1996): 

  (2.14) 

   (2.15) 

  (2.16) 

   (2.17) 
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The hydrogen build-up on the surface eventually detaches and damages the CaP layer, 

resulting in a loosely packed and inhomogeneous structure. Further, in the case of 

potentiostatic deposition, a negatively charged layer forms across the surface, which 

impedes the adherence of ions (Chandrasekar et al., 2008). These issues can reportedly 

be overcome by utilising a pulsed-potential waveform (Chandrasekar et al., 2008). 

Kannan (Kannan and Wallipa, 2013) compared constant and pulsed-potential CaP 

coatings on AZ91 alloy. It was reported that the pulsed potential technique produced 

more densely packed coatings, which were able to provide significant improvements in 

the degradation performance when compared to potentiostatic deposition. 

Another study by the same author utilised an unconventional electrolyte, which 

contained ethanol in addition to Ca(NO3)2 and NH4H2PO4 (Kannan, 2013). It was 

reported that use of this unconventional electrolyte resulted in improvements in the 

degradation performance when compared to the conventional aqueous solution coating. 

A third study by the same author combined the pulsed-potential technique with the 

unconventional electrolyte, and reported that the synergistic effects of the two methods 

produced coatings with higher degradation resistance on AZ91 alloy than in previous 

work (Kannan, 2012). It should be noted, however, that none of these coatings have 

been able to provide the long term degradation resistance required for implant 

applications. 

2.4.2 Plasma Electrolytic Oxidation (PEO) 

Plasma electrolytic oxidation (PEO), or micro arc oxidation (MAO), is a chemical 

conversion technique similar to anodisation that produces an oxide layer through the 

use of high potentials. The PEO technique produces dense, hard and uniform layers that 

are resistant to abrasion and degradation (Krishna and Sundararajan, 2014). 

Furthermore, since PEO is a conversion coating, rather than a deposition, excellent 

adherence to the substrate is observed (Yerokhin et al., 1999).  The formation of the 

PEO layer can be described via metal dissolution and resultant oxide formation (Walsh 

et al., 2009): 
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      (Metal dissolution)  (2.18) 

     (Oxide film formation) (2.19) 

  (Simplified overall reaction) (2.20)  

It should be noted that the layer will also have hydrates and other compounds alongside 

the oxides. For example, in a silicate-based electrolyte, both Mg(OH)2 and Mg2SiO4 

would form when the concentrations of Mg2+, SiO3
2- and OH- reaches a critical value at 

the electrode/electrolyte interface (Duan et al., 2007): 

        (2.21) 

      (2.22) 

The anodic currents also evolve oxygen, via the following reactions (Walsh et al., 

2009): 

  (Primary oxygen evolution)  (2.23) 

   (Secondary oxygen evolution) (2.24) 

Table 2.6 gives a summary of some of the studies done on PEO coatings on Mg alloys. 

The resultant structure is a dual layer coating. The layer adjacent to the substrate is a 

thin, highly compact layer, which has been shown to greatly contribute to the overall 

degradation resistance of the coating (Ghasemi et al., 2008; Liang et al., 2009). On top 

of this is a thicker, highly porous layer with a pore size range from ~1 – 10 µm 

(Krishna and Sundararajan, 2014; Guo et al., 2006). This porous structure forms during 

the coating process due to the co-existence of molten oxide and gas bubbles (Yerokhin 

et al., 1999). Research suggests that the porous nature of the outer layer allows for 

penetration of electrolyte over time, reducing the effectiveness of the coating. Alabbasi 

et al. (Alabbasi et al., 2013) investigated the in vitro performance of a pulsed-potential 

phosphate-based PEO layer on Mg. The authors reported a 65 % reduction in the 

corrosion current and an order of magnitude increase in the polarisation resistance 

when compared to the bare metal. However, EIS modelling indicated that very little of 
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the overall resistance came from the porous layer, and was instead dominated by the 

compact, inner layer. Post-degradation analysis suggested that the porous outer later did 

however play an important role on the stability of the inner layer. 

The coating electrolyte is most commonly comprised of aqueous silicates, phosphates, 

aluminates and hydroxides, as can be seen in Table 2.6. In general, PEO coatings 

produced in a phosphate electrolyte contain more micropores than those produced in 

silicate electrolytes, which are typically more compact and uniform (Liang et al., 

2007a). As a result, silicate-based PEO coatings are more degradation resistant than 

their phosphate-based counterparts (Liang et al., 2009). Liang et al. (Liang et al., 2009) 

suggests that even under identical pore morphology, silicate-PEO would produce a 

stable passive film (Mg2SiO4), whereas in the case of phosphate-PEO, degradation 

products (Mg(OH)2) would grow enough to damage the coating and expose the 

underlying substrate. 
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Table 2.6 
Examples of PEO coatings on Mg alloys. 

Substrate Alloy Operational Conditions 

(Voltage, Current 
density, Coating time, 

Temperature) 

Coating electrolyte Thickness (µm) Compounds in oxide 
layer 

Reference 

AM60 
(6 % Al, 0.27 % Mn) 

25 - 300 mA/cm2, 2 - 10 
min 

Na5P3O10, KOH, KF 

 

2 – 10 N/A Boinet et al., 2005 

AZ91D 
(8.5-9.5 % Al, 0.5-0.9 % Zn) 

550 V, 5 - 20 mA/cm2, 40 
min 

NaAlO2, KOH, KF N/A MgAl2O4, Al2Mg Guo et al., 2005 

AM60B 
(5.6-6.4 % Al, 0.26-0.4 % Mn) 

60 mA/cm2, 30 min, 25 - 
30 °C 

Na2SiO3, KOH , KF 32 – 37 MgO, KMgF3, Mg2SiO4, 
MgAl2O4, MgF2 

Liang et al., 2005 

MA2-1 
(4.2 % Al, 1.2 % Zn, 0.5 % Mn) 

5 - 12 mA/cm2, 20 - 25 °C Na5P3O10, NaOH 50 – 88 µm N/A Timoshenko and 
Magurova, 2005 

AZ91D 
(8.5-9.5 % Al, 0.5-0.9 % Zn) 

470 V, 30 mA/cm2, 20 
min, 40 °C 

Na2SiO3, NaOH 15 – 30 µm Mg, MgO, Mg17Al12 Jin et al., 2006 

AZ91D 
(8.5-9.5% Al, 
0.5-0.9% Zn) 

100 - 350 V, 30 s - 30 min Na2SiO3,KOH 2 – 24 µm Contains Mg, O, Al and 
Si 

Duan et al., 2007 

AM60B 

(5.6-6.4 % Al, 0.26-0.4 % Mn) 

3 - 6 mA/cm2, 30/ 40/51 
min, 25 - 30 °C 

Na2SiO3, KOH N/A MgO, Mg2SiO4, 
MgAl2O4 

Liang et al., 2007 
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Table 2.6 (continued) 
Examples of PEO coatings on Mg alloys. 

Substrate Alloy 

Operational Conditions 

(Voltage, Current 
density, Coating time, 
Temperature) 

Coating electrolyte Thickness (µm) Compounds in oxide 
layer Reference 

AM60B 
(5.6-6.4 % Al, 0.26-0.4 % Mn) 

200 - 520 V, 6 mA/cm2, 5 - 
30 min, 25 - 30 °C 

Na2SiO3,KOH 

 

Na3PO4, KOH  

14 - 37 µm 

 

13 – 36.5 µm 

MgO, Mg2SiO4 

 

MgO, MgAl2O4 

Liang et al., 2007a  

AZ91D 
(9.1 % Al, 0.85 % Zn) 400 V, 10 min, 40 °C Na2SiO3·9H2O, 

KOH, KF·2H2O  20 - 50 µm MgO, Mg2SiO4, 
MgAl2O4 

Luo et al., 2008  

AZ91Nd 
(8.6 % Al, 0.74 % Zn, 1.02 % Nd) 

400 V, 30 mA/cm2, 10 
min, 25 °C NaAlO2, NaOH N/A Mg17Al12, Al2Nd, Nd2O3 Song et al., 2008a  

AM50 
(5 % Al, 0.5 % Mn) 

15/75/150 mA/cm2, 15 
min, 21 ± 2 °C Na2SiO3, KOH 

1 ± 0.5 µm 

4 ± 1 µm 

8 ± 2 µm 

MgO 

Mg2SiO4 
Srinivasan et al., 2009 

AM50 
(4.4-5.5 % Al, 0.26-0.6 % Mn) 

15 mA/cm2, 30 min, 10 ± 2 
°C 

Na2SiO3, KOH 

 

Na3PO4, KOH  

17 ± 3 µm 

 

25 ± 2 µm 

MgO, Mg2SiO4 

 

MgO, Mg3(PO4) 

Liang et al., 2010 

AZ31 (2.5-3.5 %Al,  

0.7-1.3 % Zn) 
325 V, 5 min Na3PO4, KOH N/A Contains Mg, O, Al, P, 

Zn, Na and Mn (Gu et al., 2012) 
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2.4.3 Organic Polymer Coatings 

Biodegradable polymers have been used extensively in the medical field as a 

controlling release carrier for drug delivery (Jain, 2000; Peppas et al., 2000). A critical 

attribute of these polymers is that it is possible to modulate the biodegradation rate (and 

thus the rate of drug delivery) by altering the physical or chemical properties (Wu and 

Ding, 2004). Table 2.7 lists the abbreviations in the upcoming sections, and Table 2.8 

shows the mechanical properties and degradation rate of some of the commercially 

available biodegradable polymers. While the mechanical properties are too low for 

load-bearing applications, biodegradable polyesters such as PLA, PGA and their co-

polymers have gained interest as biodegradable coatings. The following sections will 

focus on the most common biodegradable polymers in biomedical applications, poly(α-

ester)s, most notably polylactic acid (PLA) and polyglycolic acid (PGA). 

Table 2.7 
Polymer abbreviations (Middleton and Tipton, 2000). 

Abbreviation Polymer 

LPLA or PLLA poly(L-lactide) 

DLPLA poly(DL-lactide) 

LDLPLA poly(DL-lactide-co- L-lactide) 

PGA Poly(glycolide) 

LPLG poly(L-lactide-co-glycolide) 

DLPLG poly(DL-lactide-co-glycolide) 

PDO poly(dioxanone) 

PCL poly(ε-caprolactone) 

SR self-reinforced 
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Table 2.8 
Commercial polymer biodegradable devices (Middleton and Tipton, 2000). 

Polymer Glass transition 
temperature (°C) 

Modulusa 
(GPa) 

Elongation 
(%) 

Degradation time 
(months)b 

PGA 35 – 40 7.0 15 – 20 6 – 12 

LPLA 60 – 65 2.7 5 – 10 > 24 

DLPLA 55 – 60 1.9 3 – 10 12 – 16 

PDO -10 – 0 1.5 300 – 500  6 – 12 

85/15 
DLPLG 50 – 55 2.0 3 – 10  5 – 6  

75/25 
DLPLG 50 – 55  2.0 3 – 10 4 – 5 

65/35 
DLPLG 45 – 50 2.0 3 – 10 3 – 4 

85/15 
DLPLG 45 – 50 2.0 3 – 10 1 – 2 

aTensile or flexural modulus 
bComplete resorption 

 

Polylactic acid (PLA) is a thermoplastic that has already seen a wide application in the 

medical field as a biodegradable biomaterial as sutures and non-load bearing plates and 

screws (Lunt, 1998). They are aliphatic polyesters that are present in three isometric 

forms: the optically chiral L-lactide and D-Lactide, as well as the racemic (D, L)-lactide 

form. Polymerisation of the D and L-lactide forms results in a semi-crystalline polymer, 

however the racemic form polymerises amorphously (Nair and Laurencin, 2007). 

Poly(L-lactide), or PLLA exhibits a crystallinity of ~37 %, depending on molecular 

weight and processing parameters (Nair and Laurencin, 2007). PLLA also exhibits 

good tensile strength and a relatively high elastic modulus of ~4.8 GPa (Nair and 

Laurencin, 2007). 

Polyglycolic acid (PGA) is a highly crystalline (45 – 55 % crystallinity) thermoplastic, 

and can be considered one of the first synthetic polymers used for biodegradeable 

biomedical applications (Nair and Laurencin, 2007). PGA exhibits relatively good 
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mechanical properties compared to other biodegradable polymers, with the self-

reinforced form having an elastic modulus of ~12.5 GPa (Maurus and Kaeding, 2004). 

For this reason, PGA has been investigated as a biomaterial for bone fixation devices. 

However, the relatively high rate of degradation and low solubility of the polymer has 

limited its potential biomedical applications, and several glycolide-containing co-

polymers are being developed to offset these disadvantages (Nair and Laurencin, 2007). 

The most widely investigated co-polymer is poly(lactide-co-glycolide) (PLGA). The 

composition ranges from 25 – 75 % to form an amorphous polymer, and is co-

polymerised using both L- and DL-lactides (Nair and Laurencin, 2007). It has been 

reported that a 50/50 % composition is highly hydrolytically unstable, and the 

resistance to degradation increases at both ends of the co-polymerisation range (Miller 

et al., 1977; Gunatillake et al., 2006).  

The degradation of PLA and PGA occurs through the hydrolysis of the backbone ester 

groups, resulting in the formation of lactic and glycolic acids respectively (Zhang et al., 

1994). This occurs by the random chain scission of the ester groups, along with a 

reduction in the molecular weight. These polymers experience bulk erosion, rather than 

surface erosion, and PLA films have been identified as degrading faster in the centre of 

the film as opposed to the surface (Huang et al., 2006; Nair and Laurencin, 2007). Fluid 

penetrates the polymer bulk, and catalyses the faster cleavage of the ester bonds within 

the polymer (Zhang et al., 1994). Over time, a decrease in the molecular weight can be 

observed, followed by a loss in mechanical properties (Zhang et al., 1994; Middleton 

and Tipton, 2000). During hydrolytic degradation, chain cleavage increases the number 

of carboxylic chain ends, which auto catalyse the ester hydrolysis (von Burkersroda et 

al., 2002). Oligomers close to the surface are able to escape the matrix, while the rest 

remain trapped and contribute to the autocatalytic effect (Huang et al., 2006). 

Athanasiou (Athanasiou et al., 1998) reported that 50/50 DLPLG implants with a low 

porosity experience a more rapid degradation than those of high porosity. This was 

attributed to the more rapid diffusion of the low pH degradation products in the high 

porosity implants from the interior to the surface. Degradation rate is also affected by a 

range of other parameters, including molecular weight, crystallinity, and the presence 

of catalysts and location of the device (Lunt, 1998; Middleton and Tipton, 2000). The 
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degradation products, lactic and glycolic acid, are broken down into water and carbon 

dioxide via the citric acid cycle in the body (Maurus and Kaeding, 2004). 

PLLA is a slow degrading polymer, taking between 2 and 5.6 years for total in vivo 

resorption (Bergsma et al., 1995). This rate is highly dependent on polymer crystallinity 

and matrix porosity. However, it should be noted that while the polymer will 

experience no mass loss until long exposure times, PLLA loses its mechanical strength 

in only 6 months when hydrolysed (Nair and Laurencin, 2007). In contrast to PLLA, 

PGA experiences a comparatively high rate of degradation and mass loss. PGA has 

been shown to lose its mechanical strength within 1 – 2 months, and loses mass within 

6 – 12 months (Nair and Laurencin, 2007). The degradation rates of PLGA depend 

heavily on the ratios of the co-polymer composition. 50/50 PLGA degrades in only 1 – 

2 months, whereas 75/25 and 85/15 are more stable, at 4 – 5 months and 5 – 6 months 

respectively (Middleton and Tipton, 2000). 

2.4.3.1 Coating Methods 

The simplest method of polymer deposition is through a single step method, such as dip 

coating or spin coating. In general, dip coating produces a thick, non-uniform coating, 

potentially resulting in poor adhesion to the substrate. Furthermore, dip coating tends to 

result in a higher concentration pores and defects when compared to spin coating (Hong 

and Park, 2011). Chen et al. (Chen et al., 2011) utilised a dip-coating method to deposit 

PLA on a pure Mg substrate. While the coating improved the degradation resistance, 

the authors reported bulging after prolonged exposure to SBF. Similarly, Ostrowski et 

al. (Ostrowski et al., 2013) polylactic-co-glycolicic acid (PLGA) polymer on two Mg 

alloys using a dip coating method. The study reported some improvement in the in vitro 

degradation resistance, but this was reduced after 3 days immersion. The authors 

attributed this to coating detachment due to gas pocket formation. 

Spin coating is a second single step method for depositing polymer coatings. This 

method is widely used for both its simplicity, and ability to produce homogenous 

polymer films with a relatively low porosity when compared to dip coating. The 

process typically involves depositing the desired polymer solution (comprised of the 

relevant monomer dissolved in an organic solvent) onto the Mg substrate, and then 
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rotating at high speeds. This evaporates the solvent, leaving a residual polymer film on 

the substrate. 

Li et al. (Li et al., 2010) deposited PLGA on an Mg6Zn substrate, with a reported 

thickness of 33 and 72 µm. Both coatings showed an improvement in the degradation 

resistance in NaCl by polarisation and impedance testing. Interestingly, the thicker 

coating showed a lower resistance than the thin coating, which was attributed to voids 

and flaws. Chen et al. (Chen et al., 2011) produced PCL and PLA coatings on a pure 

Mg substrate, with reported thicknesses of 15-20 µm. In vitro testing showed some 

degradation resistance improvement, but interactions between the polymer layer and the 

substrate undermined the degradation resistance.  

Xu and Yamamoto (Xu and Yamamoto, 2012) utilised a spin coating method to 

produce PLLA and PCL films on pure Mg. The results showed that uniform, 

amorphous, nonporous PLLA and semi-crystalline PCL films were present on the 

substrate. The authors reported that PLLA had better adhesion strength than that of 

PCL, and that low molecular weight exhibited better adhesion than high molecular 

weight for both polymers. Xu and Yamamoto (Xu and Yamamoto, 2012) also reported 

that both polymer coatings improved the initial degradation resistance and 

cytocompatibility of the Mg substrate. However, Mg2+ concentrations increased over 

time, suggesting that the electrolyte was able to permeate the polymer layer. Similarly, 

Alabbasi et al. (Alabbasi et al., 2012) showed that the addition of a PLA coating on an 

Mg substrate could improve the initial in vitro degradation resistance, but this effect 

was reduced over exposure time. 
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Chapter. 3 Materials and Methodology 

3.1 Introduction 

As stated in Chapter 1, this thesis covers four main objectives related to furthering the 

understanding of the biodegradation of Mg. The metal samples tested in this work were 

high purity Mg, AZ91 alloy, and Mg-Ca alloy. The specific compositions are described 

in their relevant chapters. This chapter outlines the methods used to meet the research 

objectives, with considerations given to the literature findings discussed in Chapter 2. 

Parameters specific to each experiment are further outlined in their respective chapters 

where necessary. Figure 3.1 shows the general outline of the specific research objective 

and methods used to achieve it in each chapter. 

3.2 In-vitro Degradation and Electrochemical Degradation 
Techniques 

Degradation behaviour was measured primarily through the use of electrochemical 

techniques, as described in the following sections. The setup was comprised of a typical 

3 electrode cell connected to a potentiostat, as shown in Figure 3.2. Electrochemical 

degradation experiments were carried out using a model ACM Gill AC potentiostat, 

and a Princeton VersaSTAT 3 potentiostat/frequency response analyser controlled by 

PowerCORR and PowerSINE software. The working electrode is the metal sample, the 

counter electrode is either graphite or platinum, and the reference electrode is Ag/AgCl 

in saturated KCl. Prior to all electrochemical experiments, the system was allowed to 

reach a stable open circuit potential (OCP). 

The degradation electrolyte is a buffered SBF that matches the ionic concentration of 

that found in human body fluid, the composition of which can be seen in Table 3.1. The 

SBF was maintained at pH 7.40 and 37 °C to match physiological conditions. As seen 

in Figure 3.2, the SBF is heated in a separate reservoir and constantly flows to the cell 

containing the sample in order to maintain the desired temperature. For long term 

experiments, the SBF solution was replaced every 12 hours for the duration of the 

testing.  

 



Chapter 3: Materials and Methods 

33 
 

 

 

 

Figure 3.1 Outline of the methods used to fully describe degradation behaviour. 
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Figure 3.2 Experimental setup of the electrochemical degradation techniques. 

 

Table 3.1 
Composition of the SBF (Oyane, 2003). 

Reagent NaCl NaHCO3 KCl K2HPO4∙3H2O MgCl2∙6H2O 1 M HCl CaCl2 Na2SO4 TRIS 

buffer† 

Amount 

(g/L) 

8.036 0.352 0.225 0.230 0.311 40 (mL) 0.293 0.072 6.063 

† TRIS buffer = tris(hydroxylmethylaminomethane) 
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3.2.1 Potentiodynamic Polarisation 

Potentiodynamic polarisation is a technique that applies a sweeping potential from a 

value below the corrosion potential to one above. This work utilises a scan rate of 0.5 

mV/s. This technique gives an estimation of the corrosion potential (Ecorr) and corrosion 

current (Icorr), which are both valuable properties that give information on the corrosion 

behaviour of a material. Figure 3.6 shows an idealised Potentiodynamic polarisation 

curve. Ecorr can be obtained by reading the potential at which the current approaches 

zero. Icorr can be obtained by extrapolating the linear regions of the cathodic and anodic 

curves, and measuring the current at the intersection. 

 

 

Figure 3.3 Ideal Potentiodynamic polarisation curve with marked points of importance. 

3.2.2 Electrochemical Impedance Spectroscopy (EIS) 

Electrochemical impedance spectroscopy (EIS) is a powerful tool that can be used to 

characterise electrochemical techniques in a non-destructive manner. This allows for 

multiple measurements over a long exposure time, and can be used to isolate and 

quantify the influences of the fundamental physical and chemical phenomena of the 

system. EIS utilises a small amplitude sinusoidal excitation to, typically between 5 – 50 
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mV. This work utilised an amplitude of 10 mV for all experimental work in order to be 

comparable to research previously reported in literature. The measured dc polarisation 

voltage (E0) is then superimposed with a small amplitude sine wave of a particular 

frequency. This results in a current response superimposed on the dc current I0.  

The impedance of the system is c complex quantity with a magnitude and phase shift. 

Thus, if a range of frequencies are applied, the impedance of the system as a function of 

frequency can be obtained. For typical electrochemical systems, this frequency range is 

105 – 10-2 Hz. This can be expressed in either Cartesian or polar coordinates, given in 

equations 3.1 and 3.2, respectively. 

   (Cartesian expression)  (3.1) 

Where:  Z = complex impedance 

Z' = real part of the impedance 

  Z'' = imaginary part of the impedance 

  j = √ (-1) 

 

    (Polar expression)  (3.2) 

Where:  |Z| = magnitude of the impedance 

  ϕ = phase shift 
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Expressing the plot of the real vs. the imaginary impedance gives the Nyquist plot, as 

shown in Fig. 3.3. The complex nature of the impedance arises as a result of the in-

phase and out-of-phase components of the current due to the applied alternating 

potential. The Nyquist plot gives a quick overview of the data, and allows for some 

qualitative interpretations. However, this representation loses the frequency data unless 

the values are labelled on the curve itself. Plotting the absolute impedance and phase 

shifts gives a Bode plot, as shown in Fig. 3.4. This representation gives a more 

complete presentation of the data, but is more difficult to visually compare between 

data sets. 

 

Figure 3.4 Typical Nyquist plot. 

 

Figure 3.5 Typical Bode plot. 
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The frequency and impedance data can then be modelled using an equivalent circuit, 

where each of the elements in the circuit represents a physical or chemical process. This 

gives information on which processes are most significant in a particular system, as 

well as how they change over time. Equivalent circuit modelling of the EIS results in 

this work was done using ZSimpWin V. 3.21 software. 

3.2.3 Galvanic coupling 

For the micro-galvanic degradation investigation described in Chapter 5, a pure Mg and 

β-phase sample of equal surface area were galvanically coupled through a zero 

resistance ammeter in SBF at 37 °C and pH 7.40, as shown in Fig. 3.7. The samples 

were mounted in a resin, with an equal exposed surface area of 1 cm2, and separated by 

a distance of 3 cm. 

This setup simulates the microgalvanic effect between the two phases of interest (the 

primary α matrix and secondary β precipitate). A complete circuit causes the β phase to 

be cathodically protected by the anodic α matrix. By comparing the in vitro 

degradation behaviour of the coupled materials with an uncoupled control, insights into 

the relationship between the cathodic and anodic phases can be obtained. 
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Figure 3.3 Experimental setup of the galvanic coupling. 

3.3 Materials Characterisation 

A range of techniques were utilised to characterise the metal samples and their 

protective coatings, both prior to and following degradation. Coating thicknesses were 

measured using a model Dual Scope thickness gauge, with a precision of ± 0.1 µm. The 

coating and degradation morphology was examined using a Jeol JSM5410L scanning 

electron microscope (SEM). Samples were gold coated prior to examination to 

eliminate charging effects. The functional groups were determined using Fourier 

transform infrared (FTIR) spectroscopy analysis (Perkin Elmer spectrum 100 FTIR 

spectrometer). FTIR analysis was conducted in the spectral range of 1800 – 500 cm-1, 

with measurements taken every 1 cm-1. XRD was done using a Siemens D5000 
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Diffractometer (XRD) theta-2 theta goniometer with a copper anode x-ray tube, fixed 

slits, monochromator and a forty position sample changer. The AFM is an NT-MDT 

NTEGRA, a high-resolution, low-noise scanning probe microscope with integrated 

analysis software. 

3.4 Coatings 

Chapter 6 focusses on the development of partially protective coatings to further 

enhance the long term in vitro degradation behaviour of Mg. Three coating types were 

utilised: plasma electrolytic oxidation (PEO), calcium phosphate (CaP), and poly(L-

lactic acid) (PLLA). The specific coating parameters of each are described below. 

CaP was electrochemically deposited on the substrate. The coating solution contained 

Ca(NO3)2, 0.06 M NH4H2PO4 and 30 % v/v ethanol.  Coating was carried out under 

either a constant potential of -3 V or a pulsed-potential of -3/0 V with a 35 % duty 

cycle (10 ms ON and 18.5 ms OFF) for 60 minutes. 

The polymer layer was poly(L-lactide acid) PLLA, ester terminated RESOMER® L206 

S (Aldrich). The monomer was dissolved in the organic solvent, dichloromethane 

(DCM), at a concentration of 60 g/L. The PLLA/DCM solution was then applied 

liberally to the surface of the sample and spin coated to remove the solvent and 

polymerise the monomer. The spin coating was conducted in a two-step process. The 

first stage was at a rotational speed of 500 rpm for 10 s, and the second was at a 

rotational speed of 2000 rpm for 10s. 
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Chapter. 4 Influence of Surface Roughness on the 
Degradation and Passivation Behaviour 
of Mg Alloys 

4.1 Introduction 

Generally, the surface roughness plays a role on the degradation behaviour of metallic 

materials. It has been reported that an increase in the surface roughness of stainless 

steels increases the pitting susceptibility (Sasaki and Burstein, 1996; Hong and 

Nagumo, 1997; Zuo et al., 2002) and general degradation rate (Shahryari et al., 2008). 

A similar trend has been reported for other metals, such as copper (Li and Li, 2006), 

and titanium-based alloys (Cabrini et al., 1997).  However, the literature on the effect of 

surface roughness on the degradation behaviour of Mg and its alloys is limited. 

Interestingly, the only work by Alvarez et al. (2010) on AE44 Mg alloy is in contrast to 

the trend reported for other metallic materials. Based on immersion test results, the 

authors (Alvarez et al., 2010) reported that the general degradation decreased as the 

alloy’s surface roughness increased. Further they reported that the polished alloy 

allowed greater initial pitting and higher pitting volume than the semi-polished alloy. 

Typically, the general and localized degradation behaviour of alloys would depend on 

their passivation behaviour. Hence, it is important to know the passivation behaviour of 

Mg alloys with different surface finish to correlate the surface roughness to their 

general degradation and pitting tendency.  

Furthermore, while the many aspects of the in vitro degradation behaviour of AZ91 

have been studied (Xin et al., 2007; Kannan and Singh, 2010; Gu et al., 2010a), there 

has been no work done to investigate how surface roughness plays a role on the 

localised degradation behaviour under physiological conditions. This is particularly 

relevant for biodegradable implants, since after undergoing localised degradation such 

as pitting the mechanical stress during service can potentially cause the implant to fail 

prematurely. Pits can act as stress risers, which allow the propagation of cracks due to 

stress corrosion cracking and/or hydrogen embrittlement (Winzer et al., 2005; Kannan 

and Dietzel, 2012). 

In this chapter, the degradation behaviour of AZ91 Mg alloy was studied using 

electrochemical techniques, such as potentiodyanamic polarisation and electrochemical 
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impedance spectroscopy, especially to understand the passivation behaviour of the alloy 

with different surface roughness, in both NaCl and SBF. 

4.2 Materials and Methods 

Sand-cast AZ91 Mg alloy was used as the test material in this study. The chemical 

composition of the alloys are given in Table 4.1.  The AZ91 Mg alloy used in the SBF 

section was peak aged, i.e., solutionised at 400 oC for 24 h and allowed to air cool, 

peak-aged at 200 oC for 24 h and water quenched, a typical heat-treatment for achieving 

high strength. It should be noted that there is a small difference in the chemical 

composition between the two alloys, most notably in the iron concentration. As such, 

the degradation behaviour of the two alloys will not be directly compared. 

 For obtaining different surface roughness, the samples were ground/polished with 

different grits of silicon carbide (SiC) (i.e., 320, 600 and 1200) and 3 μm diamond 

paste. Following the grinding/polishing, the samples were rinsed and ultrasonically 

cleaned in acetone, and then rinsed with ethanol and dried. The degradation behaviour 

of the alloy was studied using electrochemical techniques as described in Chapter 3. 

Table 4.1 
Chemical composition (wt. %) of the AZ91 alloy tested in 3.5 % w/v NaCl. 

Test Environment Al Zn Mn Si Fe Mg 

3.5 % NaCl 9.18 0.78 0.20 0.01 0.002 Bal. 

SBF 8.84 0.61 0.18 0.02 0.02 Bal. 

 

4.3 Results and Discussion 

4.3.1 Influence of surface roughness in 3.5 % NaCl 

The AFM images for the different surface finishes are shown in Fig. 4.1.  It was clearly 

evident that the surface roughness of the alloy decreased as the grit size of the grinding 

paper used was increased. The measured surface roughness and standard deviation are 
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listed in Table 4.2. As expected the standard deviation in the surface roughness values 

decreased as the surface of the alloy became smoother.  

Table 4.2 Surface roughness (Sa) of AZ91 Mg alloy with different surface finish (N=3). 

Sample Finish Sa (nm) Standard Deviation (nm) 

320 SiC 430 183 

600 SiC 248 86 

1200 SiC 145 42 

3μm Diamond-paste  80 21 

 

 

 

 

Figure 4.1 Surface topography of AZ91 Mg alloy ground/polished up to (a) 320 grit SiC; (b) 600 
grit SiC; (c) 1200 grit SiC; and (d) 3μm diamond paste. 
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Fig. 4.2 shows the Nyquist plots of the alloy with different surface roughness tested in 

chloride-containing environment. In the SiC ground samples, a similar behaviour was 

observed i.e., a high frequency capacitive loop and low frequency inductive loop.  It is 

reported in literature that the high frequency capacitive loop corresponds to the charge 

transfer and film effect (Guo et al., 2005; Zucchi et al., 2006) and the low frequency 

inductive loop indicates pitting of the alloy (Jin et al., 2007).  The inductive loop arises 

as a result of relaxation of absorbed species on the surface due to the pitting corrosion 

itself, reducing the overall resistance. Interestingly, the diamond-paste polished alloy 

showed one capacitive loop at high frequency and another depressed capacitive loop at 

medium frequency.  Moreover, the alloy showed no evidence of an inductive loop, 

which suggested that the sample with smooth surface has not undergone pitting.  

It is reported in the literature that for rare-earth containing Mg alloys, an observation of 

a second capacitive loop in the mid frequency is related to the relaxation of mass 

transport through the degradation product layer, or in other words, suggests the 

presence of a protective film (Zucchi et al., 2006).  It also means that the absence or 

lack of evidence of the second capacitive loop in the mid frequency is an indication of 

scarcely/no protective film.  Although the formation of Mg hydroxide via the reaction: 

, is plausible under different surface roughness 

conditions, the formation of a continuous protective film would be higher on a smooth 

surface alloy than on an irregular surface. Hence, the alloy with relatively high surface 

roughness showed no evidence of the second capacitive loop, but instead showed an 

inductive loop in the low frequency indicative of pitting.  In the case of the low surface 

roughness alloy, the evidence of depressed second capacitive loop and the non-

existence of low frequency inductive loop suggested that smooth surface alloy exhibits 

higher passivation tendency and pitting resistance than the high surface roughness 

alloy.  
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Figure 4.2 Nyquist plots of AZ91 Mg alloy, with different surface roughness, tested in 0.5 wt. % 
NaCl. 

The polarisation curves of AZ91 alloy, with different surface roughness, tested in 

chloride-containing solution are shown in Fig. 4.3. The electrochemical degradation 

parameters from the polarisation curves are listed in Table 4.3.  The corrosion potential 

(Ecorr) of the alloy shifted towards the noble direction as the surface roughness 

decreased. Notably, the corrosion current (icorr) decreased as the surface roughness 

decreased. However, there was no significant difference in the cathodic current within 

the samples having different surface roughness, which suggested that the shift in the 

Ecorr and the difference in icorr were solely due to the anodic behaviour of the alloy. The 

alloy with the highest surface roughness showed a sharp increase in the anodic current 

just above the Ecorr. This phenomenon (i.e., sharp increase in the anodic current) was an 

indication of pitting, and in this case the pitting potential was pinned with the Ecorr. 

Interestingly, as the surface roughness decreased the alloy revealed a passive-like 

behaviour before a sharp break-down. It was noticed that the passive-potential region 

(Epass, the difference between the corrosion potential and the break-down potential, Ebd) 

increased when the surface roughness of the alloy decreased.  Hence, the alloy with the 

lowest surface roughness showed a passive-potential region of about 79 mV, whereas 

the highest surface roughness alloy showed no evidence of passive region. Although the 
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passivity could be mainly due to the formation of Mg hydroxide, the presence of 

aluminium (forms aluminium oxide in aqueous environment) in the alloy may also have 

some influence on the passivation behaviour. 

Table 4.3 
Electrochemical degradation parameters of AZ91 alloy (with different surface 
roughness) obtained from potentiodyanamic polarisation curves (N=3).  

Surface finish icorr (μA/cm2) Ecorr (VAg/AgCl) Ebd (VAg/AgCl) Epass 
(mVAg/AgCl) 

320 grit SiC 6.92 -1.447 -1.447 0 

600 grit SiC 4.79 -1.427 -1.392 35 

1200 grit SiC 3.73 -1.418 -1.362 56 

3μm Diamond-
paste  2.19 -1.378 -1.299 79 

 

 

 

Figure 4.3 Potentiodynamic polarisation curves of AZ91 alloy, with different surface roughness, 
tested in 0.5 wt. % NaCl. 
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The SEM images of the samples immersed in chloride-containing solution at the open 

circuit potential for 24 h (Plate 4.1) clearly revealed that the alloy with the highest 

surface roughness underwent high pitting degradation, whereas the alloy with the 

lowest surface roughness showed no evidence of localized attack. The alloy having 

mid-range surface roughness did show some evidence of pitting degradation, however 

substantially lower than in the alloy with highest surface roughness.  

Interestingly, the SEM images of galvanostatically-held alloy revealed a large number 

of pits, irrespective of their surface roughness (Plate 4.2).  Alvarez et al. (2010) also 

found pitting in both polished and semi-polished AE44 Mg alloy. Interestingly, they 

reported that the density of pitting was relatively higher in polished alloy as compared 

to semi-polished alloy. In fact, a closer look at the SEM images of galvanostatically-

held alloy, suggested that the alloy with lowest surface roughness exhibits a slightly 

higher number of pits as compared to the alloy with highest surface roughness.  

However, Alvarez et al. (2010) observed larger pits in semi-polished alloy as compared 

to polished alloy.  

In order to understand the differences in the pitting behaviour of Mg alloy with 

different testing methods, the fundamental degradation mechanism of Mg has been 

reviewed.  It is well documented in the literature that Mg dissolution increases the local 

pH at cathodic sites of the sample, which tends to facilitate degradation-product film, or 

in other words passivates the alloy (Song and Atrens, 2003). However, in the presence 

of chloride ions the passive film on Mg breaks down, causing pitting degradation. 

Alvarezal et al. (2010) conducted the testing in 3.5% NaCl solution, which is not 

different to the test solution in this study; however it should be noted that they have 

aerated the solution throughout the experiment. Although oxygen (in air) has no 

significant influence on the degradation behaviour of the Mg (Makar and Kruger, 

1993), the stirring effect caused by aeration could reduce the local pH change and 

consequently affect the passivation tendency of the alloy. Hence, they observed pitting 

degradation even in the polished alloy under immersion testing. However, in the case of 

the galvanostatically-held alloy, the anodic-current was high enough to break the 

passive film of the alloy under all surface roughness (refer Fig. 4.3), and hence pitting 

degradation was observed in all the samples irrespective of their surface roughness. 
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Plate 4.1 SEM images of AZ91 Mg alloy ground/polished (for different surface roughness) up to (a) 
320 grit SiC; (b) 600 grit SiC; (c) 1200 grit SiC; and (d) 3μm diamond-paste, and immersed in 0.5 

wt. % NaCl for 24 h.  

 

Plate 4.2 SEM images of AZ91 Mg alloy ground/polished up to (a) 320 grit SiC; (b) 600 grit SiC; (c) 
1200 grit SiC; and (d) 3μm diamond-paste, after galvanostatic testing.  
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4.3.2 Influence of surface roughness in SBF 

The surface topography of the smooth and rough surfaces of the test samples obtained 

from the AFM analysis is shown in Fig. 4.4, and the average surface roughness (Sa) 

data is given in Table 4.4. Since the previous section showed that there is a direct 

correlation between surface roughness and degradation behaviour, only the highest and 

lowest roughnesses have been examined in this section. Fig. 4.5 shows the EIS plots for 

the alloy immersed for different periods (1-12 h). It can be seen that for the rough 

surface at low immersion period (1-2 h), the plots show two capacitive loops; at high 

and mid frequencies. The longer immersion periods (3-12 h) show no mid frequency 

loop, but do show low frequency inductive loops. High frequency capacitive loop has 

been reported to correspond to charge transfer and passive film effects (Guo et al., 

2005; Zucchi et al., 2006). The existence of a mid frequency capacitive loop suggests 

that the alloy is protected by degradation products/passive layer. Thus, the absence of 

this loop can either correspond to the complete lack of a passive film (such as for non-

passivating materials), or that the film is scarcely protective. 

This trend is also observed for the smoother surface, as shown in Fig. 4.5. However, the 

mid frequency capacitive loop is present until 4 h immersion. Longer immersion 

periods also produced an inductive loop in the low frequency. Inductive loops in the 

low frequency range have been reported to indicate pitting degradation (Jin et al., 

2007). These loops only appeared following the disappearance of the mid frequency 

capacitive loops, which suggest that pitting initiates once there has been a breakdown 

of the passive layer. For the rougher sample, the inductive loop is slightly evident at 3 h 

immersion, but is well defined from 4 h onwards. Interestingly, for the polished sample, 

the inductive loop first appears at 4 h immersion time, though it is not well defined until 

12 h immersion. Thus, pitting degradation initiates significantly sooner, and to a greater 

severity on the rougher surface when compared to the smoother surface. The second 

trend that is evident in these data is that the polarisation resistance (RP) decreases with 

immersion time, which is apparent for both the smooth and the rough surfaces.  
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Table 4.4 
Surface roughness (Sa) data for AZ91 Mg alloy (N=3).  

Sample Finish Sa (nm) Standard Deviation (nm) 

120 SiC 973 49 

3μm Diamond-paste 22 10 

 

 

 

Figure 4.4 AFM images of AZ91 Mg alloy under two different surface finishes: (a) ground with 120 
grit SiC paper, and (b) polished with 3 μm diamond paste. 
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The EIS data was modelled using an equivalent circuit as shown in Fig. 4.6, where Rs 

corresponds to solution resistance, CPEdl the double layer capacitance, Rt the charge 

transfer resistance, and Rf and CPEf represent the film effects (Walter and Kannan, 

2011). To account for non-homogeneity of the system, constant phase elements were 

used in place of pure capacitors. The RP (polarisation resistance) of smooth and rough 

samples are shown in Fig. 4.6, which was calculated by adding Rf and Rt (Jin et al., 

2007). The highest polarisation resistances were found during the shortest immersion 

times (2 h for the rougher sample, and 3 h for the smoother) which correspond to the 

better passivation/degradation resistance.  

 

 

Figure 4.5 EIS plots for AZ91 Mg alloy immersed in SBF for varied immersion times. 
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This can be seen in Fig. 4.6 by the presence of the second mid-frequency capacitive 

loops at these times. Fig. 4.5 shows that RP decreases after these times, due to the 

breakdown of the passive film, and the initiation of localised degradation. The primary 

difference between the two finishes was found in the film resistance of the alloy. The 

smoother sample showed a much larger Rf when compared to the rougher sample 

during early immersion. This difference decreased over time, but was enough to cause a 

shift in the pitting initiation time. 

 

 

Figure 4.6 Polarisation resistance vs. time for AZ91 Mg alloy immersed in SBF, and the applied 
equivalent circuit model. 

 

In order to understand the mode and degree of degradation, samples immersed for 2, 6, 

and 12 h in SBF were analysed using SEM. It can be seen from Plate 4.3 that for 2 h 

immersion time, both surface finishes show only some signs of general degradation, but 

no pitting degradation. This is in agreement with the EIS data, which had a distinct lack 

of a low frequency inductive loop at this immersion period. However, at 6 h immersion, 

Plate 4.3 shows that for the 120 grit finish, there are areas that display signs of heavy 
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localised attack. The EIS data showed a breakdown of passivation at this time, as well 

as a low frequency inductive loop, highly indicative of pitting attack. For the polished 

surface, Plate 4.3 shows only small pits. This indicates that pit initiation had only just 

begun, again in agreement with the EIS data. At 12 h immersion, both the rough and 

smooth surfaces show signs of heavy pitting degradation. The pitting degradation area 

is much more pronounced and developed in the rough surface alloy when compared to 

the smooth surface alloy. 

 

Plate 4.3 SEM images of the AZ91 Mg alloy immersed in SBF for 2, 6 and 12 hours.  
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The rougher surface sample had relatively deep valleys when compared to the smooth 

surface sample, which would have caused local pH drop as Mg dissolution occurred. 

Thus, the smoother surface was conducive to homogenous passivation across the whole 

surface, while the rough surface has areas of increased passive layer breakdown.  

For low immersion times (1-2 h), the RP value of the smooth surface sample was ~10% 

higher than the rough surface sample. For these low immersion times, passivation had 

not occurred across the whole surface. The lower RP for the rough surface during this 

time can be attributed to a slight increase in surface area not accounted for due to a 

more varied surface topography. The largest disparity between the RP values (30% 

variance) occurred at 3 h immersion time, which suggests that the passive film on the 

rough surface started to breakdown. 

From 3 h onwards, the RP values of the samples decreased until it reached a minimum 

at 12 h immersion time, which was the longest time the samples were examined in this 

study. This corresponds to an overall decrease in the RP of 60% for the smooth surface, 

and 47% for the rough surface. The passive layer is attacked by chloride and hence as 

the immersion time increases, the rate of passive layer removal overtakes the 

repassivation, and the protective layer becomes less protective. Similarly, as the alloy 

degrades, more unprotected area is exposed, further increasing the degradation rate. 

By comparing the effect of the individual resistances in the equivalent circuit (Fig. 4.6), 

it was observed that the main variation between the two samples was only in the film 

resistance. Once this effect was no longer the dominant source of resistance, the RP 

values converged to a similar value (728 ± 77 Ω.cm2) for the two surfaces. 

Interestingly, the film effects at low immersion times play a critical role on the 

degradation behaviour of the material. If only the long term immersion data were to be 

observed, it would seem that surface roughness only plays a very minor role on 

degradation rate. However, the key point to be noted is the low frequency inductive 

loops in the EIS plots, which are indicative of localised degradation of the alloy. These 

loops first appeared at 3 h immersion time for the rough surface, and 4 h for the 

smooth. It was noticed that during these times the corresponding RP values began to 

decrease from the maximum. While these times represent the points at which the loops 

first appeared, there were not well defined until 4 h and 12 h for the rough and smooth 

surfaces, respectively. This suggests that not only does pitting degradation occur sooner 
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for the rougher surface, it also occurs much more severely. Thus it can be stated that 

although the overall degradation resistance is similar between the two surface 

conditions, the localised attack behaviour is significantly different. This agrees with the 

previously reported results in chloride-containing solution, where the pitting 

degradation behaviour of the alloy was much more severe on rougher surface when 

compared to smoother surface. 

The SEM images confirm the results presented in the electrochemical tests. Localised 

attack initiated much sooner on the rougher surface than on the smoother surface, and 

to a higher degree. Neither surface showed any signs of degradation at 2 h immersion. 

At 6 h, the rough surface showed significant localised degradation. It could also be seen 

that the pits had coalesced into a much larger area of degradation. The smooth surface 

however, showed only signs of very small pits, indicating that the localised degradation 

had just initiated. At 12 h, these pits size had increased, but there were still areas that 

showed no signs of degradation. The rough surface, however, showed much larger and 

deeper pits, and the surrounding areas also showed signs of generalised degradation. 

A phenomenological model for the localised degradation process of the smooth and the 

rough surfaces is shown in Fig. 4.7.  Stage 1 shows the two surfaces prior to any 

degradation (not to scale). The rougher surface has areas of deep valleys, whereas the 

smooth surface is relatively flat. Once the samples are immersed in the SBF, passive 

layers form on the samples (Stage 2), which is a rapid process. In Stage 3, the chloride 

ions react with the passive layer and causes dissolution of the passive layer. Due to the 

deep valleys in the rough surface, local pH drop occurs during this process.  However, 

for the smooth surface such as pH drop does not occur and as a consequence the 

repassivation is partially offsetting the passive layer breakdown, which slows down the 

dissolution of the passive layer.  In Stage 4, the pits initially formed in the earlier stages 

on the rough surface have grown, whereas they are only just initiating on the smooth 

surface due to long exposure period. Stage 5 shows the surfaces after 12 h degradation. 

The rough surface has undergone significant general and localised degradation, as 

shown in Plate 4.3. Conversely, the smooth surface has undergone primarily localised 

degradation, with some areas being still protected by passive layer remnants. 

Due to the significant difference in the pit initiation and growth behaviour of the two 

surfaces, it is proposed that smoother surface alloy would be more beneficial than 
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rougher surface alloy. In fact, pitting degradation must be minimised in biodegradable 

Mg alloys to reduce the chance of premature implant failure due to stress corrosion 

cracking and/or hydrogen embrittlement (Kannan and Orr, 2011). 

 

Figure 4.7 Phenomenological model of the localised degradation behaviour of a rough surface and 
a smooth surface of AZ91 Mg alloy. 
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4.4 Conclusions 

The study clearly suggests that the surface roughness plays a critical role in the 

degradation behaviour of AZ91 Mg alloy in chloride-containing environment. The 

electrochemical experiments showed that an increase in the surface roughness of the 

alloy affects the passivation tendency and consequently increases the pitting 

susceptibility of the alloy.  However, when the passivity of the alloy is disturbed then 

the influence of surface roughness on the pitting degradation susceptibly becomes less 

significant.  

Although the surface roughness of AZ91 Mg alloy did not show any significant effect 

on its general degradation resistance under long-term exposure in SBF, it played a 

critical role on the localised degradation behaviour of the alloy.  A rougher surface 

reduced the incubation time for pitting degradation of the alloy. Moreover, the severity 

of the localised degradation of the alloy was also high in the rough surface alloy as 

compared to the smooth surface alloy. 
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Chapter. 5 A Mechanistic in Vitro Study of the 
Micro-galvanic Degradation of 
Secondary Phase Particles in Mg Alloys 

5.1 Introduction 

While it is understood that secondary phase particles are cathodically protected by the 

Mg matrix, it is not clear how the degradation behaviour of the secondary phase 

particles changes once micro-galvanic effects are reduced i.e., via undermining or 

dissolution of the Mg matrix. This knowledge is critical in the development of Mg-

based biomaterials in order to accurately predict in-service implant performance. 

Hence, in this study the effect of micro-galvanic degradation on β-phase (secondary 

phase particles commonly found in AZ series Mg alloys) was investigated under 

physiological conditions.  

5.2 Materials and Methods 

In this study, pure Mg and Mg17Al12 (β-phase) intermetallic sample were used since a 

significant amount of work has been done on the in vitro and in vivo behaviour of 

aluminium containing (AZ series) Mg alloys. β-phase sample was prepared by melting 

pure Mg and aluminium in a mixing ratio 56:44 (wt. %) at 750°C under argon gas 

atmosphere. The molten intermetallic sample was then cast in a preheated (250 °C) cast 

iron mould under protective SF6 gas. The composition of the β-phase intermetallic was 

determined using inductively coupled plasma mass spectrometry (ICP) analysis, and is 

given in Table 5.1. X-ray diffraction (XRD) analysis on the sample was conducted 

using a Siemens D5000 diffractometer. Electrochemical testing, galvanic coupling and 

materials characterisation were done as described in Chapter 3. 
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Table 5.1 
Chemical composition (wt. %) of pure Mg and β-precipitate. 

 

5.3 Results 

Fig. 5.1 shows the XRD analysis of the cast intermetallic product of Mg and aluminium 

mixture. The XRD spectra confirmed that the intermetallic corresponds to Mg17Al12, 

otherwise known as the β-phase of AZ series Mg alloys (Zhao et al., 2008; Lee et al., 

2011).  

 

Figure 5.1 XRD pattern of the Mg17Al12 (β-phase). 

Sample Al Zn Mn Si Fe Mg 

Pure Mg 0.02 0.01 0.01 0.01 0.003 Bal. 

β- phase 41.43 - 0.004 0.007 0.003 Bal. 
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The EIS results of pure Mg and β-phase immersed in SBF for different periods (2-24 h) 

are shown in Fig. 5.2. The Nyquist plots were modelled using an equivalent circuit 

model as shown in Plate 5.1. The elements correspond to the same physical phenomena 

as described in 4.3.2. 

Initially, the pure Mg showed an RP value of 195 Ω.cm2, whereas the β-phase showed 

645 Ω.cm2, corresponding to a three-fold increase in the polarisation resistance. A two-

tailed unpaired t-test between pure Mg and β-phase showed a p-value of 0.0011, a very 

significant difference. However, it was evident that this difference decreased over time; 

after 24 h, the RP of pure Mg had increased to 945 Ω.cm2, while the RP of β-phase was 

measured to be 925 Ω.cm2; a statistically insignificant difference (p=0.9173). SEM 

analysis shows that the pure Mg had undergone significant general degradation, with 

evidence of localised degradation (Plate 5.1a, b). However, the β-phase sample 

exhibited significant localised degradation (Plate 5.1c, d). 

In order to investigate the effect of micro-galvanic degradation, the β-phase sample was 

galvanically coupled with pure Mg for 48 h.  Fig. 5.4 shows the mixed potential and 

current density of the pure Mg and β-phase sample during the coupling.  While the 

potential remained relatively stable at -1.49 VAg/AgCl, the current showed a cyclical 

increase/decrease during the entire coupling period. Following the coupling, it was seen 

that the pure Mg has degraded significantly over this period, as expected. Also visible 

was a white powder layer that had formed on the surface of β-phase sample. 

Interestingly, this layer appeared to be thicker at the 24 h period as compared to the 48 

h period. This can be attributed to the falling of particles from the white powder layer 

after a period of time. In fact, this was visually observed during testing, i.e., the white 

particles fell off the β-phase sample surface during the experiment, and had settled to 

the bottom of the cell. 
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Figure 5.2 Nyquist and Bode plots of the pure Mg and β-phase immersed in SBF for (a) 2 h, (b) 4 h, 
(c) 8 h and (d) 24 h. 
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Figure 5.3 Polarisation resistance (RP) vs. time for the pure Mg and β-phase (N=3). 

 

Plate 5.1 SEM images after 24 h immersion in SBF for (a, b) pure Mg and (c, d) β-phase. 
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Figure 5.4 (a) Mixed potential of the pure Mg and β-phase during the galvanic coupling and (b) 
current vs. time during the galvanic coupling. 

The falling of particles from the white powder layer on the β-phase sample during 

galvanic coupling could be due to the following two reasons: (i) particle size growth 

resulting in poor adhesion and (ii) hydrogen bubble bursting (hydrogen evolution 

reaction, a predominant cathodic reaction) causing the particles to fall. The chemistry 

of the white powder layer on the β-phase sample was analysed using FTIR 

spectroscopy, and the obtained spectra is shown in Fig. 5.5. The peak at 1045 cm-1 

corresponds to PO4
3-.  There is also a distinct peak at 1432 cm-1, suggesting the 

presence of CO3
2-. Another, smaller peak is visible at 868 cm-1, also indicative of CO3

2-. 

The spectra is characteristic of an amorphous carbonated calcium phosphate (Habibovic 

et al., 2002; Qu and Wei, 2008; Berzina-Cimdina and Borodajenko, 2012).  To confirm 

this, an XRD analysis was conducted on the white powder and the spectra is shown in 

Fig. 5.6. The spectra showed no visible peaks, suggesting that the deposited layer was 

amorphous in structure. Similar results have been presented in other studies, which 

showed only a “halo” region, indicative of broadening of apatitic diffraction lines 

(Barrère et al., 1999; Habibovic et al., 2002; Barrère et al., 2002). 
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SFigure 5.5 FTIR spectrum of the coating deposited on the β-phase. 

 

 

Figure 5.6 XRD pattern of the coating deposited on the β-phase. 
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Plate 5.2 shows the SEM images of the β-phase sample surface following 4 h galvanic 

coupling in SBF. It can be seen that the particles have covered the entire surface with 

even distribution of pores across the entire surface. The cathodic reaction of the micro-

galvanic degradation is hydrogen gas evolution, which forms gas bubbles on the β-

phase surface. It can be suggested that the growth and subsequent detachment due to 

hydrogen bubble bursting from the surface could remove some of the calcium 

phosphate particles, resulting in the observed morphology. In Plate 5.2 (b), the coating 

displays irregular growth within the grains, and thus, it is evident that the coating is 

poorly crystalline in nature. 

 

Plate 5.2 SEM images of the coating after 4 h galvanic coupling in SBF at (a) low magnification, 
showing pores and (b) high magnification showing particles. 

To compare how the galvanic coupling affected the degradation behaviour of the two 

phases, the samples were decoupled and further immersed in SBF. Fig. 5.7 (a) and (b) 

show the open circuit potentials (OCP) of the samples prior to and following the 

galvanic coupling, respectively. It can be seen that in the pre-coupling immersion, the 

two samples reached a relatively stable OCP of -1.75 VAg/AgCl for pure Mg and -1.05 

VAg/AgCl for β-phase, which are well matched with the values presented in literature 

(Kannan et al., 2012a). 

 



66 
 

 

Figure 5.7 Open circuit potential (OCP) for the pure Mg and β-phase during immersion in SBF (a) 
prior to galvanic coupling and (b) following galvanic coupling. 

Interestingly, following the galvanic coupling, the samples showed only a slight change 

in the potential in the initial stage, but quickly returned to similar values. Fig. 5.8 shows 

the Nyquist and Bode plots for the post-galvanically coupled pure Mg and β-phase 

sample immersed in SBF for different immersion period (2-48 h). Fig. 5.9 shows the 

calculated RP values following the equivalent circuit modelling. The RP for pure Mg 

stayed relatively constant throughout the entire 48 h exposure period.  Conversely, for 

the β-phase, the initial RP showed a value significantly higher than that of pure Mg, as 

shown in Fig. 5.3. This can be attributed to the formation of the calcium phosphate 

layer, as described previously. A two-tail unpaired t-test of pure Mg and β-phase (N=3) 

showed that the p value was 0.0003 for this immersion time. However, this resistance 

rapidly drops over time, reaching less than 40% of its value within 12 h immersion, and 

less than 20% within 48 h. By the 48 h immersion point, the RP had begun to converge 

on that of pure Mg, not only confirming the results presented in Fig. 5.3, but also 

strongly suggesting that the calcium phosphate layer is poorly protective over long 

immersion times. At 48 h, the p-value had increased to 0.2786, suggesting an 

insignificant difference between the two samples. 
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Figure 5.8 Post-coupled Nyquist and Bode plots of the pure Mg and β-phase immersed in SBF for 
(a) 2 h, (b) 12 h, (c) 24 h and (d) 48 h. 



68 
 

 

 

Figure 5.9 Post-coupled RP vs. time for the pure Mg and β-phase (N=3). 

 

Plate 5.3 SEM images of the coating after 4 h immersion in SBF, (a) showing calcium phosphate 
coating degradation, and (b) the same sample with the remaining calcium phosphate particles 

removed. 

 

Plate 5.3 (a) and (b) show the post-immersion β-phase surface. It can be seen that the 

calcium phosphate surface that was visible in Plate 5.2(a) has been severely degraded, 

leaving a large proportion of the substrate surface exposed. Interestingly, no localised 
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degradation was visible (Plate 5.1) suggesting that the calcium phosphate coating was 

partially protective over this time. Removal of the remaining calcium phosphate layer, 

as shown in Plate 5.1 (b), further reveals that some general degradation has occurred on 

the β-phase surface, with no evidence of localised attack. 

5.4 Discussion 

The measured RP values for pure Mg and β-phase suggest that there is no significantly 

different long-term degradation resistance in SBF when considered separately. The 

stability of the secondary phase particles (β-phase) in Mg alloys is almost entirely due 

to the cathodic protection. However, after galvanically coupling the two samples, the 

RP for the β-phase was dramatically higher at 2 h immersion than the uncoupled value 

at the same immersion time. 

It has been reported in the literature that hydrogen diffuses into the β-phase surface 

during galvanic coupling in chloride-containing solution, and then diffuses into the 

product layer during the degradation (Zhang et al., 2006). It was further suggested that 

the hydrogen entering the layer would be ionised, and could decrease the vacancies in 

the valence band of the product film and thus increasing the degradation resistance. 

However, this explanation is unlikely to cause the dramatic increase in the β-phase RP 

as observed in this study in SBF (Fig. 5.9). The increase in RP is mainly due the 

deposition of calcium phosphate particles onto the β-phase surface. It is well known 

that the local pH rise decreases the solubility of calcium and phosphate ions in solution 

(Barrère et al., 2002). Calcium and phosphorous rich precipitate formation was noted 

by Song et al. (2009) on AZ31 after immersion in 12 h in SBF, and was found to be 

Ca10(PO4)6(OH)2. Several authors reported the formation of an amorphous calcium 

phosphate layer formed biomimetically on Ti-6Al-4V by immersion in SBF (Barrère et 

al., 1999; Habibovic et al., 2002; Barrère et al., 2002, Waterman et al., 2011). There 

have also been suggestions that the biomimetic formation of carbonated amorphous 

calcium phosphate on Mg substrates also incorporates Mg into the lattice, via (Gray-

Munro et al., 2008; Gray-Munro et al., 2009): 

(10 - x)Ca2+ + xMg2+ + 6PO4
3-            (Ca(10 - x)Mgx) (PO4)6 (OH)2   (5.1) 



70 
 

Carbonates are incorporated into the structure via partial ionic substitution with either 

PO4
3- or OH- groups (Boanini et al., 2010). The reason as to why the layer is amorphous 

as opposed to crystalline is explained by the presence of Mg2+ ions in the solution. 

Mg2+ is known to inhibit the crystal growth of calcium phosphate, causing the observed 

amorphous structures (Barrère et al., 1999; Habibovic et al., 2002, Barrère et al., 2002). 

It has been reported that biomimetically formed calcium phosphate layer in Mg 

deficient environments are more crystalline than calcium phosphate formed in 

environments containing Mg2+ ions (Barrère et al., 1999). This mechanism is further 

supported by a study by Tie et al. (2010), which conducted XPS studies on Mg 

following 20 h immersion in SBF. They reported Cam(PO4)n(OH)x and CaCO3 to be the 

most likely formed degradation products. 

In this study, it was assumed that the anode/cathode area remains constant, thus causing 

a constant rate of growth of calcium phosphate on the surface. In reality, the anodic 

matrix will preferentially degrade, which can (for network particles such as in the case 

of AZ91), leave behind a layer of almost 100% secondary phase near to the 

metal/degradation medium interface (Song and Atrens, 1999; Kannan et al., 2008). A 

numerical model depicting the micro-galvanic degradation of an AM30 α phase and β 

phase in NaCl was reported by Deshpande et al. (Deshpande, 2011). In the model, it 

was shown that for continuous β-phase networks, as the α-phase preferentially 

dissolves, the β-phase fraction will approach 100%. For discrete β-phase distributions, 

this phase would fall out into the electrolyte, since it is not well supported along the 

depth of the alloy. In both these cases, the galvanic effect near to the surface would 

vary significantly during the degradation process, since the galvanic degradation is 

accelerated when the cathode-to-anode area ratio is high, and conversely, lessened 

when it is low. 

This was modelled experimentally by uncoupling the materials and exposing them to 

SBF separately. The RP of pure Mg after galvanic coupling stayed relatively constant 

throughout the whole 48 h immersion, mimicking the long-term degradation behaviour 

of pure Mg with no galvanic coupling. The β-phase RP initially started significantly 

higher than pure Mg (due to the calcium phosphate coating), but sharply dropped 

within 12 h, before levelling off at 1650 Ω.cm2, only 16 % of its measured resistance at 

2 h immersion. This suggests that the calcium phosphate coating was not stable on the 
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β-phase substrate, and will rapidly degrade once the secondary phase is no longer 

cathodically protected. Non-crystalline calcium phosphate coatings are not particularly 

stable under physiological conditions, and it has been suggested that the coating 

undergoes a dynamic precipitation/dissolution process (Zhang et al., 2009). Thus, as the 

cathodic protection of the β-phase is reduced due to Mg matrix dissolution, the calcium 

phosphate formation will slow and eventually be overtaken by dissolution. In the case 

of discontinuous particles, it is more likely that the secondary phase precipitates would 

be removed by undermining, which of course would negate the galvanic formation of 

calcium phosphate entirely. 

Once the protective effect of the calcium phosphate layer on the β-phase has been 

significantly reduced, the passivation of the Mg and aluminium begins to play a more 

dominant role. Song et al. proposed the formation of a three layer passive film, 

consisting of Al2O3, MgO and Mg(OH)2
 (Song, 1998). In an aqueous, chloride 

containing environment, the Al passive layer would be at least partially hydrated, and 

chlorides would be incorporated into the film through a combination of migration 

through oxygen vacancies and passive layer thinning (McCafferty, 2003). Over time, 

the Mg(OH)2 layer would be converted to soluble MgCl2, and localised pH rises would 

cause the aluminium oxide to be converted into soluble AlO2
- (Song et al., 1998), 

resulting in complete dissolution of the β-phase. 

To further illustrate the points above, a phenomenological model is shown in Fig. 5.10. 

The model shows a semi-continuous, high volume fraction β-phase network along the 

primary α-grain boundaries, such as die-cast AZ91. Note that while secondary α-

eutectic regions would likely occur around the β-particles, they have been omitted from 

the model for simplicity. All degradation product formation has also been omitted for 

the same reason. The first stage shows each of the phases prior to immersion. Once 

exposed to the physiological medium, dissolution of the Mg matrix initiates. Micro-

galvanic coupling between the anodic α-phase and the cathodic β-phase enhances the 

degradation close to the α/β interface. In this stage, the β-phase is largely protected. The 

dissolution of the α-phase Mg cathodically produces hydrogen on the β-phase, as 

shown, via the half reactions: 
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 Mg              Mg2+ + 2e-       (5.2)  

 2H2O + 2e-           H2 + 2OH-       (5.3) 

As such, there is a localised pH rise close to the surface. This reduces the solubility of 

calcium and phosphate ions in the solution, causing them to precipitate out as a calcium 

phosphate layer. Carbonates are incorporated into the lattice via partial ionic 

substitution with PO4
3- and OH- groups. Mg may also be incorporated since the 

concentration of Mg2+ ions near the degradation surface should be relatively high. 

 

 

Figure 5.10 Phenomenological model describing the micro-galvanic effects in an Mg alloy. 
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Calcium phosphate is known for its protective nature of metallic implant materials 

under in vitro conditions (Song et al., 2010), and the formation of the calcium 

phosphate layer accounts for the initial sharp increase in the β-phase RP as shown in 

Fig. 5.9. Stage 3 shows the growth of the calcium phosphate coating on the β-phase, 

whilst the α-grains undergo heavy attack. The large disparity between the degradation 

resistances of the Mg matrix and β network eventually causes the near complete 

dissolution of the α-grains, while leaving the β-phase relatively unattacked. The low 

volume fraction of α-phase near to the exposed β-phase reduces the micro-galvanic 

effect in these areas. As such, detachment of the calcium phosphate rapidly occurs, as 

evidenced by the sharp drop in RP seen in Fig. 5.9. Fig. 5.9 suggested that over time, 

the RP of the β-phase approaches that of pure Mg. Thus, once the exposed β-phase is no 

longer protected by calcium phosphate formation or micro-galvanic coupling, rapid 

dissolution occurs. This inevitably exposed fresh α-grains, allowing the process to 

repeat.  

It is important to note that the composition of the matrix in Mg alloys would not be 

comprised purely of Mg, and would contain alloying elements. In the case of AZ series 

alloys, the primary phase is a solid solution of Mg and aluminium, which would shift 

the corrosion potential in the noble direction when compared to pure Mg alone 

(Mathieu et al., 2003; Pardo et al., 2008; Wen et al., 2009). However, since the 

potential of the Mg matrix is always anodic to the secondary phase particles, the micro-

galvanic effects observed in this study are still applicable. The potential difference 

between the Mg matrix and β-phase would be slightly lessened, but would still be 

sufficient for micro-galvanic degradation. This would also be the case for rare-earth 

containing Mg alloys, which have been demonstrated to be susceptible to micro-

galvanic degradation (Coy et al., 2010). For these alloys, the distribution of secondary 

phase particles tends to be more discrete as opposed to semi-continuous, and form in 

particle-like regions around the grain boundaries. In these cases, the lack of continuity 

would likely cause undermining of the secondary phase particles, rather than the 

cyclical α/β breakdown shown in Fig. 5.9. 
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5.5 Conclusions 

Galvanic coupling of β-phase (Mg17Al12) with pure Mg in SBF resulted in the 

formation of carbonated calcium phosphate on the β-phase. While the calcium 

phosphate layer initially increased the degradation resistance of the β-phase, the layer 

rapidly degraded once the galvanic coupling was removed. Within 48 h immersion in 

SBF, the degradation resistance of the β-phase began to approach that of pure Mg. The 

results suggest that under long-term immersion period in SBF, the degradation 

resistance of the β-phase will decrease and eventually the β-phase will dissolve in body 

fluid as the micro-galvanic effects are reduced due to complete dissolution of the Mg 

matrix around the β-phase. 
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Chapter. 6 Multilayer Coatings on pure Mg 

6.1 Introduction 

In order to delay the general and localized degradation of Mg and its alloys, there has 

been growing interest in biocompatible and biodegradable coatings. A wide range of 

coatings has been studied to this end, including plasma electrolytic oxidation (PEO), 

biodegradeable polymers, and calcium phosphate (CaP) deposition. Calcium 

phosphates are well-known for their high bioactivity and biocompatibility, and have 

been successfully used as coating materials on metallic implant materials such as 

titanium and its alloys to improve osseointegration and osteoconductivity. There are 

various methods available for the coating of CaP on metallic substrates, such as high-

temperature sputtering and plasma spraying (Yang et al., 2005). However, these are 

often high temperature techniques, potentially resulting in a decomposition and non-

uniformity of the coating when used on an Mg substrate. 

Electrochemical coating of CaP is attractive for Mg-based materials since it can be 

done rapidly and at room temperature, and possible to coat complex geometries such as 

plates and screws implants. There has been some preliminary work done on 

galvanostatic and potentiostatic deposition of CaP on Mg and its alloys. However, a 

limitation of these electrochemical techniques is that the rapid deposition of CaP results 

in the evolution of large amounts of hydrogen gas. The hydrogen gas bubbles build-up 

on the surface, potentially detaching and damaging the CaP layer, resulting in a loosely 

packed and inhomogeneous structure. Further, in the case of potentiostatic deposition, a 

negatively charged layer forms across the surface, which impedes the adherence of ions 

and results in poor deposition. These issues can be overcome by utilising a pulsed-

potential waveform (Chandrasekar and Pushpavanam, 2008).  

Pulse-potential method has shown to produce CaP coating on Mg and its alloys with 

improved performance (Wang et al., 2010; Kannan and Wallipa, 2013).  In principle, 

the OFF time in the pulse-potential method dissipates the charge build up on the 

surface, and thereby allowing ions to freely diffuse towards the substrate (Chandrasekar 

et al., 2008). A recent study by one of the authors has shown that addition of ethanol to 

the coating electrolyte improves the packing of CaP on an Mg-aluminium-zinc alloy 
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(AZ91) (Kannan, 2013). A synergistic effect of pulsed-potential and ethanol addition 

has also been reported by the author, which produced high performance CaP coating on 

AZ91 alloy (Kannan, 2012). 

While these results show good performance of the CaP coatings on AZ91, which 

contains 9 wt. % aluminium, there has been a recent shift toward aluminium-free 

alloys. Magnesium-calcium (Mg-Ca) alloys have been studied as a base material due to 

the attractive properties of Ca as an alloying element, such as good biocompatibility (Li 

et al., 2008; Erdmann et al., 2011). Chun-Yan et al. (2010) compared potentiostatically 

coated brushite (CaHPO4•2H2O) coatings on AZ31 and Mg-1.0Ca alloys in Hank’s 

solution. The addition of the coatings reduced the corrosion current densities by two 

orders of magnitude for both alloys. However, measurement of the evolved hydrogen 

suggested that the CaP coated Mg-1.0 Ca provided inferior resistance to even the 

uncoated AZ31 sample. This can be attributed to the underlying degradation behaviour 

of the substrate itself. AZ series alloys are significantly more passive than Mg-Ca 

alloys, and will undergo less dissolution during the coating process, resulting in a better 

coating. 

This work utilises the techniques described by Kannan (Kannan, 2012) on an Mg-Ca 

substrate to produce a CaP coating. The results section investigates the in vitro 

degradation performance of the single layer CaP (along with influence of cathodic 

activity on electrochemical deposition of CaP), and improves on it by producing a dual 

layer PEO/CaP, and a triple layer PEO/CaP/PLLA coating. 

6.2 Materials and Methods 

There were three Mg alloys studied: AZ91 (9.18 wt. % Al, 0.78 wt. % Zn) and Mg-Ca 

(1 wt. % Ca) for the initial single layer CaP coatings, and high purity Mg for the 

subsequent hybrid coatings. The CaP coatings were produced using a pulsed potential 

waveform for the single layer coatings, and a constant potential for the hybrid coatings. 

All experiments were done under physiological conditions as described in Chapter 3. 
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6.3 Results and Discussion 

6.3.1 Single layer CaP coating 

The average coating thickness of the deposited CaP layer was measured to be 5.7 ± 0.4 

µm. The FTIR spectra (Fig. 6.1a) of the coating showed strong bands at 1122, 1052 and 

984 cm−1 corresponding to phosphate (Pecheva et al., 2004; Pramatarova et al., 2005).  

Also, bands at 1631 cm-1 and 874 cm-1 corresponding to hydroxide and carbonate 

groups, respectively, were also observed. XRD analysis (Fig. 6.1b) confirmed that the 

compound is CaP, i.e., CaHPO4.2H2O.  However, the hydroxide and carbonate groups 

observed in the FTIR spectra, which could be Mg(OH)2 and MgCO3, were not evident 

in the XRD, probably due to the amorphous nature of the products.   

 

Figure 6.1 (a) FTIR and (b) XRD spectra of the CaP coating on Mg-Ca alloy. 

 

Plate 6.1 SEM images of the CaP coating on Mg-Ca alloy: (a) low magnification shows complete 
coverage of the base material, and (b) high magnification shows large, flat and irregularly oriented 

particles. 
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The morphology of the CaP coating obtained from SEM imaging is shown in Plate 6.1, 

which reveals large, flat and irregularly oriented CaP particles. However, the base metal 

was completely covered by the CaP particles. Interestingly, the CaP layer coated under 

similar conditions on AZ91 alloy showed much denser packing and the particles were 

larger in size (Le Guéhennec et al., 2007). This suggests that the morphology of the CaP 

coating using electrochemical method depends on the electrochemical behaviour of the 

base material. 

The potentiodynamic polarisation curves of the bare alloy and CaP coated alloy are 

shown in Fig. 6.2 and the corresponding electrochemical data is given in Table 6.1. CaP 

coating to the alloy significantly improved the degradation performance, i.e., by 

decreasing the corrosion current density (icorr) from 90 µA/cm2 to 4.1 µA/cm2, which is 

~95 % reduction. The coating also shifted the corrosion potential (Ecorr) towards the 

noble direction, i.e., -1.64 VAg/AgCl to -1.46 VAg/AgCl. 

 

Figure 6.2 Potentiodynamic polarisation curves for the bare alloy and CaP coated Mg-Ca alloy in 
SBF. 
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Table 6.1  
Electrochemical degradation parameters of bare alloy and CaP coated alloy obtained 
from potentiodyanamic polarisation curves in SBF (N=2). 

Sample Ecorr (VAg/AgCl) icorr (μA/cm2) 

Mg-Ca alloy -1.63±0.06 90±14.1 

CaP coated alloy -1.46±0.09 4.1±1.7 

 

Fig. 6.3 shows the EIS plots from 2-72 h immersion of bare metal and CaP coated alloy 

in SBF. The polarisation resistance (RP) calculated based on equivalent circuit 

modelling as shown in Fig. 6.4, and the open-circuit potential (OCP) measurements are 

shown in Fig. 6.5. The complete data of the modelling is presented in Table 6.2.  It can 

be seen that for the bare alloy, the RP initially starts at ~413 Ω·cm2, and increases to 

~1305 Ω·cm2 after 24 h immersion due to the formation of a partially protective passive 

film. The RP then decreases across the remaining immersion time to ~695 Ω·cm2 after 

72 h as the passive film is attacked by the presence of the Cl- ions. All the plots show a 

high frequency capacitive loop, which correspond to charge transfer resistance and 

double layer capacitance. There is a mid-frequency capacitive loop for the 2 h 

immersion curve, which is indicative of the relaxation of mass transport through the 

degradation product layer.  

The mid-frequency loop is no longer visible from 8 h onwards, suggesting that the 

partially protective layer is no longer present. The RP for the CaP coated alloy was 

initially much higher than the bare alloy, at an RP of ~6452 Ω·cm2 (~15 times higher). 

This value rapidly decreased by 82% over the immersion period, exhibiting an RP of 

1185 Ω·cm2 after 72 h immersion, which was only ~70 % higher than the bare alloy. 

Interestingly, the RP showed a slight increase after 48 h immersion, though this is 

within the margin of measurement error. All EIS plots for the CaP coated alloy showed 

a similar shape; a single high and mid-frequency capacitive loop corresponding to an 

outer layer and compact inner layer characteristic of ceramic coatings (Redepenning et 

al., 1996; Ghasemi et al., 2008). 

The FTIR spectra and XRD analysis of the CaP coated alloy after in vitro degradation 

are shown in Fig. 6.6. The hydroxide and carbonate bands at 1631 cm-1 and 874 cm-1
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observed in Fig. 6.1 are no longer visible. The strong phosphate bands have also 

merged, showing only a broad phosphate band at approximately 1000 cm-1. This 

reduction in bands suggests that there has been a change in the coating structure, due to 

either incongruent dissolution and/or re-precipitation of new CaP phases onto the 

surface (Redepenning et al., 1996; Kokubo, 1996). This was likely caused by localised 

pH increase due to hydrogen evolution reaction as a consequence of alloy dissolution. 

This reduces the solubility of calcium and phosphate ions in the solution, resulting in a 

subsequent precipitation onto the surface (Kokubo, 1996). XRD analysis (Fig. 6.6) did 

not shown any strong peak of CaHPO4.2H2O, which suggests that the precipitates/layer 

on the surface is possible amorphous in nature.  

 

Figure 6.3 EIS plots for: (a) bare alloy, and (b) CaP coated Mg-Ca alloy over the 72 h immersion 
period in SBF. 
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Figure 6.4 Polarisation resistance (RP) vs. time from EIS data of bare alloy and CaP coated Mg-Ca 
alloy in SBF (N=2). 

 

 

Figure 6.5 Open-circuit potential (OCP) measurements of the bare alloy and CaP coated Mg-Ca 
alloy during immersion in SBF 

.
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Table 6.2  
Modelling data from the EIS plots of bare alloy and CaP coated alloy (N=2). 

Sample Time 
(h) 

CPE1 
(Ω-1·cm-2·s-n x10-6) 

n R1 
(kΩ·cm2) 

CPE2 
(Ω-1·cm-2·s-n x10-6) 

n R2 
(kΩ·cm2) 

RP 
(kΩ·cm2) 

Mg-Ca alloy 2 815.5 ± 110.3 0.52 0.021 ± 0.015 17.8 ± 4.4 0.88 0.392 ± 0.003 0.413 ± 0.011 

8 95.2 ± 20.0 0.53 0.113 ± 0.050 7.0 ± 2.4 0.98 1.077 ± 0.229 1.190  ± 0.140 

24 45.7 ± 32.0 0.77 0.062 ± 0.020 25.0 ± 11.0 0.88 1.243 ± 0.020 1.305  ± 0.003 

48 180.9 ± 127.2 0.59 0.041 ± 0.016 64.0 ± 8.7 0.80 0.791 ± 0.067 0.832 ± 0.051 

72 0.8 ± 0.1 1.00 0.016 ± 0.001 88.5 ± 12.2 0.74 0.679 ± 0.020 0.695  ±  0.021 

CaP coated 
Mg-Ca alloy 

2 6.6 ± 4.6 0.81 0.338 ± 0.111 22.6 ± 7.5 0.66 6.114 ± 0.405 6.452 ± 0.294 

8 22.5 ± 34.2 0.58 0.331 ± 0.148 12.5 ± 1.5 0.80 3.785 ± 0.017 4.116 ± 0.131 

24 12.5 ± 7.4 0.71 0.074 ± 0.006 58.8  ± 1.5 0.75 2.063 ± 0.079 2.137 ± 0.074 

48 0.4 ± 0.1 1.00  0.071 ± 0.002 58.2 ± 2.1 0.72 2.680 ± 0.203 2.751 ± 0.201 

72 28.7 ± 4.5 0.63 0.053 ± 0.007 88.1 ± 15.0 0.74 1.132 ± 0.012 1.185 ± 0.058 
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Figure 6.6 (a) FTIR and (b) XRD spectra of the CaP coated Mg-Ca alloy 
following 72 h immersion in SBF. 

The morphology of the CaP coating following 72 h immersion is shown in  Plate 6.2 a, 

b. It can be seen that there was noticeable damage to the coating across the entire 

surface, resulting in a high amount of cracking and skeletal, frond-like areas. This 

change in the morphology of the coating occurs once substrate dissolution initiates, 

forming Mg(OH)2, which provides favourable sites for the reprecipitation of 

hydroxyapatite nucleation (Koerten and Van der Meulen, 1999; Li et al., 2008). These 

areas are points of rapid and dense crystal growth resulting in the tightly packed frond 

areas, while the surrounding areas become cracked as Mg(OH)2 converts to highly 
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soluble MgCl2. A comparison with a corroded bare alloy (Plate 6.2 c, d) suggests that 

that there is no substrate surface directly exposed. The bare alloy underwent significant 

damage across the entire surface, with some areas of heavy pitting attack visible. It 

follows that since the CaP layer is still covering the entire substrate, the drop in RP 

observed in Fig. 6.3 is due to penetration of electrolyte through the coating, rather than 

direct dissolution of the coating itself.  

 

Plate 6.2 SEM images of:  (a, b) CaP coated alloy, and (c, d) bare Mg-Ca alloy following 72 h 
immersion in SBF. 

The degradation behaviour of the bare metal follows the progression typically seen in 

Mg alloys, i.e., an increase in RP early on in the immersion due to film formation which 

is partially protective, followed by a slight decrease over time as this layer is 

deteriorated. The CaP layer, however, displays a much more rapid loss in its protection 

than expected. Calcium phosphates have been shown to have a very low rate of 

dissolution under physiological conditions (Koerten and Van der Meulen, 1999; 

Jonášová, et al., 2004). Conversely, the EIS results from this study show rapid drops in 

the measured resistance. This suggests penetration of the electrolyte through the CaP 
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layer. Once the electrolyte comes into contact with the substrate, Mg dissolution would 

result in H2 evolution. 

As the H2 gas detaches, it breaks through the coating layer, compromising the 

protective nature of the CaP coating. The possible penetration of the electrolyte through 

the CaP layer is supported by the rest potential measurements (Fig. 6.5) prior to each 

EIS tests. Across the entire immersion period, there is a relatively stable separation in 

potentials (~100 mV) between the bare and the coated alloy. If there was a significant 

breakdown of the CaP layer to explain the rapid drop in RP seen in Fig. 6.5, the rest 

potentials would begin to converge to that of the bare alloy. However, the near constant 

100 mV potential difference between the two samples suggests that the CaP layer is 

still intact, albeit penetrated by the electrolyte. 

Since the diffusion of the coating ions is critical for better coating, the degradation 

behaviour of the substrate may also play an important role on the coating morphology 

and performance. It is expected that the mass transfer resistance due to substrate 

dissolution would impact the cathodic deposition of CaP on the surface. To determine 

the significance of this effect, the CaP coating produced on Mg-Ca was compared to 

one on a substrate with a higher degradation resistance, AZ91 alloy. SEM analysis 

revealed that the coating morphology was significantly different between the coatings 

on Mg-Ca and AZ91 alloys (Plate 6.3 (a-d)).  A low magnification micrograph (Plate 

6.3a) of the coating on Mg-Ca alloy showed visible protruding particles distributed 

evenly across the entire surface. On the AZ91 alloy, however, the particles were 

relatively flat, with a much lower number of protruding particles Plate 6.3c). Higher 

magnification micrographs of the coatings showed that the particles were of a slightly 

smaller size on the Mg-Ca alloy than those on the AZ91 alloy Plate 6.3b and d). The 

packing of the particles were relatively denser on the AZ91 alloy. The FTIR spectra of 

the two coatings suggest that the coatings are similar in composition (Fig. 6.7). The 

strong bands at 1122, 1052 and 984 cm−1 correspond to phosphate (Pecheva et al., 

2004; Pramatarova et al., 2005), and  the bands at 1631 cm-1 and 874 cm-1 correspond 

to hydroxide and carbonate groups, respectively. 
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Plate 6.3 SEM images of the calcium phosphate coating on: (a, b) Mg-Ca alloy, and (c, d) AZ91 
alloy. 

 

 

 

Figure 6.7 FTIR spectra of the calcium phosphate coating on Mg-Ca and AZ91 alloys. 
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The in vitro degradation behaviour of the bare alloys was evaluated in SBF. Fig. 6.8a 

shows the EIS plots of the bare Mg-Ca and AZ91 alloys. Both alloys showed similar 

characteristics, i.e., high and mid frequency capacitive loops. The AZ91 alloy also 

showed a low frequency inductive loop, which has been shown to be indicative of 

pitting degradation. The Nyquist plot of the Mg-Ca alloy was modelled using the 

equivalent circuit Rs(Qf(Rf(QdlRct))), where R represents resistors and Q represents 

constant phase elements. Rs is the solution resistance, Rf and Qf represent film effects, 

Qdl represents double layer capacitance and Rct represents charge transfer resistance. 

The AZ91 alloy used a similar model with added inductive elements: 

Rs(Qf(Rf(QdlRct))(RLL)). This model has been used for Mg in chloride containing 

environments (Walter and Kannan, 2011). 

The bare Mg-Ca alloy exhibited a RP of 6.1×102 Ω·cm2, ~30% lower than that of AZ91 

alloy (8.4×102 Ω·cm2). The degradation performance of CaP coated Mg-Ca and AZ91 

alloys showed significant difference between them. Interestingly, the CaP layer created 

a much larger relative difference in RP between the two alloys. The CaP coated alloys 

were modelled using the equivalent circuit Rs(Qpo(Rpo(QbRb))), which has been used 

elsewhere to model ceramic coatings on Mg substrates (Jamesh et al., 2012). Qpo and 

Rpo represent the pore capacitance/resistance of the ceramic layer, and Qb and Rb 

represent the base material double layer capacitance and polarisation resistance 

respectively. The addition of the coating increased the RP for the Mg-Ca alloy to 

6.5×103 Ω.cm2, ~85 % lower than that of the CaP coated AZ91 alloy (4.8×104 Ω·cm2).  

Visual observations of the samples during the coating process suggested that gas 

bubbles evolving from the surface of the samples were higher on the Mg-Ca alloy as 

compared to that from the AZ91 alloy. Since hydrogen evolution is the predominant 

cathodic reaction in Mg and Mg alloys (Song and Atrens, 1999), the gas bubbles must 

be hydrogen gas bubbles.  In order to understand the difference in the phenomenon 

between the two alloys, the cathodic current density during the coating process was 

recorded and shown in Fig. 6.9. It can be clearly seen that the cathodic current density 

is much higher during the coating of the Mg-Ca alloy when compared to that of AZ91 

alloy. This confirms that the hydrogen evolution was higher in the former. Further, the 

difference between the two alloys was quantified by integrating the cathodic current 

density with respect to time, resulting in the average charge density. Notably in Fig. 6.9 



88 
 

c, the cathodic charge density was significantly higher (~5 times) for the Mg-Ca alloy, 

which can be related to the higher degradation tendency of the coated Mg-Ca alloy 

compared to the coated AZ91 alloy. 

 

Figure 6.8 EIS plots of: (a) bare metals and (b) CaP coated metals; and (c) polarisation resistance 
(RP) from EIS modelling (N=2). 
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Figure 6.9 Cathodic current density recorded during the calcium phosphate coating on 
 (a) Mg-Ca alloy, and (b) AZ91 alloy; and (c) average charge density  

for both the alloys during the coating process (N=2).  
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In general, Mg in an aqueous environment will produce a partially protective surface 

film comprised of both MgO and Mg(OH)2. However, aluminium containing alloys, 

such as AZ91, have a third layer comprised of Al2O3, which accounts for the increase in 

degradation resistance when compared to pure Mg (Song and Atrens, 1999). Similarly, 

the Al2O3 protective layer would reduce the electrochemical reactions on the surface 

compared to an aluminium-free substrate, thus reduced the hydrogen evolution. While 

it is expected that this difference between the alloys would be prominent during the 

early stage of the coating, as the bare substrate is exposed to the electrolyte, results 

from this study suggest that the differences in cathodic reaction, due to differences in 

electrode composition, affect CaP nucleation which in turn influences the growth of the 

coating particles as well as the overall coating performance. 

6.3.2 Dual Layer PEO/CaP coating 

The previous results suggested that after only 72 h immersion, electrolyte was able to 

penetrate through the CaP layer. This resulted in only a marginal improvement in the 

long-term degradation rate. Since the limiting factor was the pore resistance, a more 

tightly packed CaP layer may provide better performance. Liu et al. (2011) chemically 

coated a CaP layer on top of a MAO coated pure Mg substrate. The authors reported a 

much lower volume of evolved hydrogen for the calcified sample when compared to 

the MAO sample. However, SEM images showed two regions, flake-like and porous 

spherical-shaped structures. This porosity may still allow for penetration of electrolyte 

though the coating layer and in contact with the Mg substrate. Recently, Alabbasi et al. 

(2014) electrochemically deposited CaP on a silicate-based PEO coated Mg substrate 

using a pulsed constant-current method. The authors report a 65 % reduction in the icorr 

and a two order of magnitude increase in the RP of the PEO-CaP when compared to 

pure Mg. The following results expanded on this work by electrochemically depositing 

CaP on a phosphate-based PEO layer on pure Mg using the pulsed potential method 

utilised in section 6.3.1. 

Figure 6.10 shows the FTIR spectra for the PEO and PEO/CaP dual layer coatings, both 

prior to immersion and following 72 h immersion in SBF. The PEO showed a spectrum 

consistent with that in literature, showing only a single band at 1000 cm-1, 

corresponding to phosphate. Following immersion in SBF, a hydroxide peak appeared 

at 1400 cm-1, suggesting uptake of the aqueous electrolyte into the layer. The CaP 
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coated sample showed a spectrum consistent with the previous work. Visible are bands 

at 1631 cm-1 and 874 cm-1, corresponding to hydroxide and carbonate groups, 

respectively. The strong bands at 1122, 1052 and 984 cm−1 sample correspond to 

phosphates.  

 

 

Figure 6.10 FTIR spectra of the PEO and PEO/CaP dual layers. 

The SEM images in Plate 6.4 show typical morphologies of both the PEO and CaP 

structure. Clearly visible in Plate 6.1 (a, b) is the PEO microstructure, with the evenly 

distributed pores across the entire surface. Interestingly, the CaP layer in Plate 6.4 (c, d) 

shows a morphology somewhat similar to the CaP coated on Mg-Ca presented in Plate 

6.3 (a, b). These particles were slightly smaller and more protruding than those 

produced on AZ91. This was explained by the higher cathodic current density on the 

Mg-Ca substrate increasing the hydrogen evolution and damaging the surface. 

However, the PEO layer would reduce the current density, and larger, flatter particles 

would be expected. The structure seen in Plate 6.4 (c, d) can instead be explained by the 

pores in the PEO layer acting as nucleation sites. An increased density in nucleation 

sites of the CaP would explain the smaller particle size. This further suggests that the 

CaP is not only formed directly on top of the MgO layer, but is also precipitating within 

the pores themselves. 
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The potentiodynamic polarisation curves of the two coatings are shown in Figure 6.11, 

and the electrochemical degradation parameters are shown in Table 6.3. The curves are 

shown against a bare Mg sample as a reference. The PEO layer showed a 65 % 

reduction of the corrosion current when compared to the bare Mg, from 23.5 to 8.3 

µA/cm2. Interestingly, the PEO also caused a shift in the corrosion potential of 

approximately 120 mV in the active direction, from -1.80 to -1.92 VAgAg/Cl. The 

addition of the CaP layer onto the PEO had a positive effect on both the corrosion 

current and potential. The CaP layer reduced the corrosion current to 2.0 µA/cm2, a 76 

% reduction compared to the single PEO layer (or a 91 % reduction compared to the 

bare Mg). The corrosion potential was measured to be -1.51 VAgAg/Cl. This suggests that 

the surface of the material is likely to be entirely CaP, which agrees with the SEM 

images as shown in Plate 6.4. 

 

 

Plate 6.4 SEM images of the (a, b) PEO and (c, d) PEO/CaP dual layers. 
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Figure 6.11 Potentiodynamic polarisation curves for bare Mg, PEO and PEO/CaP dual layer 
coatings. 

 
Table 6.3  
Electrochemical degradation parameters of Mg and its alloys obtained from 
potentiodyanamic polarisation curves (N=2).  

Sample icorr (μA/cm2) Ecorr (VAg/AgCl sat’d) 

Pure Mg 23.5±3.6 -1.8±0.02 

PEO 4.5±0.7 -1.92±0.02 

PEO + CaP 2.0±0.6 -1.51 ±2.6 

 

Figure 6.12 shows the EIS plots of the PEO and PEO/CaP dual layer coatings over the 

72 h immersion period. The RP values obtained from these plots are shown with respect 

to time in Figure 6.13. The PEO layer had an initial RP of approximately 3500 Ω.cm2, 

increasing to 7100 Ω.cm2 after 24 h, and slowly decreasing to 5600 Ω.cm2 after the full 

72 h immersion period. From 2 h to 24 h immersion, the plots showed only a single 

layer capacitive loop. From 48 h onward, a second mid-frequency capacitive loop 
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becomes visible, suggesting that the coatings are only partially protective. The addition 

of the CaP particles onto the PEO layer significantly increased the RP by an order of 

magnitude.  The initial RP was measured to be approximately 206 kΩ.cm2, which 

slowly decreased to 38 kΩ.cm2 after 72 h immersion. All the dual layer plots showed 

only a single capacitive loop, which implies that there was very little coating 

breakdown or penetration of the electrolyte when compared to the single layer PEO 

coatings. 

 
 

Figure 6.12 EIS plots over a 72 h immersion period in SBF for (a) PEO and (b) PEO/CaP dual 
layer coatings. 

 

 

Figure 6.13 RP vs. Time for bare Mg, PEO and PEO/CaP dual layers  
over a 72 h immersion period in SBF (N=2). 
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Figure 6.14 shows the FTIR spectra of the PEO and dual layer coating following 

immersion, and Plate 6.5 shows the resultant SEM images. For PEO, the most notable 

change is the appearance of a carbonate band at 1435 cm-1. For the dual layer coating, 

the hydroxide and carbonate bands at 1435 cm-1
 and 874 cm-1

 are still visible, with extra 

carbonate bands appearing at 1488 cm-1
 and 1631 cm-1. The strong phosphate bands 

have also merged, showing only a broad phosphate band at approximately 1000 cm-1. 

These spectra agree with the data presented by Liu et al. (2011). This reduction in 

bands strongly suggests that there has been a change in the coating structure, due to 

either incongruent dissolution and/or precipitation of new CaP phases onto the surface. 

 
 

Figure 6.14 FTIR spectra of the PEO and PEO/CaP dual layers following 72 h immersion in SBF. 

There are also some noticeable changes to the microstructures of the coatings. Firstly, 

the PEO layer shown in Plate 6.5 (a, b) seems relatively unattacked, with only some 

areas of degradation products forming across some pores. This is consistent with the 

accepted degradation behaviour of this type of coating, that is, permeation of the 

electrolyte through the porous outer layer and subsequent attack on the more compact, 

inner layer. In fact, this is a major limitation of the PEO type coatings; the porous outer 

layer allows rapid permeation of the electrolyte while providing relatively little 

resistance to degradation, instead relying on the much thinner inner layer to protect the 

substrate. The CaP coated layer in Plate 6.5 (c, d) shows signs of attack across the 

entire surface, exposing floret-like regions. However, there are no areas of particularly 
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heavy localised attack, suggesting that the coating was both well packed and quite even. 

Furthermore, the surface, while slightly damaged, shows no signs of cracking such as 

that seen in Plate 6.2. This suggests that the penetration of electrolyte though the 

coating was strongly reduced when compared to the single layer CaP coating. 

 

Plate 6.5 SEM images of the (a, b) PEO and (c, d) PEO/CaP dual layers 
 following 72 h immersion in SBF. 

6.3.3 Triple layer PEO/CaP/PLLA coating 

Section 6.3.2 showed that the addition of the CaP layer on the PEO/Mg substrate was 

very effective in delaying the general and localised degradation of pure Mg by heavily 

reducing the penetration of electrolyte through the coating. However, the drop in RP 

over the immersion period suggests that there is still some degree of electrolyte 

penetration. To further improve the porous resistance this work employed spin coating 

technique to produce a third, polymeric layer on top of the previous dual layer coating. 

Srinivisan et al. (2010a) produced a duplex coating of poly(etherimide) on a PEO 

coated Mg substrate. The authors reported that the polymer was effective in filling the 

PEO pores and provided enhanced degradation resistance. Similarly, Arrabal et al. 
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(2012) sealed a PEO coated Mg alloy with a polyester-based polymer. The polymer 

seal significantly improved the degradation resistance when compared to the single 

PEO layer. However, to date no authors have investigated the combined effects of both 

CaP and polymer sealing of a PEO coated Mg substrate. This work spin coating 

technique to coat a PLLA layer on the dual layer coating to produce a hybrid, triple 

layer coating. 

The SEM images of the triple layer coating in Plate 6 (a-c) shows the polymer layer is 

quite evenly distributed across the surface. The structure of the underlying CaP layer is 

still slightly visible, but the even distribution of pores across the entire surface indicates 

that there are no polymer-free regions. Figure 6.15 compares the potentiodynamic 

polarisation curves of the dual and triple layer coatings, and the electrochemical 

degradation parameters can be seen in Table 6.4. The addition of the PLLA layer 

shifted the corrosion potential 80 mV in the noble direction, from -1.51 to -1.43 

VAgAg/Cl. Interestingly, the triple layer curve shows a slightly higher cathodic current 

when compared to the dual layer coating. However, the anodic current is markedly 

lower. This corresponds to a ~40 % decrease in the corrosion current compared to a 

previously examined dual layer coating, and a ~99 % reduction compared to pure Mg. 

Interestingly, a breakdown potential is visible at ~1200 mVAg/AgCl, which was notably 

absent in the dual layer coating. 
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Plate 6.6 SEM images of the triple layer hybrid coatings. 

 

 

Figure 6.15 Potentiodynamic polarisation curves for bare Mg, PEO, PEO/CaP dual layer, and 
triple layer hybrid coatings. 
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Table 6.4: Electrochemical degradation parameters of pure Mg, PEO, dual layer, and 

triple layer coatings obtained from potentiodyanamic polarisation curves (N=2).  

 

Sample Ecorr (VAg/AgCl sat’d) icorr (μA/cm2) ibd (μA/cm2) 

Pure Mg -1.80 ± 0.02 23.5 ± 3.6 96.2 ± 4.9 

PEO -1.92 ± 0.02 8.3 ± 3 93.8 ± 8.2 

PEO + CaP -1.51 ± 2.6 0.35 ± 0.16 33 ± 9.9 

PEO + CaP + PLLA -1.43 ± 0.05 0.20 ± 0.02 7.2 ± 2.0 

 

Figure 6.16 shows the EIS plots for the dual and triple layer coatings over the 72 h 

immersion period. The calculated RP following equivalent circuit modelling of these 

plots is shown in Fig 6.17. The initial RP of the triple layer coating was almost an order 

of magnitude larger than the dual layer coating, at a value of approximately 960 

kΩ.cm2. As with the dual layer coating, the RP dropped over time due to electrolyte 

permeation. However, the rate of decrease was markedly higher than the dual layer 

coating, resulting in the RP dropping below that of the dual layer coating between 60-72 

h immersions. The initial 2 h plot shows both high and mid-frequency capacitive loops. 

This indicates that there is most likely rapid permeation of the electrolyte though the 

top layer of the polymer. Interestingly, from 8 h immersion onwards, the plots are 

similar in shape to the dual layer plots shown in Fig. 6.12 (b). That is, only a single 

capacitive loop is visible, with no low frequency inductive loop. Since the RP of the 

triple layer is higher than that of the dual layer coating until ~60 h immersion, it would 

appears that the PLLA has a positive effect on the coating for low immersion times 

beyond being a physical barrier. This can be explained by the polymer having 

effectively sealed the remaining pores of the dual layer structure. The triple layer 

coating after 72 h immersion in shown in Plate 6.7. The surface shows some signs 

physical degradation, however the porous structure visible in Plate 6.6 is still present. 

Small amounts of polymer thinning have made visible the distinct underlying CaP 

structure, but the grains themselves remain unexposed. This suggests that the loss in 

resistance is due to bulk erosion of the polymer, as expected. 
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Figure 6.16  EIS plots over a 72 h immersion period in SBF for the triple layer hybrid coatings. 

 

 

Figure 6.17 RP vs. Time for bare Mg, PEO, PEO/CaP dual layer, and triple layer hybrid coatings 
over a 72 h immersion period in SBF (=2). 
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Plate 6.7 SEM images of the triple layer hybrid coatings following 72 h immersion in SBF. 

Since the precipitation/dissolution process of the CaP layer is so dependent on pH, a 

final layer that alters the pH can be used to tailor the overall resistance. In this case, a 

porous polymer layer (PLLA) was added over the previous hybrid layer. The PLLA 

layer has a much higher degradation resistance than typical bioceramic materials, and 

releases acidic degradation products. However, the high porosity allows for rapid 

permeation, allowing the electrolyte to come into contact with the underlying ceramic 

layer. Further, since the primary form of degradation is bulk, rather than surface 

degradation (Nair and Laurencin, 2007), there will be a pH drop throughout the 

polymer layer. This pH drop close the CaP layer increases the solubility of calcium and 

phosphate ions, increasing the rate of CaP dissolution (Chow, 2009). This effect is 

compounded over time since the lactic acid is produced more rapidly than it is removed 

from the surface, and the overall degradation resistance will decrease more rapidly than 

that of the dual layer coating alone. While this effect may seem to be detrimental, it 
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may allow researchers to specifically tailor the over degradation rate of the material by 

varying certain coating properties such as polymer thickness and porosity, as well as 

PLLA/CaP ratios. 

6.4 Conclusions 

This work produced three different coatings on Mg-based substrates: a single layer 

CaP, a dual layer PEO/CaP, and a triple layer PEO/CaP/PLLA. The single layer CaP 

coating was electrochemically deposited on an Mg-Ca substrate using a pulse potential 

waveform. EIS testing showed an initial improvement in the RP from ~400 Ω.cm2 to 

~6500 Ω.cm2, approximately 15 times higher. Following 72 h immersion in SBF, the 

RP of the bare Mg-Ca increased to ~700 Ω.cm2 due to partial passive effects, but the RP 

of the CaP coating reduced to ~1200 Ω.cm2, only ~70 % higher than that of the bare 

alloy. This rapid drop can be attributed to permeation of the electrolyte through the 

coating rather than coating breakdown, since CaPs have a significantly lower 

dissolution rate than Mg alloys. This is confirmed by open circuit potential 

measurements, which showed a relatively constant ~100 mV difference between the 

coated and uncoated samples across the entire immersion period, suggesting that the 

surface of the coating is largely unchanged. 

The performance of the coatings was also found to depend on the cathodic activity of 

the Mg substrate during the electrochemical formation of the CaP coating. SEM 

analysis showed that the CaP coating on a relatively lower degradation resistant alloy, 

Mg-Ca, was less densely packed as compared to that on AZ91 alloy, and the coated 

Mg-Ca exhibited an RP of ~85 % lower than that of the coated AZ91 alloy. This can be 

attributed to the higher cathodic charge density, which is due to the hydrogen evolution, 

during the coating process on Mg-Ca alloy as compared to that of the AZ91 alloy. 

To reduce the porosity of the single layer CaP, a dual layer coating was produced, with 

a PEO coating acting as a scaffold for an electrochemically deposited CaP coating. This 

dual layer coating showed a much higher degradation resistance than either layer did 

separately. The single PEO layer improved the RP of the pure Mg by an order of 

magnitude, and the addition of the second CaP layer added another order of magnitude 

improvement. This was attributed to the pores of the PEO acting as nucleation sites for 
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the CaP, allowing for a tight packing of the CaP particles, and thereby reducing the rate 

of electrolyte penetration through the coating. 

A third, PLLA layer was then added to further improve the degradation resistance of 

the coating. The PLLA layer was able to improve the RP by three orders of magnitude 

for low immersion times when compared to pure Mg. However, from ~60-72 h 

immersion, the triple layer coating displayed an average RP lower than that of the dual 

layer. While the polymer did appear to have an effect in regards to sealing the pores of 

the underlying ceramic, due to the highly porous nature of the PLLA layer, which 

allowed the electrolyte to penetrate through over time. The subsequent bulk erosion of 

the PLLA released acidic products that damaged the CaP/PEO layer, hence slightly 

reducing the overall degradation resistance. 
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Chapter. 7 Conclusions and Recommendations 

7.1 Outcomes 

7.1.1 Influence of surface roughness 

Surface roughness was found to play a critical role in the corrosion behaviour of AZ91 

Mg alloy in chloride-containing environment by influencing the initiation of pitting 

attack. The electrochemical experiments showed that an increase in the surface 

roughness of the alloy affects the passivation tendency and consequently increases the 

pitting susceptibility of the alloy.  However, when the passivity of the alloy is disturbed 

then the influence of surface roughness on the pitting degradation susceptibly becomes 

less significant. Although the surface roughness of AZ91 Mg alloy did not show any 

significant effect on its general degradation resistance under long-term exposure in 

SBF, it played a critical role on the localised degradation behaviour of the alloy.  A 

rougher surface reduced the incubation time for pitting degradation of the alloy. 

Moreover, the severity of the localised degradation of the alloy was also high in the 

rough surface alloy as compared to the smooth surface alloy. 

7.1.2 Influence of the microgalvanic effect 

Since pure magnesium is always anodic to its secondary precipitates, microgalvanic 

effects are known to influence the degradation behaviour of Mg alloys, potentially 

resulting in semi-stable secondary phases. This work found that while microgalvanic 

effects will accelerate dissolution of the α matrix, the β precipitates will degrade 

acceptably rapidly once these effects are removed. Galvanic coupling of β-phase 

(Mg17Al12) with pure Mg in SBF resulted in the formation of carbonated calcium 

phosphate on the β-phase. While the calcium phosphate layer initially increased the 

degradation resistance of the β-phase, the layer rapidly degraded once the galvanic 

coupling was removed. Within 48 h immersion in SBF, the degradation resistance of 

the β-phase began to approach that of pure Mg. The results suggest that under long-

term immersion period in SBF, the degradation resistance of the β-phase will decrease 

and eventually the β-phase will dissolve in body fluid as the micro-galvanic effects are 

reduced due to complete dissolution of the Mg matrix around the β-phase. 
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7.1.3 Degradation behavior of single layer CaP coatings 

A CaP coating was electrochemically deposited on an Mg-Ca substrate using a pulse 

potential waveform. EIS testing showed an initial improvement of approximately 15 

times in the RP. Following 72 h immersion in SBF, the RP of the CaP coating reduced 

to ~1200 Ω.cm2, only ~70 % higher than that of the bare alloy. This decrease can be 

attributed to penetration of the electrolyte through the porous structure. This is 

confirmed by open circuit potential measurements, which showed a relatively constant 

~100 mV difference between the coated and uncoated samples across the entire 

immersion period, suggesting that the surface of the coating is largely unchanged. 

7.1.4 Influence of the cathodic activity of Mg alloys on the electrochemical 

deposition of calcium phosphate 

The cathodic activity of Mg alloys was found to play a critical role on the 

electrochemical formation of CaP coatings. The CaP coating on a relatively lower 

degradation resistant alloy, Mg-Ca, was less densely packed as compared to that on 

AZ91 alloy. As a result, the coated Mg-Ca exhibited an RP of ~85 % lower than that of 

the coated AZ91 alloy. This can be attributed to the higher cathodic charge density, 

which is due to the hydrogen evolution, during the coating process on Mg-Ca alloy as 

compared to that of the AZ91 alloy.  

7.1.5 Degradation behaviour of multilayer coatings on Mg 

This study also investigated the in vitro degradation performance of dual and triple 

layer hybrid coatings on Mg in order to reduce the porosity of the single layer CaP and 

improve the overall performance. A dual layer coating was produced, with a PEO 

coating acting as a scaffold for an electrochemically deposited CaP coating. The single 

PEO layer improved the RP of the pure Mg by an order of magnitude, and the addition 

of the second CaP layer added another order of magnitude improvement. This was 

attributed to the pores of the PEO acting as nucleation sites for the CaP, allowing for a 

tight packing of the CaP particles, and thereby reducing the rate of electrolyte 

penetration through the coating. 

Potentiodynamic polarisation of the triple layer coating showed a ~40 % decrease in the 

corrosion current compared to a previously examined dual layer coating, and a ~99 % 
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reduction compared to pure Mg. EIS revealed that the RP was significantly higher for 

low immersion times, due to the high surface resistance of the polymeric layer. During 

the immersion period, the electrolyte was able to penetrate the highly porous polymer 

layer, allowing for the bulk erosion to take place. The subsequent release of the acidic 

products accelerated the dissolution of the underlying CaP layer. This resulted in the 

triple layer coating having a lower RP than the dual layer coating after 60-72 h 

immersion in SBF. 

7.2 Recommendations for Future Work 

This work has provided a platform for the development of a novel multilayer coating 

for the improvement of an Mg substrate for use as a biodegradable biomaterial. 

However, there is more work required. The following are avenues for future research 

required in order to achieve this. 

(1) Optimisation of coating parameters, in particular the polymer layer. The triple 

layer showed that the PLLA layer can be utilised to modify the long-term 

degradation behaviour of the dual ceramic layer. Optimisation of polymer 

parameters such as composition, molecular weight and porosity require further 

investigation. 

(2) Post-degradation mechanical testing. This work focussed completely on the 

electrochemical degradation behaviour without consideration to the mechanical 

integrity of the implants. Since Mg is particularly susceptible to localised 

degradation, it is imperative that this work be coupled with an evaluation of the 

mechanical integrity of the material over longer immersion times. 

(3) Biocompatibility and cytocompatibility testing and in vivo experimentation. 

Biocompatibility was outside the scope of this work, but it is a vital step in 

producing novel biomaterials. 
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