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Abstract 
 

Biomaterials used for implants may be metallic, ceramic, polymeric or 

composite. Currently, metals that are gradually broken down in the body 

have been attracting much attention, as a new generation of biodegradable 

implants. Magnesium (Mg) and related alloys are promising candidates for 

degradable biomaterials, comprising temporary mechanical properties with 

biological acceptance to the human body. However, the target periods set 

clinically, with respect to the practical uses of Mg for biodegradable stents, 

have yet to be achieved. Hence, improved understanding of the corrosion 

behaviour of Mg in the biological environment is needed.  

Novel Mg narrow walled minitubes, for degradable stent applications, have 

been produced using radio frequency magnetron sputtering (RF-MS) physical 

vapour deposition (PVD). The microstructural development of the as-

deposited minitubes have been investigated, as a function of annealing 

temperature, using the combined complementary analytical techniques of 

scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy 

(EDS), X-ray diffractometry (XRD) and microhardness indentation. The as-

deposited minitubes exhibited columnar grain structures with high levels of 

porosity, but were very brittle. Slight alteration to the crystal structure, from 

columnar to more isotropic grain growth, was demonstrated at elevated 

temperature, along with increasing material densification, hardness and 

corrosion resistance. It is suggested that stabilisation of the columnar grains 

and the formation of oxide layers during the sequential Mg-layer deposition 

process, acted as a barrier, preventing the development of a fully dense, 

equiaxed structures.        

The onset and development of Mg corrosion may be addressed by the use of 

coatings or near surface modification processes. Accordingly, the corrosion 

resistance of ~ 1-2 µm thick Al coatings, deposited by RF-MS on polished Mg 

surfaces, within Ar and Ar/H2 environments, were appraised. The coatings 

were heat-treated at 300°C and 450°C, with the aim of inducing the 

formation of bioinert Al2O3, and samples were corroded within phosphate 

buffered saline (PBS) solution at 37°C to mimic the biological environment. 

Both as-deposited and heat-treated coatings were found to delay the onset of 

corrosion, but showed higher initial corrosion rates, once established, as 

compared to the polished Mg surfaces. Slight improvement in coating 
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performance was achieved through the addition of H2 to the system, which 

acted to inhibit Al-Mg alloying and enhance Al2O3 formation. However, 

localized accelerated corrosion associated with substrate polishing damage 

emphasised the need for improved process control and coating uniformity. Si-

H coatings deposited on Mg surfaces within Ar/H2 ambient using a PVD 

technique was also investigated. The as-deposited coatings comprised dense, 

crack-free amorphous a-Si-H layers with thickness of ~ 1 m. Fourier 

transform infrared spectroscopy (FTIR) and X-ray photoelectron spectroscopy 

(XPS) analyses provided evidence for the presence of SiH2 as well as SiOx. 

The corrosion resistance of a-Si-H coated Mg increased significantly in contact 

with PBS, in both electrical and immersion tests, due to improved coverage of 

the substrate.  

The effect of rapid thermal processing techniques on the corrosion resistance 

of Mg surfaces was also investigated. Mg surfaces treated by large area 

electron beam (LAEB) irradiation showed refinement of the surface grain 

structure, with increased grain boundary delineation, although localised 

ablation, roughness and crater formation increased with increasing cathode 

voltage and number of pulses. The corrosion potential and corrosion rate of 

LAEB modified surfaces generally increased with increase the energy imparted 

to the surface. The extended corrosion performance of low energy EB 

processed surfaces, under immersion testing was consistent with the trend of 

improved corrosion resistance during the early stages of immersion in PBS. 

However, surfaces over-processed at high energies experienced higher 

corrosion rates in both potentiodynamic and immersion testing, due to the 

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

Further, Mg surfaces, modified by laser surface melting (LSM) under 

conditions of low energy laser irradiation, experienced rapid melting, causing 

surface smoothening and grain refinement centred along the laser beam 

tracks, whilst coarser grains decorated the overlapping regions, due to the 

Gaussian shape of the laser beam profile. More uniform surface processing 

was achieved by increasing the laser beam spot size, which acted to improve 

the corrosion resistance of Mg. Under high energy LSM processing conditions, 

Mg surfaces showed conventional laser melting rippled patterns, along with 

craters and cracks, and the redeposition of MgO particles, causing an increase 

in surface roughness and corrosion rate. The corrosion performance under 

immersion testing showed the corrosion rate similar to that of the original 

polished Mg samples, due to non-uniform surface modification and the mixed 
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development of fine and coarser grains.  However, observation revealed that 

refined grain regions along the centre of the laser tracks were able to resist 

corrosion for longer times.         

Generally, annealed Mg-minitubes produced by PVD, and the near surface 

modification of Mg by EB and LSM, showed that fine grained Mg can affect the 

electrochemical response of Mg within the physiological environment, due to 

the rapid, enhanced development of the passivation layer, promoted by 

improvements in surface homogeneity and an increase in grain boundary 

density. 
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1 CHAPTER 1 Introduction  

Biomaterials are natural or synthetic materials, used to make structures or 

implants to replace damaged or diseased biological structures, or support the 

body to fully repair. For materials to help improve the quality of life and 

longevity of people, they must be biocompatible [1]. Biocompatibility refers to 

the ability of a material to prompt an appropriate host response, to allow the 

body to repair without any deleterious changes to the material or body [2]. A 

few examples of biomaterial applications are intravenous, urinary or gastric 

catheters; heart-valves, stents and vascular grafts; orthopaedic devices such 

as joint replacement components, pins, screws, plates, rods, tacks, suture 

anchors and fixators; dental and ophthalmic implants; tissue adhesives; 

wound dressings; and suture materials [3]. Initially, readily available 

materials were used, but today biomaterials science is becoming more 

sophisticated and filled with endless possibilities for construct design, across a 

variety of biomedical applications. 

Biomaterials as used for implants can be metallic, ceramic, polymeric 

or composite [4]. Metals such as stainless steel, cobalt-chromium alloys and 

titanium alloys, for example, have received much attention due to their 

biocompatibility combined with their excellent mechanical properties such as 

strength, hardness, stiffness, toughness, ductility, wear resistance and 

corrosion resistance [4] [5]. Such properties make these materials suitable 

for orthopaedic load bearing implants, fixation devices and dental and 

cardiovascular applications. 

There is current interest in developing advanced biomaterials 

comprising temporary mechanical properties with biological acceptance to the 

human body, for coronary stent applications. The selection requirements for a 

metallic stent, a small tubular mesh placed and expanded inside a blocked 
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blood vessel, should be benchmarked against the mechanical properties of 

stainless steel, which is the preferred standard for clinicians. Furthermore, 

when considering mechanical properties as a function of degradation time, 

the stent properties should not be compromised by the corrosion process until 

physiological arterial remodelling has been completed (~ 6-12 months) [4]. 

Additionally, the corrosion processes that stent materials experience should 

not have a negative effect on patient physiology and health. For instance, the 

corrosion products must not generate toxic, carcinogenic or mutagenic 

effects; they must not block vessels somewhere in the vascular bed, nor 

generate particles with geometries larger than a few microns; they must be 

safe to be adsorbed by blood and cells, and should be eliminated by 

conventional physiological mechanisms. 

Biodegradable metals have been investigated during the last decade, 

as an alternative to currently used permanent metallic implants [6] and more 

bulky degradable polymeric stents [4]. Polymeric stents in particular suffer 

from non-linear degradation, autocatalytic effects resulting in acid burst [7] 

and subsequent high inflammatory response, and more importantly require 

larger wall thicknesses due to their inferior mechanical properties compared 

to metals [8] [9] [10]. Recently, particular attention has been paid to 

biodegradable magnesium (Mg) alloys, which provide the potential for patient 

recovery without the need for secondary surgery to remove the implant [11]. 

The first use of Mg was reported in 1878, in stopping bleeding vessels [12], 

but it has rarely been used clinically due to its high corrosion rate. However, 

the ability of Mg-alloys to degrade safely within a biological environment may 

allow for the development of temporary intravascular stents, e.g. for use 

within growing babies [13-16]. In addition, the degradation products of Mg 

may be involved in various biological processes, such as enzyme co-factors, 

without toxic effects [5] [17].   
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Although there has been much promise in this area, the target periods 

set clinically and scientifically for Mg and Mg-alloy biodegradation have yet to 

be achieved, with a target corrosion rate of 0.02 mm/year [18]. Mg has a 

tendency to degrade quickly in the range of 2.7 mm/year within a 

physiological environment, before vessel remodelling and the healing process 

are complete [19] [20]. In practice, the corrosion of Mg / Mg-alloys is both 

rapid and non-homogeneous, due to localised attack [21], with galvanic 

corrosion taking place wherever there are impurities or secondary phases. 

Further, the high rate of corrosion of Mg results in the formation of hydrogen 

gas bubbles within ~ 1 week, which disappear after ~ 2-3 weeks [22], being 

associated with a local change in pH and a possible decrease in 

biocompatibility [21].  

Mg-alloys, e.g. AE21 (2% Al and 1% rear earth elements Ce, Pr and 

Nd) and WE43 (0.4% Zr, ~ 4% Y and ~ 3% rare earth elements) have been 

studied, with a view towards the development of biodegradable stents [23] 

[24]. However, the main problems related to Mg-alloys were revealed, in the 

form of rapid galvanic corrosion, both in vitro and in vivo, leading to 

premature failure of the stents before the arterial healing process was 

functionally complete. The complexities of the associated degradation 

mechanisms for such metallic biomaterials in the physiological environment 

are not well understood. Hence, the purpose of this thesis, to conduct a 

detailed investigation and gain improved understanding of the corrosion 

behaviour of pure Mg within biological media, as current candidate Mg-alloys 

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

Metallic stents may be produced using various micro- and nano-scale 

processing techniques, including minitube casting, powder metallurgy and 

electroforming, in order to achieve the desired stent dimensions [4]. In 

particular, the technique of physical vapour deposition (PVD) provides for 
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effective control over the diameter and wall thickness of fine-scale Mg stents. 

However, the grain structures produced by PVD need to be refined before 

being brought into contact with physiological solution. In this context, an 

initial feasibility study to produce a novel Mg stent, fabricated by radio 

frequency magnetron sputtering (RF-MS) is reported on in Chapter 4, along 

with an appraisal of the effects of post deposition thermal treatments. The 

findings of this work pointed towards a need for improved understanding of 

the surface processing of Mg, in order to delay the onset of corrosion and 

provide for improved control of the corrosion rate. This led to a comparison of 

surface coating and near surface modification strategies for the processing of 

Mg. For example, an investigation of Al-O and Si-H based coatings, developed 

using PVD and thermal annealing procedures on Mg, and their corrosion 

properties in phosphate buffered saline (PBS), is reported on in Chapter 5. An 

alternative strategy to refine the near surface structure of Mg using the rapid 

solidification techniques of electron beam and laser surface melting is 

reported on in Chapter 6. In particular, a detailed investigation of the 

enhanced passivation and corrosion performances of these processed Mg 

surfaces is presented.  

Throughout this investigation, the examination of material 

microstructure was performed using the combined complementary 

characterisation techniques of scanning electron microscopy (SEM), energy 

dispersive X-ray spectroscopy (EDS), X-ray diffractometry (XRD), X-ray 

photoelectron spectroscopy (XPS), Fourier transform infrared (FTIR) 

spectroscopy and microhardness testing, with corrosion performance 

appraised by potentiodynamic polarisation and immersion corrosion testing. 

Accordingly, this thesis is organized into eight chapters. Chapter 1 

provides an introduction to the technical requirements for biodegradable Mg 

stent development and outlines the organisation and structured development 
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of the thesis. Chapter 2 presents a literature review and the research context 

for the development of stents, including a review of current materials used, 

degradable metals, Mg structure, corrosion mechanisms, types of corrosion, 

measurement procedures, factors affecting the corrosion of Mg and strategies 

for the protection of Mg. Chapter 3 describes the techniques used to 

manufacture Mg minitubes, the conditions for the deposition of PVD coatings 

and the near surface modification of Mg, as well as outlining the basis of the 

characterisation and corrosion testing techniques employed. Chapter 4 

presents a feasibility study of the PVD fabrication of pure Mg minitubes and 

the effect of thermal treatments on their structured development, and their 

mechanical and corrosion properties. Chapter 5 describes an investigation of 

the development of Al-O and Si-H based coatings, as protective barrier layers 

on Mg surfaces, and their corrosion performance within PBS solution. Chapter 

6 reports on the use of electron beam and laser surface melting procedures to 

refine the Mg near surface, in order to appraise the effects of microstructure 

and homogeneity on corrosion performance. Chapter 7 presents an overview 

discussion of the corrosion behaviour of Mg, as a function of the developed 

microstructures and processing strategies applied. Chapter 8 provides the 

general conclusions of this thesis and outlines some opportunities for future 

developments in this field of study.                                               
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2. CHAPTER 2 Literature review  

2.1 Introduction  

Degradable metallic stents have attracted research attention because they 

can perform their required mechanical function over a specific period of time 

and then dissolve gradually by corrosion, as healing progresses [26]. 

Magnesium (Mg) / Mg-alloys is a promising materials system for stent 

applications due to its biocompatibility. The main issue with Mg is its relatively 

low corrosion resistance when in contact with the biological environment. 

Hence, improved control over the corrosion rate of Mg is needed, in order to 

extend the time period for dissolution and to achieve optimal temporary 

mechanical function.  

This Chapter presents a review of established literature, relevant to the main 

themes of this thesis. The context is the development of biodegradable 

stents, candidate materials and their methods of manufacture, and the 

potential of Mg and Mg-alloys. Emphasis is given to the corrosion of pure Mg 

in the biological environment, including types of corrosion, methods of 

measurement and the factors affecting corrosion behaviour. Various 

strategies for protecting Mg are examined. The surface coating of Mg with a 

protective oxide layer, by physical vapour deposition (PVD), is a promising 

technique. The near surface modification of Mg using electron beam and laser 

surface melting, for grain refinement and homogenisation, is an alternative 

strategy which can affect the corrosion properties of Mg. Alloying of Mg with 

various elements, as another route towards corrosion protection, is also 

reviewed briefly. Although the literature review will consider a range of Mg-

alloys being used in biomedical application, this thesis will be focussed mainly 

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

2.2.1 Stents – application & environment 

The implant market is increasing, with more than one million stents implanted 

in human arteries each year [27]; of which, 80% cardiovascular 

interventional surgeries are coronary stents [28]. Stents are used widely to 

treat severe coronary artery disease by restoring blood flow [29]. Generally, 

stents are permanent implants placed and expanded inside an artery to 

provide mechanical support and keep the lumen of arterial vessel open [16], 

(Figure ‎2-1). Stents are categorised into two major groups; i.e. balloon 

expandable and self-expandable [30]. Balloon expandable stents are 

fabricated, traditionally, from a mesh of narrow diameter stainless steel tubes 

or wires mounted on an angioplasty balloon and then deformed plastically to 

their final diameter, once located within the artery, by inflation of the balloon  

[30] (Figure ‎2-2(a)). Sigwart et al. [31] introduced a self-expanding coronary 

stent, made from stainless steel, for scaffolding blood vessels after balloon 

angioplasty. Such self-expandable stents comprise a small diameter tube or 

wire mesh made from stainless steel, Nitinol (Ni-Ti alloy) or Tantalum (Ta), 

manufactured in expanded shape and then compressed into a small diameter, 

delivery catheter, and then positioned and expanded at the required site 

(Figure ‎2-2(b)) [30]. Vascular stents may also be used in peripheral vascular 

sites, e.g. lower limb, renal, carotid and neurovascular, as well as in coronary 

vessels [30].   
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 Figure ‎2-1 Stent procedure inside a coronary artery [32]. 

 

Such stent implants remain within the blood vessel for the rest of the 

patient’s life [33]. However, this is largely unnecessary, since the healing 

process for a blocked artery takes ~ 6 - 12 months [34], and the presence of 

a stent for a long time period could interfere with artery remodelling and 

provoke in-stent restenosis, a re-occurrence of a narrowing of the blood 

vessel in the presence of the stent due to cell proliferation at locally injured 

tissue [35] and later stent thrombosis [15]. In addition, metal stents based 

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

considered to be carcinogenic [36].  

 

 

Figure ‎2-2 (a) Balloon expandable stainless steel stent (ParaMount Stent) [37]; (b) 

Self-expanding Nitinol stent (Zeus SX stent) [38]. 

 

a b 

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

Current stents made from corrosion resistance metals such as stainless steel 

(316L SS), Nitinol and cobalt-chromium (Co–Cr) alloys [16] are typically 

fabricated from a narrowed walled, small diameter tube and laser cut into the 

desired pattern, followed by annealing, electrolytic polishing, cleaning and 

rinsing [39]. 316L SS is the most commonly used metal for stents providing 

for good mechanical properties and high corrosion resistance, and hence 

regarded as a standard reference material against the development of new 

materials for stents [9]. Nevertheless, the use of 316L SS for stents is limited 

due to its ferromagnetic nature, being non-compatible with magnetic 

resonance imaging (MRI), as well as exhibiting low biocompatibility and being 

associated with possible allergic reactions [9].  

The shape-memory alloy Nitinol may be used as a self-expanding stent 

because of its shape memory effect, transforming from martensite at room 

temperature to austenite at body temperature which drives the expansion 

process inside the arteries [40]. However, the use of Ni-Ti shape memory 

alloys is restricted because of the considerable amount of Ni content, hence 

the alternative shape memory alloy Ti-Nb-Sn now under development for 

implants [41]. Co-Cr alloys have attracted the stent industrial sector due to 

their high elastic modulus and strength, making it possible to produce stents 

with ultra-thin struts [9]. However, Co-Cr alloys are also limited due to the 

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

2.2.2.1 Biodegradable materials for stents 

Implants have been fabricated typically from bioinert metals such as stainless 

steel or Ni-Ti alloy. However, their clinical need is only for a maximum of six 

months, to allow the healing process to occur [42]. In order to remove the 

implant, second surgery is required, which puts the patient at risk along with 

additional cost. The alternative is to leave the implant for the rest of patient’s 
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life, but this carries a risk of adverse effects such as allergic reaction to the 

metal [42]. The development of an effective bio-absorbable implant can 

overcome these problems, providing potentially a temporary opening for the 

artery during the first stage of healing followed by remodelling as the stent 

safely degrades. Degradable stents can also be replaced and another inserted 

in the same place if the initial treatment is un-successful [43]. Hence, 

degradable implants can potentially reduce healthcare costs and clinical 

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

Biodegradable polymeric stents are also becoming established in clinical 

applications, as a solution for long-term complications. The first materials 

used for degradable stents utilised polymers, e.g. from the highly bio-

compatible Poly-L-Lactic acid (PLLA) [33], glycolic and caprolactone families 

[45] [46] [47]. However, polymeric stents face difficulties in reproducing the 

mechanical properties of stainless steel, and hence metallic stents are gaining 

more attention [48]. Bio-degradable metals such as Mg-based and Fe-based 

alloys exhibit mechanical properties similar to that of 316L SS [16]. The first 

degradable iron stents (Fe  99.5%; Armco iron), implanted in the descending 

aorta of New Zealand white rabbits, maintained their mechanical properties 

without failure [49]. However, pre-clinical studies showed that the Fe-stents 

did not corrode completely during the test time, and hence acceleration of the 

degradation rate of Fe-based stents is required [49]. The ferromagnetic 

nature of Fe would interfere with MRI observations, making it necessary to 

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

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

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

Remarks 

Metallic stents Polymers stents 

Non-degradable 
(SS, Co-Cr, Nitinol) 

Degradable 
(Fe-, Mg-alloy) 

Degradable 

Manufacturing 
process 

Laser cutting; wire 
technologies 

Laser cutting 
Casting; injection 

moulding 

Main 
advantages 

Verified biocompatibility; 
radiopacity; high radial force 
(SS, CoCr); superelasticity 

Degradability; no 
inflammatory 

effects 

Degradability; drug 
release 

Main dis- 
advantages Fatigue issues; no potential 

as drug carrier 

Low radiopacity 
(visualisation); 

degradation 
uncontrolled 

Recoil; local 
inflammation; poor 
visualisation; poor 

mechanical properties 

Mechanical 
performance 

high moderate low 

Clinical 
experience 

+++ + + 

Current 
market 

+++ n/a n/a 

Price trend SS , Co-Cr   , Nitinol  Mg  None on the market 

Expected 
growth rate 

+ ++ ++ 

Need for 
further 

research 

   

 

2.2.2.2 Magnesium alloys for degradable metallic stents 

Mg is a promising candidate for biodegradable implants with significant 

advantages of high strength to weight ratio, and visualisation via 

intravascular ultrasound and MRI techniques [51]. Recently, in vivo and in 

vitro studies showed implants based on Mg to have good biocompatibility [52] 

[53]. The Mg2+ cation represents the fourth most abundant cation stored in 

the human body, being involved in many enzymatic reactions as well as the 

transmission of nerve signals [54] [55]. The adult body contains ~ 21-28 g of 

Mg, with bone accounting for more than half of this concentration, while only 

1% (85-121 mg/L) is present in blood and serum [56] . Mg ion regulation 

occurs naturally, being eliminated from the human body by the kidneys and 

through urine to maintain its concentration in an acceptable range [44]. The 

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

antibacterial properties [57].  
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The development of Mg and alloys as biodegradable stents addresses the 

current disadvantages of traditional metallic and polymeric implants, such as 

restenosis and late thrombosis (Figure ‎2-3). The first application of Mg as an 

implant material was reported in 1878, when Huse used Mg wire to stop 

vessels bleeding [12]. In more recent years, Heublein et al. [58] [23] 

investigated the use of AE21 alloy for stents in the coronary arteries of 

domestic pigs and found that the stents showed positive remodelling, but fast 

degradation rates. The results of these experiments led to a new generation 

of Mg-alloy stents (Biotronik-Germany) [4] and it is anticipated that these will 

be able to scaffold the arterial wall until the healing process has completed, 

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

 
Figure ‎2-3 Comparison of Mg-alloy (WE43, left) and stainless steel (316L SS, 

right) stents in a normal porcine coronary artery showing partial restenosis in 
the 316L SS stent [59]. 

 

However, Mg has an inherent low corrosion resistance, especially in the 

presence of aggressive e.g. Cl- ions, which affects its mechanical properties 

and limits its applicability as an implant [4]. The corrosion rate considered 

acceptable for a degradable implant application is 0.02 mm/year [18]. The 

main challenge with Mg is its rapid degradation which results in a local 

increase in OH- and H2, leading to an increase in pH which may be deleterious 

to cells [44], raising the possibility of inflammation around the implant and 

leading to a loosening between the implant and surrounding tissue [60]. Fast 

degradation leads to a decrease in mechanical properties, especially the 

1 mm 1 mm 
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strength of Mg, risking stent failure before the tissue has fully healed or 

recovered. It is thought that Mg can remain in the body and maintain 

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

 

2.2.2.3 Commercial Mg-alloy stents 

 

In the field of cardiovascular devices, significant progress has been made with 

the development of degradable Mg stents, to the stage of pre-clinical and 

clinical trials [61]. Early pre-clinical work reported on a stent made from AE21 

Mg-alloy, containing 2% Al and 1% RE, implanted in pig coronary artery [23], 

with the stent losing mechanical integrity due to fast degradation. Further, 

Waksman et al. [24] reported on the safety and efficiency of WE43 Mg-alloy 

(Lekton Magic) stents containing Zr, Y and RE metals (Figure ‎2-4 (a,b)), as 

compared with stainless steel (Lekton Motion) stents, for 3 months, finding 

that Mg-alloy stented vessels were positively remodelled, with no sigh of 

thrombosis and inflammation, as compared to stainless steels stents 

segments.  

 
Figure ‎2-4 Photo-micrographs showing an Mg-alloy stent (a) unexpanded; and 

(b) expanded in a coronary artery [24]  

 

Indeed, clinical studies utilizing WE43 Mg-alloy (Lekton Magic-Biotronik) 

stents containing 5%Y, 5%Zr and 5% RE on human peripherals [59]; AE21 

alloy (Biotronik) stents in males coronary arteries [62]; and Mg-alloy (93% 

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

a b 

1 mm 
1 mm 
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improved corrosion resistance and degradation over four months compared to 

the two months degradation in initial animal studies [62]. However, even 

though these studies showed promising developments for the safe 

degradation of stents in humans, the corrosion rates were still faster than the 

desired clinical values [61]. Table ‎2-2 summaries the mechanical properties, 

degradation rates and grain sizes of various Mg-alloy biodegradable stents, 

with the properties of 316 SS presented for comparison [4]. It should note 

that whilst Mg has limited ductility compared with SS, ductility can be 

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

hot extrusion [16]. 

 

Table ‎2-2 Mechanical properties, electrochemical degradation rates and grain 

sizes of different Mg-alloy biodegradable stents  [16] [4] [65]. 

Material Yield 
strength 

/ MPa 

Tensile 
strength 

/ MPa 

Elongation 
/ % 

Degradation 
rate / 

mm/year 

Average 
grain size 

 /m 

316L SS 
annealed 

190 490 40 - 12-30 

Pure Mg: 
as-cast 

20 86 13 6.02  - 

WE43: 
extruded 

195 280 2 1.35 10 

AM60B-F: 
die cast 

- 220 6–8 8.97 25 

ZW21: 

extruded 

200 270 17 - 4 

WZ21: 
extruded 

140 250 20 - 7 

 

In order to address the issue of fast corrosion rates, coatings of degradable 

polymers, such as PLLA for drug eluting stents (DES), have been investigated, 

with drugs, such as antagonists of restenosis, being released into surrounding 

tissue during the degradation process to help overcome the problem of stent 

thrombosis [4].  However, polymer coatings can experience rupture, due to 

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

bloodstream.    
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2.2.3  Stent manufacturing methods 

 
The general manufacturing process for a metallic cardiovascular stent is 

summarised in Figure ‎2-5. The first step of the process is the production of a 

metallic ingot through casting [4]. The melting process is performed under 

vacuum conditions to prevent oxidation and remove dissolved gas to avoid 

porosity [66]. The ingot is either directly cast into shape, or subsequently 

formed by forging, rolling or extrusion at high temperature [4], with hot 

working processes followed by cold working and heat treatment being used to 

achieve the desired shape, and physical and mechanical properties [67]. 

Next, the formation of a minitube can be achieved through weld-redrawing or 

seamless processes [4]. After achieving the final minitube shape, laser cutting 

is used to pattern the minitube to the final stent design. Annealing processes 

are then used to relieve the residual stresses generated during drawing and 

laser cutting, and to improve the mechanical properties [68]. The stent then 

undergoes acid pickling to remove burrs and debris [4]. The stent is then 

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

There is particular demand to obtain stents with the smallest possible size, to 

allow access to very narrow vessels in growing children and to minimize the 

contact area between stent and vessel wall [69]. Hence, new processes for 

the fabrication of biodegradable metallic stents are being investigated, such 

as powder metallurgy (PM) which involves powder metal compaction and heat 

treatment to densify the material, e.g. as used to produce Nitinol stents [4]. 

However, high oxygen content and porosity are the main limitations of PM. 

Alternative manufacturing methods include electroforming, photoetching and 

micro-electro-discharge machining, which have been used to fabricate metal 

foils from which stents have then been produced [69].     
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Figure ‎2-5 Conventional fabrication process for a cardiovascular stent [4] 

 

 
 

 

 
 

 
 

 
 

 
 

 
 

Based on the interests of Mg stent development, the structure and properties 

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

  

2.3 Introduction to Magnesium and Mg-alloys  

2.3.1 Mg-structure and properties  

The term “pure-Mg” refers to highly pure Mg comprising 99.99 wt.% Mg with 

an Fe level less < 40 ppm [13]. There are effectively unlimited supplies of 

Mg, discovered in 1774, being the sixth most abundant element on Earth 

[70]. It is widespread in the form of magnesite (MgCO3) and dolomite 

(MgCO3.CaCO3), as well as in seawater which contains 0.13% Mg [70]. Mg 

has the appearance of  a silvery white metal with a density range between 

1.7–2.0 g/cm3 [55]. The atomic mass and diameter of Mg are 24.30 amu and 

0.32 nm, respectively, and it is able to support a wide range of solute 

elements having ±15% difference in atomic size [70]. Hence, Mg can form 

various alloys with unique properties which can be utilised as lightweight 

materials [70]. Table ‎2-3 summarises the physical and mechanical properties 

of pure Mg. 

 
Casting of metallic ingot 

Thermomechanical 

Minitube drawing 

Laser cutting 

Annealing and acid pickling 

Electropolishing 



Chapter 2 Literature review 

17 
 

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

Properties  Magnesium 

Atomic Symbol Mg 

Element classification Alkaline earth metal 

Atomic number 12 

Atomic weight 24.3050(6) amu 

Atomic volume 14.0 cm3/mol 

Atomic radius 0.160 nm 

Ionic radius 0.072 nm 

Orbital electron states in free atoms 1s 2 , 2s 2 , 2p 6 , 3s 2 

Electrons per shell 2, 8, 2 

Most common valence (oxidation) 2+ 

Physical Density (at 20°C) 1.738 g/cm3 

Melting point 650 ± 1°C 

Boiling point 1090°C 

Linear coefficient of thermal expansion 

at 20 – 100°C 

26.1×10−6 °C−1 

Thermal conductivity (at 20°C) 157.5 W/m °C 

Mechanical Elastic Modulus 41-45  GPa 

Fracture Toughness 15-40  MPa m 1/2 

Compressive Yield Strength 65-100 MPa 

Hardness 40-41 

Ultimate tensile strength  

(annealed sheet) 

160-195 MPa 

 

Mg adopts the hexagonal close packed (hcp) structure; hence, the four-index 

Miller indices system (h k i ℓ) is used to represent atomic planes and 

directions [70], with i, which is equivalent to − (h + k), being a redundant 

index, showing variation symmetries. The Mg lattice parameters at 25°C are 

a=0.32094 nm, c=0.52108 nm and c/a=1.6236; with angles : 90°, : 90° 

and : 120° [70]. Figure ‎2-6 illustrates the crystal structure and the principal 

planes and directions in Mg. Slip in Mg occurs mainly on the basal planes and 

there are two independent slip systems. Due to its hcp structure and high c/a 

ratio, plastic deformation in Mg at ambient temperatures occurs by slipping 

on the basal plane (0001) and {101̅0} in the close-packed direction of <112̅0>; 

and by twinning on the pyramidal {101̅2} planes [72]. At elevated 

temperatures > 250C, the pyramidal {101̅1} slip planes become active [72] 

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

brittleness [72].  



Chapter 2 Literature review 

18 
 

 

2.3.2 Mg-alloys and properties  

A diverse range of solute elements can be added to Mg, in order to improve 

its mechanical and corrosion properties. However, some general observations 

should be made when choosing an alloying elements [74]: i) Mg can form a 

continuous solid solution with hexagonal metals such as Zn, Cd and Zr; ii) Mg 

is electropositive which promotes the formation of compounds with less 

electropositive metals, such as Si; iii) the formation of a solid solution is 

restricted by atomic size factors (±15% difference).  Figure ‎2-7 indicates 

those elements whose size factors favour solid solution formation.  

Currently, binary systems with chemical elements showing considerable 

solubility tend to be used for Mg stents, falling roughly into the following 

categories [74]: Peritectic systems incorporating In, Mn or Zr; eutectic 

systems with solid solubility exceeding ~ 1%, incorporating Ag, Gd, Sn, Al or 

Zn; and eutectic system with solid solubilities up to 1%, incorporating Au, Ce, 

 

 

Figure ‎2-6 Magnesium crystal structure: a) lattice positions; b,c) principle basal, 

pyramidal and prismatic planes; d) principal directions [73]. 
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Ca, Co, Fe or Si. The main beneficial influence of such alloying elements with 

Mg is improved corrosion resistance, through the development of a more 

uniform protective layer combined with the removal or passivation of 

impurities [75].    

 

 

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

 

The code system applied for the designation of Mg-alloys was adopted from 

the American Society for Testing and Materials (ASTM) index. In this system, 

the first two letters indicate the principle alloying elements, with the greatest 

quantity used in front. The following code shows the most common letters 

used in Mg-alloys: A: aluminium; B: bismuth; C: copper; E: rare element; H: 

thorium; K: zirconium; M: manganese; Q: silver; S: silicon; Z: zinc; and  W: 

yttrium [76]. These letters are followed by numbers denoting the weight 

compositions of the alloy components [70]. Table ‎2-4 summaries the 

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

Alloy Al Mn Zn Zr RE Y 

AM60 6 0.15     

AZ31 3 0.2 1    

AZ61 6.5 0.15 1    

AZ91 9 0.13 0.68    

WE54    0.5 3.5 5.25 

ZE63   5.8 0.7 2.6  

ZK21   6 0.8   

ZM21  1.2 2.2    

 

 

The degradation of metals such as Mg in the physiological environment 

depends mainly on the corrosion processes occurring at the metal/solution 

interface, hence the principles of corrosion processes in general, and for Mg in 

particular, are described in the following section.   

2.4 Introduction to Corrosion  

2.4.1 Electrochemical corrosion  

Generally, the corrosion phenomena of metals in metal-fluid media can be 

defined as an electrochemical process that destroys the bulk material, 

starting at the metal surface [11]. For example, the corrosion of metal in 

aqueous media is caused by an unalterable oxidation-reduction reaction [70]. 

In this electrochemical process there are two reactions: Firstly, anodic, in 

which the metal dissolves in the medium, providing ions to the electrolyte, 

expressed as [70]:    

𝑴 →   𝑴𝒏+   +    𝒏𝒆−         Eq ‎2-1 

At the same time, the released electrons from the metal will be consumed by 

other species in the electrolyte, giving rise to a cathodic (reduction) reaction, 

given by the following equation in natural or alkaline solution:   

𝑶𝟐 + 𝟐𝑯𝟐𝑶 + 𝟒𝒆− →  𝟒𝑶𝑯−      Eq ‎2-2 

The corroded surface reaches equilibrium as metal ions enter and leave the 

solution at the same rate, in which case the flow of current is equal in 
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opposite directions and the net current is zero. However, the dissolution of 

metal ions leads the metal surface obtaining a negative charge which attracts 

ions from solution to the surface. This causes a non-homogenous distribution 

of ions at the metal surface, with the formation of an electric double layer 

which is the origin of the potential difference across the metal/solution 

interface [78], and any increase in anodic or cathodic reaction acts to disrupt 

the equilibrium state of this layer, affecting the open circuit potential (OCP), 

allowing passivation/corrosion to proceed [79].        

The tendency of any metal to corrode in aqueous media is given by the 

standard electrode potential Eo, which is a thermodynamic equilibrium 

potential and the more negative the value the stronger the tendency of the 

metal to spontaneous corrosion. Eo is measured relative to a standard 

hydrogen electrode (SHE) which has a potential value of 0 V [70]. Table ‎2-5 

summaries the standard electrode potentials for various metals.      

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

Reaction 
Potential 

/ V 

Noble Au3+ + 3e-  Au 1.42 

 Pt2+ +2e-  Pt 1.20 

 Ag+ + e-  Ag 0.80 

 O2 + 2H2O + 4e-  4OH- 0.40 

 H+ + e-  1/2 H2 0.00 

 2H2O + 2e-  H2+2OH- -0.83 

 Al3+ + 3e-  Al -1.66 

 Mg2+ + 2e-  Mg -2.37 

Active Na+ + e-  Na -2.71 

      

The OCP, also termed the corrosion potential, is a mixed potential from the 

anodic and cathodic reactions [70].  For example, if Mg showed values E  

OCP it would mean that the Mg was not in direct contact with solution due to 

the development of a passivation film. Indeed, OCP values can vary as a 

function of the physical and chemical condition of the metal surface and 

solution [70]. The galvanic series, a list of corrosion potentials with respect to 

a reference saturated calomel (Hg2Cl2) electrode (SCE), allows the relative 
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corrosion resistance of different metals to be compared. The OCP of Mg at 

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

  

2.4.2 Corrosion mechanisms of pure Mg 

Mg-alloys in an aqueous environment degrade through an electrochemical 

reaction with water: with the production of dissolved Mg2+ ions, magnesium 

hydroxide (Mg(OH)2) and hydrogen gas (H2) [55]. The corrosion mechanism 

is insensitive to oxygen concentration [82]. The general chemical formula for 

Mg reaction with water is [25, 82, 83]:  

𝐌𝐠𝐬 + 𝟐𝐇𝟐𝐎(𝐚𝐪) ⇌ 𝐌𝐠 (𝐎𝐇)𝟐 (𝐬) + 𝐇𝟐 (𝐠)      Eq ‎2-3 

 

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

cathodic reactions [25]: 

 

𝐌𝐠(𝐬) ⇌  𝐌𝐠(𝐚𝐪)
𝟐+ + 𝟐𝐞−               (𝒂𝒏𝒐𝒅𝒊𝒄 𝒓𝒆𝒂𝒄𝒕𝒊𝒐𝒏)      Eq ‎2-4 

𝟐𝐇𝟐𝐎 + 𝟐𝐞−  ⇌    𝐇𝟐 (𝐠)  + 𝟐𝐎𝐇(𝐚𝐪)
−      (𝒄𝒂𝒕𝒉𝒐𝒅𝒊𝒄 𝒓𝒆𝒂𝒄𝒕𝒊𝒐𝒏)   Eq ‎2-5 

 

The formation of a surface passivation film occurs through the following 

precipitation reaction [84]:  

𝐌𝐠(𝐚𝐪)
𝟐+ + 𝟐𝐎𝐇(𝐚𝐪)

−  ⇌    𝐌𝐠 (𝐎𝐇)𝟐 (𝐬)          (𝒑𝒓𝒐𝒅𝒖𝒄𝒕 𝒇𝒐𝒓𝒎𝒂𝒕𝒊𝒐𝒏)   Eq ‎2-6 

 

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

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

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

surface in aqueous solution   
 

The formation of hydroxide from the reduction reaction of water is typical for 

implant metals, and the formation of magnesium hydroxide raises the pH to ~ 

11 [82]. However, atomic hydrogen produced at the corroding surface 

combines to form hydrogen molecules which evolve to form H2 bubbles from 

the surface which may account for a proportion of cracking in Mg(OH)2 [85]. 

It is also possible for atomic hydrogen to enter the metal and dissolve in its 

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

2.4.3  Negative difference effect 

The negative difference effect (NDE) was observed for Mg by Petty et al. [86] 

and Song et al. [84] [87]. In most metals, when the applied surface potential 

increases above the corrosion potential (Eappl  Ecorr), as illustrated by 

Figure ‎2-9, the anodic reaction rate increases and should follow the solid line 

Ia until reaching the point IMg,e. Consequently, the cathodic partial reaction 

normally follows the line Ic until the point IH,e indicating a reduction of the 

hydrogen evolution rate. The case of Mg is contrary, with the hydrogen 

evolution reaction rate increasing, following line IH until the point IH,m, as the 

potential of the surface increases. Hence, the anodic and cathodic reactions 

increase with an increase of applied potential, and the difference ∆ for an 

applied galvanostatic current density Iappl (Iappl = IMg,m - IH,m)[88] is given by: 

Mg(OH)2 

OH- 

e- 

e- 

Mg   Mg2++2e- 

Mg2+ 

Mg2++ 2OH-  Mg(OH)2 

Cathode  
Anode  

2H2O+2e-  H2 +2OH-  

Mg 

Mg2+ 
H2O H2 Mg2+ 
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∆ =  𝑰𝟎 − 𝑰𝑯,𝒎        Eq ‎2-7 

 

Where 𝐼0  is the spontaneous hydrogen evolution reaction rate on Mg in the 

electrolyte at the corrosion potential and 𝐼𝐻,𝑚 is the measured hydrogen 

evolution rate for corresponding applied current. 𝐼𝐻,𝑚 is higher than 𝐼𝑠 so the 

difference value for Mg is negative.  

 

 

 

 

 

 

 

 

 

 

 

 

 

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

 

The NDE is based on experimental observations of the anodic dissolution of 

Mg, for which: i) the anodic dissolution of Mg, line IMg, produced by the 

applied anodic current is higher than that predicted electrochemically, 

following line Ia, and the measured weight loss, IMg,m is higher than that 

predicted using the Faraday law at Iappl; and ii) an increase in the applied 

anodic current or potential causes an increase in the amount of hydrogen 

evolved, rather than a decrease [84]. Consequently, a univalent Mg+ model is 

proposed for Mg dissolution in an electrolyte, noting that during cathodic 

polarization, a passivation film covers the Mg surface at sufficient cathodic 
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potential (E  pitting potential Ept) [87]. During anodic dissolution, the 

protective film partially breaks down, as the external potential or current 

density increases above a critical value, termed the “pitting potential Ept”, and 

the film becomes progressively disturbed [75]. On film free areas, anodic 

dissolution becomes easier and involves the intermediate species of mono-

valent Mg+ ions, produced electrochemically [75]:   

𝑴𝒈 → 𝑴𝒈+ + 𝒆       Eq ‎2-8 

𝑴𝒈+ → 𝑴𝒈𝟐+ + 𝒆      Eq ‎2-9 

 

However, it must be stated that unitary Mg+
 has not been observed in 

experimental work [89] [90]. Song et al. [84] assumed that Mg+ is a very 

short lived intermediate which cannot be detected. It is considered that these 

mono-valent Mg+ ions react to produce hydrogen, according to the following 

reaction sequence [75]:  

𝟐𝑴𝒈+ + 𝟐𝑯+  →  𝟐𝑴𝒈𝟐+ + 𝑯𝟐  (Chemical reaction)  Eq ‎2-10 

Or 

𝟐𝑴𝒈+ + 𝑯𝟐𝑶 →  𝟐𝑴𝒈𝟐+ + 𝟐𝑶𝑯− + 𝑯𝟐    Eq ‎2-11 

𝟐𝐇𝟐𝐎 + 𝟐𝐞−  ⇌   𝐇𝟐  +  𝟐𝑶𝑯−                       Eq ‎2-12 

 

The dissolution of Mg2+ and the production of H2 become difficult on a surface 

covered by a passivation film. The amount of H2 produced on a free surface 

involves the reaction of both Mg+ and Mg2+ with water to produce molecules 

of H2 which accounts for the high amount of H2 produced during anodic 

dissolution. A study by Bender et al. [91], however, assumed that during the 

investigation of Mg corrosion by external polarization two cathodic processes 

occur; one indicates electrons are consumed by the potentiostat as more Mg 

ions go into solution; and the other is associated with water dissociation and 

the formation of H2 gas bubbles.         
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2.4.4  Passivity and passivation layer breakdown   

Passivity, i.e. the formation of a protective film, happens due to the reaction 

of a metal with its environment, leading to a reduction of the chemical or 

electrochemical activity of the metal [92]. The corrosion resistance of Mg in a 

specific environment depends generally on the characteristics of the surface 

film. For example, the exposure of Mg to air results in the formation of a 

spontaneous amorphous film, being a mixture of inner MgO and outer 

Mg(OH)2 a few nanometres (20-50 nm) thick [93], with the concentration of 

Mg(OH)2 being greater than MgO [94] which provides for limited protection. 

In aqueous solution, the initial layer will hydrate to form a duplex layer of 

MgO and Mg(OH)2 with an inner MgO layer next to the metal Mg and an outer 

porous Mg(OH)2 layer at the surface, being similar to an air-formed film [94] 

[82]. The Pilling-Bedworth ratio (PBR), used to predict the sign and 

magnitude of growth stress induced by a surface oxide layer, given by the 

ratio of molecular volume of oxide to molecular volume of metal, returns 

values for MgO and Mg(OH)2 of 0.81 and 1.77, respectively [95]. The 

combination of MgO in tension and Mg(OH)2 in compression may account for 

the cracking and curling of hydroxide films [70].  

Nordlien et al. [93] used transmission electron microscopy (TEM) to study the 

morphology of surface passivation films on pure Mg after immersion in 

distilled water for 48 h. They reported that the film had a three-layer 

structure, consisting of an inner porous MgO layer of 0.4 - 0.6 m thickness, 

a middle dense region of MgO, ~ 20 - 40 nm thick, and an outer Mg(OH)2 

layer with platelet-like morphology ~ 1.8-2.2 m thick, giving a total film 

thickness of ~ 2.2-2.8 m (Figure ‎2-10). Further, Santamaria et al. [96] 

reported that Mg(OH)2 increases in thickness with increasing immersion time, 

whilst the inner oxide layer retains a constant thickness.    
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Figure ‎2-10 Schematic illustration of the passivation film structure formed 

on Mg immersed in water (after 48 h) [93]. 
      

The combined oxide and hydroxide films act as a protective layer on the Mg 

surface [82] [87], by inhibiting the transformation of metal ions to solution, 

the migration of solution anions to the metal, and the migration of electrons 

across the interface. However, when the surrounding environment contains 

chloride Cl- ions, the Mg(OH)2 tends to become extensively nanoporous, with 

very high surface area, which results in rapid non-protective corrosion [97]. 

The Mg(OH)2 tends to breakdown and become highly soluble MgCl2, thereby 

making the Mg surface more active, by decreasing the protective area, 

leading to an acceleration of the electrochemical reaction rate and further 

dissolution of Mg to magnesium univalent ions [25], in the form of pitting 

corrosion.  This reaction is expressed as [55]:  

𝐌𝐠 + 𝟐𝐂𝐥−  →   𝐌𝐠𝐂𝐥𝟐 + 𝟐𝐞      Eq ‎2-13 

𝐌𝐠 (𝐎𝐇)𝟐 + 𝟐 𝐂𝐥−  ⇌    𝐌𝐠𝐂𝐥𝟐 + 𝟐𝑶𝑯−       Eq ‎2-14 
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Brun et al. [98] studied the film formed on Mg immersed in 3% sodium 

chloride using infrared spectroscopy and X-ray diffractometry, and reported 

Mg(OH)2, along with the presence of chloride containing compounds, 

corresponding to MgCl2.6H2O and Mg3(OH)5Cl.4H2O (hydroxychloride).  

The passivation layer on a metal surface is regarded as a barrier to corrosion 

[80]. Metal used in biomedical applications depend on the formation of this 

spontaneous oxide film to limit metal ions reaching the surface. Jacobs [80] 

commented that such oxide must be continuous, without pores or voids, and 

hence capable of limiting the migration of metal ions and electrons across the 

interface. Further, the passivation layer must be stable under mechanical 

loading and stress. Any defect structures, such as vacancies or impurities, 

within the oxide layer act to reduce the ability of the kinetic barrier to resist 

corrosion. 

The dissolution of Mg2+ ions in media and hydrogen evolution during the 

corrosion process occur for Mg, depending on the conditions at the surface 

and into the bulk metal. The different types of corrosion observed on Mg 

surfaces are now reviewed, in advance of a description of methods used to 

measure corrosion rate.       

2.5 Types of corrosion   

The resistance of pure Mg to corrosion is weakened considerably due to the 

nature of its surface hydroxide layer and impurity elements [81, 82]. The 

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

2.5.1 Galvanic corrosion  

Galvanic corrosion occurs when two metals with different electrochemical 

potentials are in contact, in the presence of an electrolyte [27]. The metal 

having less noble potential becomes an anode which corrodes and produces 
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corrosion products on the contact site with the cathode [99]. Mg is a very 

reactive metal in the electrochemical series and hence will behave as an 

anode in most corrosion reactions. Further, Mg containing impurity elements, 

typically Ni, Fe, Cu and Co, with electrochemical potential lower than Mg, are 

also susceptible to galvanic corrosion [81]. These elements, once present in 

pure Mg or Mg-alloys, act as cathodic sites, while the Mg behaves as an 

anode. Galvanic corrosion can also occur in the presence of intermetallic 

alloys in an Mg matrix, because each secondary phase results from the 

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

 

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

  

2.5.2 Pitting Corrosion  

An initial layer of MgO/Mg(OH)2 is formed immediately on the surface of Mg 

when exposed to atmosphere. This layer is thin, amorphous, dense and 

relatively dehydrated [70]. In ambient air, the initial oxide layer thickness on 

pure Mg is ~ 2.2 ± 0.3 nm and increases linearly in thickness with exposure 

time [70]. This very thin layer is not stable when subjected to mechanical 

loads or presented to an aggressive environment. In natural solutions 

containing chloride ions, the passivity of the Mg surface breakdowns, leading 
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to the formation of an electrolytic cell between protected and non-protected 

surfaces [81]. The more electro-active sites on the surface start to dissolve, 

and a corrosion pit forms as a hemi-spherical shape (Figure ‎2-12) [81]. The 

mouth of the pits is narrow such that the environment inside the pits is very 

aggressive and saturated with chloride and Mg ions which enhances the 

growth of the pits [99].  

Pitting corrosion is considered to be more serious than other forms of 

corrosion because the pits are small, corrosive and grow deeper, harming the 

metal matrix. Pitting corrosion can develop further in the presence of 

impurities due to the galvanic effect. The parameters usually used to indicate 

the resistance of Mg-alloys to pitting corrosion are: i) the passive current 

density ip that measures the protective quality of the passivation layer; and ii) 

the breakdown potential Eb, which denotes the resistance of the passivation 

layer to breakdown and pitting attacks [82]. The more nobler the Eb values, 

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

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

 

2.5.3 Crevice, filiform and intergranular corrosion  

Crevice corrosion is initiated at sites where metal and metal/or non-metal 

components are in contact. There must be a narrow gap, with sufficient width 

between them, to allow for solution flow (Figure ‎2-13). Stagnant fluid leads to 

Cl- 

Cl- 

Cl- 
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a difference in Mg2+ concentration between the entrance and the bottom of 

the gap, and hence a corrosion cell is generated which attacks the Mg surface 

[99]. 

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

 

Further, thread-like filiforms are initiated on the Mg surface, having a 

protective coating in which pitting corrosion starts and then narrow semi-

cylindrical filaments develop from the pit [70]. The head of each filament is 

anodic and the tail is cathodic [81]. The propagation of filiform corrosion is 

driven by hydrogen evolution occurring on the head and outside each filament 

[76] [100]. 

Intergranular corrosion is a deep and narrow pathway and can develop at an 

Mg-alloy surface as a result of grain boundary corrosion [81]. Localised attack 

can occur at the interface between the Mg matrix and precipitates of impurity 

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

However, Makar and Kruger [82]  argue that true inter-granular corrosion 

does not occur for the case of Mg-alloys, as the grain boundaries always act 

as cathodic sites for the grains of the Mg matrix. Instead, granular attack 

leads to the undercutting and removal of grains, delineated by their 

boundaries with the Mg matrix. 
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Overall, the corrosion of Mg in contact with aqueous solution occurs through 

the dissolution of Mg2+ ions and the development of Mg(OH)2 and hydrogen 

gas. Methods used to measure the corrosion rate of Mg in detail are 

presented in the following section.  

 

2.6 Measurement of corrosion  

The corrosion of Mg in a biological environment (termed bio-corrosion, e.g. in 

simulated body fluid (SBF) [13]) is a complex process which requires different 

approaches for complete characterisation [13]. In vitro tests provide an initial 

step to determine the suitability of an Mg model for in vivo study. However, 

strong correlation between in vivo and in vitro testing has not been 

established to date, due to the required use of different techniques in 

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

2.6.1  In vitro testing  

Generally, the in vitro methods used to measure corrosion rates are 

categorised as: static-steady state and dynamic, depending on the test 

conditions and parameters applied [13]. Further, static corrosion tests are 

denoted as un-polarised and polarised, related to the force, i.e. 

electrochemical polarization, driving the material to corrode, either applied or 

measured during the testing process [13]. In vitro studies should be carried 

out in solution which close to the real body fluid composition, e.g. Hank’s 

solution, SBF, artificial plasma (AP), phosphate buffered saline (PBS) solution 

or minimum essential media (MEM). Experiments should also be performed at 

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

 Immersion or weight-loss testing 2.6.1.1.1

The mass loss experiment is the simplest corrosion test which requires a 

sample, test media and microbalance. The examined sample is washed with 

acetone, dried, weighed and then placed in the corrosion medium for a set 

time [76]. The sample is then removed and the corrosion products are 

removed from the specimen surface using dilute chromic acid, and the final 

mass measured accurately using a microbalance [55]. According to the ASTM-

G31-12a protocol, the corrosion rate in vitro can be measured under these 

test conditions, and calculated using: 

𝐂𝐑 =  
𝐾∆𝐖

𝐀.𝐭.𝛒
       Eq ‎2-15 

where CR is the corrosion rate (mm/year); K is constant (8.76× 104 ), ∆W 

refers to the weight loss (g); A is the original surface area exposed to the 

corrosive media (cm2); t is the exposure time (h); and ρ is the standard 

density (1.74 g/cm3) [101] .   

Since the removal of the corrosion layer is minimised, without affecting the 

bulk material, the results obtained from this test are considered accurate. 

However, the immersion test does not describe the mechanisms involved in 

the corrosion process, even though it can observe whether specific samples 

corrode faster than others [13]. Other techniques may provide more 

appropriate information about what actually happens during the corrosion 

process, other than just the observation of Mg mass loss [102]. For 

examples, the polarization curves obtained from potentiodynamic testing 

present differences in corrosion potentials and reaction kinetics, which differ 

for different Mg treatment methods [13]. The potential changes at the 

implant surface, and the related anodic and cathodic reactions, are important 

to the components of the physiological environment [13], because the Mg 
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corrosion products, Mg+, OH- and H2, released into the surrounding medium, 

cause a localised increase in pH. A passivation layer of Mg(OH)2 and CaP may 

develop on the sample surface, leading to a steady state in the corrosion rate, 

and may cause a weight gain [13, 76]. In addition, the ratio of the volume of 

the medium to the sample surface area is affected by the change in pH value. 

The standard volume of the test solution (0.2-0.4 ml/mm3) is not suitable to 

accommodate the change in pH, and hence the examination of Mg corrosion 

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

 Hydrogen evolution test  2.6.1.1.2

The general corrosion formula for Mg indicates that the dissolution of one Mg 

atom in media equates to the evolution of one hydrogen molecule [75, 76, 

88]. Hence, the cathodic reaction results predominantly in hydrogen evolution 

whilst the reduction of oxygen is negligible [76]. The measured volume of 

hydrogen gas is equivalent to the mass loss of Mg, from immersion tests 

[13].  

𝑴𝒈 + 𝟐𝑯𝟐𝑶 →  𝑴𝒈𝟐+ + 𝟐(𝑶𝑯)− + 𝑯𝟐  Eq ‎2-16 

Hence, one mol., i.e. 24.31 g of Mg corrodes for each mol, i.e. 22.4 L of H2 

gas produced [88]. The H2 evolution rate,  𝑉𝐻 (ml/cm2/day), is related to the 

Mg weight loss rate, ∆𝑊  (mg/cm2/day): 

∆𝑾 = 𝟏. 𝟎𝟖𝟓 𝑽𝑯     Eq ‎2-17 

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

𝑪𝑹𝑯 = 𝟐. 𝟐𝟕𝟗 𝑽𝑯     Eq ‎2-18 

In the hydrogen evolution experiment, the sample is immersed in the 

corrosion medium and a collector for the H2 gas is placed on the sample 

surface (Figure ‎2-14). The collector contains an inverted funnel and burette 

which is filled by the test solution and replaced by the hydrogen gas released 

[103].  
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Figure ‎2-14 Schematic showing the experimental arrangement for H2 gas evolution 

experiments [102]  

 

The main advantage of H2 testing is that direct measurement, at any time 

during the experiment, does not affect the corrosion process [75]. Hence, the 

data obtained from hydrogen evolution reveals the different stages of Mg-

alloy corrosion. However, similar to the mass-loss test, the H2 evolution 

method cannot explain the behaviour of Mg-alloys during the corrosion 

process [13], i.e. the test does not give exact reasons for changes in the H2 

evolution rate [13]. Furthermore, during the initial corrosion period, a low 

amount of H2 gas is emitted, which makes it is difficult to capture and 

measure accurately [13]. In particular, the solubility of H2 gas in water varies, 

depending on temperature and the medium volume to sample surface area. 

Hence, H2 solubility is a source of error that must be taken into consideration 

[13]. Consequently, this test is limited for the measurement of corrosion rate, 

in the early stages of corrosion and for high corrosion resistance metals that 

emit very low volumes of H2 gas. Capturing and measuring H2 gas volume is 

difficult for such metal when the experimental set-up involves the effect of 

the flow of solution [13]. 
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 pH monitoring  2.6.1.1.3

According to the general corrosion reaction, corroding Mg results in the 

generation of hydroxide ions (OH-), which causes a local increase in pH at the 

surface and a subsequent rise in pH of the bulk solution [12]. This overall 

change in pH of the corrosion medium can be used to monitor the corrosion 

rate of Mg-alloys. This method has been used widely to study the activities of 

Mg biomaterials, by measuring pH levels close to and away from the surface 

[104-106]. However, by exceeding the natural biological pH ~ 7.4-7.6 level, 

the corrosion medium becomes an unrealistic environment for the 

measurement of Mg corrosion [13]. Hence, this test tends to be used to 

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

 Electrochemical, potentiodynamic polarization testing 2.6.1.1.4

If the metal is not in equilibrium in contact with an electrolyte, a change of 

electrode potential from the steady state potential is termed polarization. 

When a change in potential occurs by an external source, the composition of 

the double layer at the surface will change, leading to the production of an 

electric current. By apply a potential, in the anodic direction, the material will 

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

Hence, potentiodynamic polarisation is an electrochemical technique widely 

used to measure corrosion rate. The measurement of polarisation curves is 

preceded by measuring the open circuit potential (OCP), which allows the 

material surface (working electrode (WE)) to reach a stable potential within 

the electrolyte [13]. A controlled voltage rate change, e.g. 5mV/minute, is 

then established between varied pre-set potentials, changing the flow current 

between the WE (Mg) and the counter electrode ((CE), inert metal). Firstly, a 

negative potential  OCP is applied, and then progressively scanned towards a 

more positive value [13]. The produced curve of potential verses log current 

density is then plotted (Figure ‎2-15). The point of intersection between the 
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anodic and cathodic Tafel region is termed the corrosion potential (Ecorr) and 

corresponds to the corrosion current density (icorr). The electrochemical 

corrosion rate can then be measured by Tafel extrapolation of the anodic and 

cathodic branches of the polarization curve, based on following equation 

[107]: 

𝑪𝑹𝒊 = 𝑲
𝒊𝒄𝒐𝒓𝒓

𝝆
 𝑬𝑾       Eq ‎2-19 

where 𝐶𝑅𝑖 is the corrosion rate; K is constant = 3.27×10-3 mm.g/µA cm 

year); icorr is the corrosion current density (µA/cm2); EW is the equivalent 

weight (atomic weight / number of electrons required to oxidise an atom of 

the element in the corrosion process, EWMg=12.15); and  is the standard 

density of Mg (g/cm3). The above equation can be simplified to [88]:  

𝑪𝑹𝒊 = 𝟐𝟐. 𝟖𝟓𝒊𝒄𝒐𝒓𝒓      Eq ‎2-20 

 

The current density icorr can be extracted from the polarization curve in which 

the linear portion of Tafel region, the straight lines shown in Figure ‎2-15, can 

be extrapolated back to corrosion potential Ecorr.     

The polarization curve can indicate the development of active regions, 

resulting from an increase of the dissolution rate with increasing electrode 

potential; the active/passive transition at the flade potential when the passive 

film is being formed on the metal surface; and passive regions, which form 

when the dissolution rate decreases slightly under the application of a nobler 

potential due to the formation of passive film [92].  The dissolution rate rises 

again at very high potential to form a trans-passive region, which indicates 

the evolution of oxygen by breakdown of the water in the electrolyte. 

Figure ‎2-15 summaries the key values that can be extracted from the 

polarisation curve.    
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Figure ‎2-15 Typical polarization curve illustrating active-passive behaviour and the 

extraction of key parameters. The active region refers to hydrogen evolution and Mg 

dissolution; the passive region refers to the formation of a passivation film on the 
Mg surface; and the trans-passive region refers to oxygen evolution.    

 

2.6.1.2 Dynamic testing  

The conventional (static mode) methods used to assess the potential of a 

metal during corrosion are valuable tools [11]. However, they do not reflect 

truly the dynamic environments that stents will experience during 

implantation: In the physiological environment, body fluid is in continuous 

exchange in a constant circulation process [55]. Hence, it is appropriate to 

design in vitro tests that mimic physiological systems, in terms of 

refreshment and circulation, and improved understanding of the behaviour of 

degradable stents from an in vitro dynamic test will help to improve the 

development of biodegradable cardiovascular implants [108]. This could be 

achieved by applying a specific test bench to simulate the changing 

physiological conditions, and assist in studying the interrelationship between 

degradation rate and physiological parameters, such as temperature, pH, 

blood flow rate and shear stress [33].  

icorr 

Ecorr 

Tafel region  

  Mg2++2OH- Mg(OH)2 
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2.6.2  In vivo testing   

The development of Mg stents requires a stage of clinical trials, initially on 

animals and eventually on humans. It is known that the degradation of Mg in 

vivo is slower than in vitro from electrochemical studies, due to the lower Cl- 

ion concentration in blood plasma (150 mmol/l [27]) [11]. Witte et al. [11] 

studied the corrosion behaviour of AZ91D and LAE443 in vitro using 

immersion and potentiodynamic testing, and in vivo on guinea pigs. They 

found that the in vitro and in vivo corrosion tests showed contrary corrosion 

rates, with both Mg-alloys showing corrosion rates in vivo four orders of 

magnitude lower than results obtained from in vitro testing. Li et al. [109] 

also investigated the corrosion rates of Mg–Zr–Sr alloys, using a range of in 

vitro and in vivo tests, and similarly obtained inconsistent results. 

Consequently, whilst the corrosion mechanism in vitro is well established, the 

degradation process of Mg in vivo is more complex and the corrosion 

mechanism remains uncertain [110].        

Many factors impact upon the use of in vivo tests, such as time and cost, in 

addition to the harm and discomfort caused to experimental models [13]. The 

use of dynamic corrosion tests with suitable test solution, i.e. human blood 

could minimize the need for animal testing.  

The tendency of pure Mg to corrode in aqueous solution can be effected by 

material microstructure and ions in the corrosive environment. Accordingly, 

the factors positively or negatively influencing the corrosion performance of 

Mg will be addressed in the following section.   

2.7 Factors influencing Mg corrosion behaviour 

The corrosion resistance of Mg in physiological environments is dependent on 

microstructure, impurity elements and the characteristics of the environment 

such as pH.   
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2.7.1 Influence of microstructure 

Grain refinement is a process used to improve material mechanical 

properties, e.g. the strength of Mg and Mg-alloys. According to the Hall-Petch 

equation, the tensile strength of a material is inversely proportional to the 

square root of grain size [111]:  

𝝈𝒚 = 𝝈𝑶 + 𝒌𝒚𝒅−𝟏 𝟐⁄         Eq ‎2-21  

 

Where 𝜎𝑂 is the friction stress (12 MPa for Mg); 𝑘𝑦 refers to Hall-Petch 

parameter (0.22/m for Mg); and 𝑑 is the average grain size, in m [112]. This 

effect is attributed to the increased area fraction of grain boundaries which 

act as barriers to the motion of dislocations [113]. From a corrosion point of 

view, strength can be improved without chemical alteration of the Mg 

structure by alloying, and without sacrificing the corrosion performance of Mg 

[112]. Based on this, the electrochemical response of Mg can be altered by 

changing the grain structure. Birbilis et al. [114] suggested a relationship 

between corrosion current density and grain size diameter, similar to the 

Hall–Petch type dependence. Ralston et al. [115], in their work on pure 

metals, reported that the corrosion current density icorr for a metal is 

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

𝒊𝒄𝒐𝒓𝒓 = (𝑨) + (𝑩) 𝒈𝒔−𝟎.𝟓    Eq ‎2-22  

 

Where A is constant, as a function of the environment, because the same 

material may show a varied corrosion rate depending on the electrolyte; and 

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

Argade et al. [116] reported a relationship between grain size and corrosion 

rate, given by CR = Cd-0.3, where C is a constant and d is the grain size 

diameter, as observed during constant immersion testing, with lowest 
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corrosion rates reported for ultrafine grains of Mg–Y–RE alloy and highest 

corrosion rates for coarse grained samples. The grain boundaries are areas of 

high energy which can lead to the formation of galvanic couples between the 

cathodic interior grains and the anodic grain boundaries, which promotes high 

corrosion rates [116].  

Kim et al. [117] noted that AZ31Mg alloy, prepared by the high-ratio 

differential speed rolling (HRDSR) technique, showed a decrease in anodic 

reaction rate through variation of grain size, while the cathodic reaction rate 

was not affected by grain refinement. They also found that Ecorr became 

nobler and the breakdown potential decreased with grain size reduction, 

suggesting enhancement in passivity of the surface film. 

Further, the corrosion resistance of Mg-alloys may be enhanced by reducing 

the size of the second phase. Kim and Kim [118] reported that nanosized -

particles on grain boundaries decreased the tendency of microgalvanic 

corrosion within the Mg matrix of AZ61 alloys processed by HRDSR. The 

corrosion rate, measured by both polarization and immersion tests, was found 

to have a linear relation with the reciprocal square root of the average grain 

size.      

However, studies on pure metal show contradictory results, regarding the 

effect of the applied grain refinement process on corrosion rate, such as the 

study on grain refinement of Mg by equal channel angular pressing (ECAP), 

with detrimental effects on Mg corrosion resistance being attributed to an 

increase in dislocation content, although fine grain structures produced by 

extrusion acted again to improved corrosion resistance [119]. The study by 

Hoog et al. [120] [121] reported improved corrosion resistance of Mg in NaCl 

solution, processed by various mechanical deformation routes. Similarly, 

Birbilis et al. [114] found that ECAP processed Mg showed a linear increase in 

icorr  with the logarithm of increasing grain size, i.e. a smaller grain size was 
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associated with a lower icorr. It was concluded that the ECAP process was able 

to reduce the anodic kinetics, with an increase in the number of ECAP passes 

further helping to reduce the cathodic kinetics on Mg. The improvement in 

corrosion resistance of fine-grained Mg was attributed to improvements in the 

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

In addition to grain size, Gollapudi [124] highlighted the importance of grain 

size distribution on the development of the passivation layer (Figure ‎2-16). It 

was proposed that in passive environment (pH  10.5), a uniform passivation 

layer forms as a result of the distribution of fine grains and triple junctions at 

the surface, hence nano-crystalline structures can develop a more compact, 

passive film (Figure ‎2-16(a)), while more open passive layers may form on 

coarser grains due to irregular distribution of these defects (Figure ‎2-16(b)). 

Hence, the grain distribution effect can be observed from the development of 

uniform and compact layers in some locations, and non-uniform layers in 

others locations (Figure ‎2-16(c)). Gollapudi [124] stated that the distribution 

of grain sizes in nanocrystalline materials should be decreased for high 

corrosion resistance. Additionally, under active environments, nanostructures 

can enhance shallow pitting and promote more uniform corrosion, rather than 

the corrosion associated with large isolated pits. 
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Figure ‎2-16 Formation of passive layers in: (a) a fine-grained microstructure; 

(b) a coarse-grained microstructure; and (c) a microstructure with a large grain 

size distribution [124]. 

 

2.7.2  Influence of impurities  

The corrosion performance of pure Mg is known to be negatively affected by 

impurity elements such as Fe, Ni, Cu and Co [125]. The corrosion rate of Mg 

increases when the concentration of impurities rises above the tolerance limit, 

i.e. a critical contamination limit (Table ‎2-6) [125]. The mechanism of this 

deleterious effect can be attributed to the segregation of these elements 

within the Mg matrix. Due to the low solid solubility of certain impurity 

elements in the Mg matrix, they tend to participates and form cathodic sites, 

enhancing galvanic corrosion within the electrolyte. This makes the Mg 

surface more susceptible to localized corrosion and intergranular attack. 

Furthermore, when Mg corrodes, the impurity elements dissolve into the 

electrolyte and may interact with ions in solution, precipitating on the Mg 

surface and accelerating the localised corrosion process.  

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

Elements Fe Cu Co Ni 

Tolerance 

limit (ppm) 

150-180 

0.03-0.04 wt.% 

1000-1300 

0.1-0.01 wt.% 

5 

0.017 wt% 

5 

0.0005 wt.% 
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Hanawalt et al. [127] studied the effect of impurity elements on the corrosion 

rate of pure Mg, Mg-Zn and Mg-Mn alloys, and the results showed that 

corrosion rates increased dramatically when the level of common impurities 

exceeded the tolerance level (Figure ‎2-17(a)). In addition, the effect of 

alloying elements on the corrosion mechanisms of Mg in 3% NaCl solution 

was reported (Figure ‎2-17(b)). The tolerance level for Ni was found to 

increase in the presence of Zn or Mn, while increase of alloying element of Zn 

and Mn had no effect on tolerance level for Fe and Cu, indicating that the 

presence of Mn reduced the harmful effects of certain impurities and alloying 

elements, but did not necessarily improve the corrosion resistance [127]. 

Further, tolerance limits in Mg are found to be affected by the manufacturing 

method, and the way in which elements such as Fe are introduced to the Mg 

melt, e.g. from the steel casting moulds in the form of impurities [128]. Mn is 

usually added to Mg to reduce or remove Fe impurities by the formation of 

intermetallic phases, thus improving corrosion resistance [129].  

  

Figure ‎2-17 (a) General curve showing the effect of an impurity element (x) on the 

corrosion rate of Mg; the corrosion rate increases rapidly above the tolerance limit of 

~ 50 ppm. (b) The effect of alloying additions on corrosion behaviour of binary Mg-
alloys in 3% NaCl solution [127]. 

 

(a) (b) 
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2.7.3  Influence of environment (electrolyte) 

The interaction between metal surface and electrolyte plays a major role on 

the corrosion/passivation process. Mg rapidly forms a surface oxide/hydroxide 

layer in aqueous media. However, this layer does not provide for suitable 

corrosion protection, such as in Al and Ti [112]. According to the Pourbaix 

(potential E-pH) diagram (Figure ‎2-18), Mg forms dissolved Mg2+ over a wide 

range of pH, from acidic pH 2 to base pH 10.5. In the high alkaline conditions 

of pH ≥ 10.5, a stable insoluble film of Mg(OH)2 forms which provides a 

protection layer from the solution [75], and even though Mg is 

thermodynamically unstable in natural media, the Mg surface still exhibits 

some level of passivity, with the surface showing filiform type attack instead 

of uniform corrosion [130].  

 

 

Figure ‎2-18  E–pH diagram for Mg in H2O at 25C; the water stability region 

lies between the (a) and (b) lines. At potentials below (a), hydrogen is 
evolved; whilst above (b), oxygen is evolved. (Adapted from [112] [131]).  
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The investigation of Mg corrosion in the laboratory needs a solution with 

composition close to physiological media. However, for solutions containing 

high concentrations of hydrogen carbonate (HCO3
-) and phosphate (H2PO4

2-) 

and dissolved carbon dioxide (CO2), such as SBF, the increase in pH during 

Mg corrosion increases the tendency for Mg passivation, which can occur 

faster due to the precipitation of insoluble hydroxyapatite (HA) and carbonate 

apatite (CA) at 37C, (Figure ‎2-19) [18]. This can cause problems during 

polarisation testing, leading to the precipitation of apatite and a subsequent 

decrease in corrosion rate. Even though PBS does not contain a carbonate 

component, the possible dissolution of CO2 in PBS (CO2+H2O  H2CO3) can 

lead to the slight precipitation of carbonate [55]. Xue et al. [132] compared 

the dissolution of Mg-alloys AZ31 and AZ91D in DI water, SBF and PBS, 

immersed for 14 days. A slow weight loss in DI water solution was identified, 

in which the sample surfaces became covered with passive Mg(OH)2, whilst 

faster dissolution was observed in SBF solution, associated with the 

development of a complex layer of hydroxide, carbonate and phosphate. Kim 

et al. [117] reported on the corrosion products formed on AZ31 alloy surfaces 

after immersion testing in PBS, finding that the inner layer in contact with Mg 

was composed of nanocrystalline MgO, which was well-adhered with no pores 

at the interface, and an outer layer of crystalline Mg(OH)2.  

The pH for normal human blood is 7.4 ± 0.05 and this value is controlled by 

the lungs, with respiration affecting the rate of removal of CO2 from blood; 

and through the kidneys, by extraction of acid and base from the body [18]. 

Hence, it is expected in such normal body conditions that passivation layers 

can easily dissolve in solution. Furthermore, body fluids contain aggressive 

ions such as Cl- which can influence the dissolution rate and passive 

behaviour of Mg. Song et al. [87] studied the electrochemical response of 

pure Mg in NaCl and Na2SO4  across a wide range of pH, and demonstrated 
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that the presence of Cl- could affect the passivation behaviour of Mg, by 

making the surface more active or by increasing the film free area, thereby 

accelerating the electrochemical reaction from Mg to Mg+. It was claimed that 

Cl- has a more harmful effect on the corrosion resistance of Mg than sulphate 

ions.   

The flow rate of the corrosive environment is also thought to influence 

corrosion rates and the stability of passivation films. The Mg(OH)2 layer on an 

Mg surface could be mechanically disrupted due to the flow of bio-liquids 

[25], preventing local increase in pH of solution and hence increasing the 

corrosion rate [75] .  

 
Figure ‎2-19 pH-potential diagram of Mg and its alloys in various SBF and bovine 

serum albumin (BSA) [27] 

 

Figure ‎2-20 shows a schematic diagram summarising different parameters 

positively and negatively affecting corrosion rate, i.e the corrosion resistance 

of Mg.   



Chapter 2 Literature review 

48 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Low impurity level 
Nanostructured homogenous microstructure 

pH  10.5 

OH-, PO4, CO3 

High impurities of Fe, Cu, Co, Ni 
Coarser grain 

pH  10.5 

Cl- 

Figure ‎2-20 Schematic diagram summarising parameters: (a) positively and (b) 

negatively affecting the corrosion behaviour of Mg. 

 

 

As mentioned in section 2.4.2, pure Mg has a spontaneous tendency to 

corrode in aqueous solution. Hence, various strategies have been adopted to 

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

 

2.8 Strategies for the protection of Mg 

The elements within degradable implants for use inside the human body 

should be biologically safe [133]. A balance between daily allowance and 

corrosion rate is necessary in order to avoid toxicological problems. Ideally, 

the acceptable corrosion rate should no higher than 0.02 mm/year [134]. If 

the corrosion rate of the bulk material exceeds this value, then anodised 

alloys, coatings or thermal treatment processes may be applied to the 

implant, to delay the onset of corrosion and slow down the initial rate of 

corrosion. Controlling the degradation rate of Mg may be achieved using two 

main strategies [21]: i) Altering the composition and microstructure of the 

base Mg by alloying or manufacturing methods; and ii) Near surface 

modification treatments, or coating formation on the Mg surface using a 

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

corrosion by modification of the Mg near surface.     

2.8.1  Surface modification  

The Mg implant should possess appropriate functional and durable bulk 

material properties, as well as promoting a positive biological response to the 

surface [20]. Initial cell-biomaterial interactions are affected by surface 

properties. Hence, surface characteristics may need to be modified to improve 

surface biocompatibility and corrosion resistance [20]. The modification of 

surface texture, energy and potential, for a specific clinical need, can reduce 

restenosis by affecting thrombosis and neointimal proliferation [9]. 

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

i) Physiochemical surface modification which includes; chemical conversion 

by coating [135] [136] [137] [138]; electrodeposition [139] [140]; 

anodization [141] [142, 143]; chemical vapour deposition (CVD) [144] 

[145]; physical vapour deposition (PVD) [146] [147] [148] [149]; ion 

implantation [150] [151] [152] [153]; thermal spraying [154] [155, 

156] [157]; and laser processing [158] [159]. 

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

iii) Morphological processing [162] [163]. 

 



Chapter 2 Literature review 

50 
 

 

Figure ‎2-21 Classification of Mg surface modification techniques. 

 

The modification of Mg surfaces is now considered, by either PVD surface 

coating, i.e. adding a barrier material layer to the surface; or by near surface 

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

 

2.8.1.1 Physical vapour deposition (PVD) coating   

A physical barrier such as a coating is an appropriate route to the protection 

of  Mg surfaces from attack by aggressive species from the surrounding 

environment [160]. The coating must prevent the transport of ions, oxygen 

and water through it to reach the substrate [77]. The number of layers used 

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

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

well adhered to the base material [77].   

Generally, there are two approaches for forming a physical barrier to Mg; i.e. 

surface conversion and coating deposition [21]. Surface conversion is the 

process of forming a protective film, using chemical or electrochemical 

techniques [21, 82], i.e. non-reactive surface layers may be formed by the 

chemical reaction of the metal surface with a solution containing the coating 

materials [82]. Rudd et al. [164] reported on the formation of Ce, La and Pr 

coatings on the surface of pure Mg and WE43 alloy. These systems showed a 

significant improvement in corrosion resistance of the base material after 

immersion in borate buffer solution (H3BO3 (0.15 mol/dm) / Na2B4O7 (0.05 

mol/dm)) up to 10 h. This method is considered suitable for short term 

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

PVD techniques provide for the direct deposition of atoms or molecules onto a 

substrate surface, using highly pure target materials, under varying 

processing conditions [77]; including sputtering deposition, ion plating, 

diffusion coating [165] and laser deposition [77]. The basics of sputter 

deposition involves the generation of energetic ions in spark discharge plasma 

positioned in front of a target (cathode). The ions are attracted to the cathode 

and bombardment causes the removal (sputtering) of target atoms which 

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

The deposited material may be metallic, organic or inorganic [21]. Metallic 

coatings are usually slowly degradable or non-degradable layers, e.g Al, 

deposited on the surface of Mg-alloys. Wu et al. [167] successfully deposited 

pure Al and Ni thin films on AZ91D Mg-alloy using radio frequency magnetron 

sputtering (RF-MS), and showed after 48 h treatment at 350C, that the Ni 

coating improved in cohesive strength, hardness and wear resistance, 
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compared to Al coatings which showed the development of a brittle Al12Mg17 

phase.  

A major challenge for the PVD coating of Mg is that the deposition should be 

done at temperatures < 180C, the stability temperature related to Mg alloys 

where transformation starts at such processing temperature [77]. This can be 

achieved by applying a bias voltage to the substrate. Reiners and Griepentrog 

[168] deposited TiN coating on AZ91 alloy using direct current (DC) 

conditions, applying a 60 V bias voltage, producing very well adhered and 

pore free coatings. The PVD deposition of Al coatings on AZ31B alloy, under 

different sputtering conditions [169] [170] confirmed that Al coated surfaces 

showed a lower corrosion current density and a more positive corrosion 

potential, compared to the AZ31B substrate, when using sufficient sputtering 

current of 1.6 A under an Ar pressure of 0.7 Pa. Alteration of the deposition 

parameters, such as substrate speed, also improved coating adhesion. Taha 

et al. [171] deposited pure Al and Al-12.6%Si coatings on AZ31 alloy, using 

different substrate speeds and plasma activation, and reported good adhesion 

and corrosion resistance when Al/Mg diffusion occurred across the 

coating/substrate interface.  

Binary Mg-alloys may also be coated using PVD, e.g. Mg-Zr [172] [173], Mg-

V [174] [175] [176] [177] and Mg-Ti [178] coatings all exhibited columnar 

microstructures with high porosity, giving lower corrosion resistance 

compared to cast Mg.  

Table ‎2-7 summarises some recent, relevant PVD coating literature: It can be 

noted that although the corrosion resistance of Mg surfaces improved slightly 

under test conditions, galvanic corrosion was an issue regarding the use of 

metallic coatings. It is recommended that the use of insulating coatings, e.g. 

oxide, can overcome the galvanic differences within the coating/Mg substrate. 
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Additionally, the adhesion of coatings with the Mg substrate is mainly 

dependent on mechanical interlocking of the coating/substrate interface, 

hence the deposition conditions need to ensure that sufficient adhesion 

occurs. It is recommended that film thickness should be in the range of a few 

m because of the use of thick film can result in increased residual stress and 

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

Subst. Coating PVD Parameter altered Coating 
thickness / m 

Properties studied   Ref 

Mechanical Corrosion resistance 

AZ31B Al DC Sputtering current / Ar 
pressure / 

deposition time 

-  - Improved under 3.5%NaCl [170] 

AZ91D Al/Ni RF Post thermal treatment 2 Hardness, wear, strength - [167] 

AZ31  Al/ 
Al-12.6%Si 

 Substrate speed 1-6/  
2 

Good adhesion Under humidity [171] 

AZ31 CrN 
TiN 

(TiAl)N 
NbN-(TiAl)N 

TiN/AlN 
NbN/CrN 

- - 3.3 
0.9 

1.5 
1.0+1.5 
0.5+1.0 

4.8 
3.0 

Good adhesion & hardness CrN & (TiAl)N under 0.0001 
M NaCl 

[179] 

AZ31 Ti-MgAlN DC Ar/N2 gas  Hardness In 5% salt spray / 0.05% 
NaCl EIS 

[180] 

AZ91 TiN DC Ar/N2 gas 0.8 Hardness & 
adhesion 

- [168] 

AZ91 
hp 

Cr/ 
CrN 

RF Ar/N2 gas 7/ 
8-9 

Good adhesion & wear Unstable in 3% NaCl [181] [182] 

AZ91 TiMgAl/ 

CrN/ 
Pox-Al2O3 

RF Ar/N2 gas 17/ 

18/ 
3.5 

Wear Salt spray [183] 

AZ31 Mg DC Substrate temperature 65 Poor adhesion Salt spray [184] 

AZ31 TiO2 
Al2O3 

- - 0.3  
0.9  

Poor adhesion 3.5%NaCl [185] 

AZ31 Ti–Al–N /  
Ti–Al 

 

DC Ar/N2 gas 3 Satisfactory adhesion; 
Improved hardness 

Improved under 3.5%NaCl [186] 

AZ31 Ti DC Ar gas 2 Densification of the oxide layer Improved under 3.5%NaCl [187] 

AZ31 AlN/Al/DLC* - Ar/N2/C2H2 
 

1 Wear, hardness Improved under 3.5%NaCl [188] 

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

Rapid solidification processing (RSP) techniques have attract scientific interest 

to modify the surface of materials due to their ability to induce high power 

densities of 109-1012 W/cm2 on the sample surface, in a very short duration 

[189]. RSP techniques include the use of energetic ions, electrons or laser 

beams, leading to rapid melting and quenching of shallow depths near the 

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

The important features of high energy deposition methods include rapid 

heating, melting, solidification, evaporation/ablation and thermal stress, and 

shockwave formation [191] [192]. Consequently, non-equilibrium 

microstructures of e.g. nano-sized grains, saturated solid solutions and 

amorphous phases can develop within the treated layers. Thermal stress and 

shockwaves can cause severe deformation in the sublayer. However, these 

mechanisms can enhance the physical, chemical and mechanical properties of 

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

2.8.2.1 Pulsed electron beam techniques 

 
Intense pulsed electron beam surface modification techniques include: Low 

and high current pulsed electron beam (LCPEB, HCPEB); Low energy high 

current pulsed electron beam (LEHCPEB); and Large area electron beam 

(LAEB) techniques.  These irradiation methods use high density EB, without 

focusing the beam on the treated surface, to cover a wide area (~ 60 mm 

diameter) with uniform intensity to minimise the need for overlapping 

procedures and subsequence re-heating and re-crystallisation.  

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

corrosion resistance, as well as surface hardness and wear resistance. Okada 
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et al. [194] reported that bio-titanium alloy (Ti–6Al–4V) surfaces were greatly 

smoothed, with improved roughness from ~ 10 µm to ~ 1 µm, by LAEB 

irradiation. This finding agreed with the study of Gao [195] who reported that 

the surface roughness of pure Ti–(TA2) could be reduced to ~ 0.04 m after 

LEHCPEB treatment with low energy density, whilst roughness increased 

under conditions of higher energy density and/or longer pulse duration and/or 

longer pulse times, due to the formation of craters. Furthermore, another 

study by Gao [196] reported that the value of surface roughness of TC4 

titanium could be decreased to ~ 40 nm by HCPEB under the energy density 

range of 12–18 J/cm2, whilst further increase in energy density caused an 

increase in roughness. This was attributed to a transition from melting to 

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

In addition to improving surface roughness, EB processing can improve the 

corrosion resistance of wide range of metals [192] [197] [198] [199]. The EB 

modified layer usually involves three continuous layers with different depths: 

i) a melted and solidified layer on the surface; ii) a heat affected zone; and iii) 

a stress wave affected zone [200]. The melted layer may favour the formation 

of a homogeneous, continuous passivation layer during the corrosion process 

and thereby improve the corrosion resistance of the EB treated samples. Hao 

et al. [201] used HCPEB irradiation to modify surfaces of AZ91HP, with 

treatment parameters of energy density 2.2 J/cm2, pulse duration 1 s and 

number of pulses 5 and 10. The corrosion potential of 10 pulsed EB irradiated 

specimens shifted positively and the corrosion current density decreased by 

four orders of magnitude. This improvement in corrosion resistance was 

attributed to the formation of a homogenous passivation layer and the 

disappearance of the inhomogeneous second-phase Mg17Al12, with the surface 

left as a supersaturated solution after HCPEB treatment. Gao et al. [197] 

tested an irradiated AZ91HP-Mg-alloy, processed by HCPEB with beam energy 
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density of 3 J/cm2 and 10 pulses, immersed under 5% NaCl. The existence of 

an MgO layer and the disappearance of second phase Mg17Al12 in the melted 

layer was reported, again having a positive effect on improving the corrosion 

behaviour [192]. Further, Uno et al. [193] reported that LAEB irradiated steel 

surfaces showed no rust after one year exposer to atmosphere, again 

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

summarise the key findings in literature.  

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

processing 

Material EB 
source 

Energy No of 
pulses 

Mechanical 
properties 

Corrosion ref 

Media mechanism 

AZ91HP HCPEB 3 J/cm2 5,10,15 Microhardness 

wear 

5% 

NaCl 

Presence of Mg; 

disappearance of 

second phase in 
the melted layer 

[197] 

ZK60 HCPEB 3 J/cm2 15 - 3.5 

wt.% 

NaCl 

Formation of 

ceramic layer 

[202] 

ZK60-1Y HCPEB 2.5 J/cm2 15 Wear 

resistance 

- - [203] 

AZ31 HCPEB 2.5 J / cm2 5,10,15 Microhardness, 

wear 

resistance 

 

 - [204] 

Pure Mg 

and 

AZ31B 

HCPEB Voltage / 

25 keV 

10,15, 

20 

- - - [205] 

AZ31 and 

ZK60-1Y 

HCPEB 3 J/ cm2 5,10,15 wear 

resistance 

5% 

NaCl 

Formation of 

compact oxide 

film 

[206] 

Mg67Zn3

0Y3 
quasicrys

tal 

alloy 

HCPEB 2.5 J/ cm2 10 wear 

resistance 

- - [207] 

AZ91HP HCPEB 2.2 J/ cm2 5,10 Microhardness, 

wear 

resistance 

 

5% 

NaCl 

Surface layer in 

a state of 

supersaturated 

solution 

[201] 

AZ31 and 

AZ91 

LE-

HCPEB 

2.5 J/cm2 

and  

∼ 3 J/cm2 

5, 10 

and 15 

Wear 

resistance 

5% 

NaCl 

Al-over 

supersaturated α 

(Mg) solid 

solution, 

nanograined 

MgO layer 

[208] 

 

2.8.2.2 Laser surface melting  

Secondary phases and impurities at the Mg surface can impose negative 

effects on corrosion resistance because they provide sites for cathodic 

activity, leading to galvanic corrosion [209]. Laser surface melting (LSM) has 

the potential to redistribute these secondary phases and impurities through 

the melting and rapid solidification of near surface volumes, leading to the 



Chapter 2 Literature review 

58 
 

development of non-equilibrium (metastable) microstructures. LSM can have 

significant influence on the corrosion behaviour of Mg-alloys due to the 

refinement of secondary phase grains. Abbas et al. [209] used a continuous 

wave CO2 laser to produce overlapping (50%) melt tracks on AZ31, AZ61 and 

WE43 alloys, with a laser power of 1.5 kW, traverse speed of 160 mm/s and 

beam diameter of 2 mm. After immersion in 5 wt.% NaCl solution for 10 days 

at 20C (pH 10.5), it was found that the average corrosion rates reduced by ~ 

30, 66 and 87% for the AZ31, AZ61 and WE43 alloys, respectively, because 

the melted layers did not dissolve fully during the corrosion test period of 10 

days. The improvements in corrosion rate were attributed to microstructure 

refinement, with grain size being reduced by a factor of ~ 10, combined with 

a more uniform distribution of the secondary phase, acting as a barrier to 

prevent corrosion propagation. Similar results were obtained by Guan et al. 

[210] who modified the surface of AZ91D alloy using a Nd:YAG pulsed laser 

(power density 3.82104 W/cm2). After laser treatment, the original -Mg and 

lamellar Mg17Al12 microstructures were refined to form a more 

cellular/dendritic structure, combined with a continuous network of fine -

Mg17Al12, providing an effective barrier against corrosion. Further, Majumdar 

et al. [211] tested MEZ alloy under continuous wave CO2 laser, with incident 

power of 1.5 – 3 kW and a scan speed of 100 – 300 mm/minute. LSM was 

found to improve pitting corrosion resistance, being attributed again to grain 

refinement which enhance the attachment and retention of the Mg(OH)2 

passivation film.  Mondal et al. [212] noted also the absence of intermetallic 

phases at grain boundaries and an increase in the solid solubility of Al and Ca 

in Mg, which acted to minimise the tendency of ACM720-Mg alloy to pitting 

corrosion after Nd-YAG laser treatment.     

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

(EIS) technique to study the corrosion resistance of laser melted AZ91C alloy 
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and found that the Mg(OH)2 film formed on the surface was more stable than 

that formed on as-cast specimens, even with the presence of the Cl-, as a 

result of the finer grain size of the matrix. Conversely, Dubé et al. [214] 

reported that even though near surface microstructure refinement was 

achieved after pulsed Nd:YAG laser modification of AZ91D and AM60B alloys, 

corrosion resistance in sodium solution was not affected and laser processing 

under conditions of high input power which acted to reduce corrosion 

resistance.    

Guan et al. [215] studied the effect of overlap (25-90%) on the 

microstructural evolution of AZ91D alloy, treated by pulse Nd:YAG laser 

surface melting and found that with increasing overlap, the morphology of the 

solidification microstructure altered from cellular grains, to cellular–dendritic 

and equiaxed dendritic grains. Improved corrosion resistance of the laser 

treated AZ91D alloy was reported, compared to as-received surfaces, with 

variation in corrosion rate values being attributed to coarse microstructure 

and cracks formed in the melt pools of low overlap. Differences in the 

corrosion performance on overlapping zones and the central laser track was 

also observed by Gao et al. [216] and Guo et al. [217], being attributed to 

the dissolution of Mg12Nd. Table ‎2-9 summarises key findings in literature 

regarding the use of lasers to modify Mg surfaces.  It is noted that grain 

refinement and redistribution of second phases after laser surface melting can 

enhance the corrosion resistance of Mg-alloys due to improvements in the 

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

Material Laser Power / W Scan speed spot size / mm Improved 
Properties  

Corrosion 
media 

Comments  Ref 

ACM720 CW-Nd:YAG 2000 600 mm/minute 3.8 Microhardness
& wear 

resistance 

5 wt.% 
NaCl 

Absence of 2nd phase Al2Ca 
at grain boundaries, 

microstructural refinement 
and extended solid solubility 

of Al 

[212] 

AZ91C Pulsed-Nd:YAG 100-300 5-10 mm/s 1.17-1.14 Microhardness 3.5% NaCl Grain refinement and 
redistribution of Mg17Al12 

intermetallic precipitates 
along grain boundaries  

[213] 

ZE41 Excimer laser 100 mJ 250-50 m/s rectangular 2410 Microhardness 0.5M NaCl 
solution and 
salt-spray 

test 

Uniform distribution of RE 
elements 

[218] 

ZE41A CW-Nd:YAG 1818-1856 0.5-19.875 
mm/min 

6.5-1 - 0.001 M NaCl Insignificant improvement in 
corrosion resistance  

[219] 

AZ91D Pulsed-Nd:YAG 3.82 104 

W/cm2 

10 mm/s 1 mm - 3.5% NaCl Different corrosion rates due 

to coarse structures in 

overlapping areas 

[215] 
[220] 

ZE41A CW-Nd:YAG 1856- 820 19,875- 12,000 
mm/min 

1 mm - 0.001 M NaCl Surface crack-free 
microstructure and 

homogeneous 
distribution of alloying 

elements 

[221] 

Mg-alloy 
with (wt.%), 

8.57Al, 
0.68Zn, 
0.15Mn, 
0.52Ce 
and Mg-

balance 

Pulsed Nd:YAG 1.0 J 140 mm/min 300 m Microhardness 3.5 wt.% 
NaCl 

Strong oxidation nature of 
Ce resulted in the formation 
of new oxide film. Increase 

Al concentration. 

[222] 
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Table 2-9 continued. 

Material Laser Power / W Scan speed spot size / mm Improved 
Properties  

Corrosion 
media 

Comments Ref 

AZ91D CW- high-
power diode 
laser (HPDL)  

375-600 45-90 mm/s - Microhardness 3.5 wt.% Corrosion rate increased 
with increasing laser power 

and decreasing laser 
scanning speed 

[223] 

AZ91D & 
AM60B 

Pulsed 
Nd:YAG 

100 - 300 W 3 - 20 mm/ s - - 5wt% NaCl No significant improvement 
in corrosion resistance  

[214] 

AZ31, AZ61 
& 

WE43 

CW- CO2 laser 1.5 kW 160 mm/s 2 mm - 5wt% NaCl Refinement in the 
microstructure of the alloy 
and even distribution of -

phase 

[209] 

AZ91D Pulsed-excimer 
laser 

6.0 J/cm2 - 4.0 mm - 3.5 wt.% 
NaCl 

Significant dissolution of 
intermetallic 

and the formation 
of a highly homogeneous -

Mg solid solution 

[224] 
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2.8.3  Alloying (commercial approach) 

Current Mg-alloys used for temporary implants were developed originally for 

the transport and aerospace industries. Alloying elements are added usually 

to improve the mechanical properties of the Mg. However, Mg and Mg-alloys 

used in biomedical applications must consider the biological effect of the ions 

released and their acceptable tolerance levels. The alloying material released 

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

The development of alloys for controlling corrosion may be achieved through 

the addition of elements which alter the grain structure and precipitate 

phases, in addition to the effects of oxide layer composition [61]. Mg-alloys 

are under investigation to understand the influence of specific elements on 

the formation of protective layers [25]. Minimising the chemical potential 

difference (Eo) between Mg and the alloying elements could result in a 

reduced anodic tendency, and hence affect the corrosion rate in general 

[225]. Presently, Mg alloys used as biomaterials are divided into three major 

groups: i) Pure Mg with traces of other elements; ii) Al containing Mg-alloys 

with a trace of Zn and Mn, which suggests that Al can modify mechanical 

properties and improve corrosion resistance through the formation of an 

insoluble and stable oxide layer of Al2O3 [61] [25] and; Al-free Mg-alloys 

containing RE elements and mixtures of Zn, Ag or Zr which enhance the fine 

grain structure, mechanical properties and the formation of intermetallic 

compounds to reduce microgalvanic effects [25] [61]. Alternative alloys 

containing Ca are under development which reduces the dissolution of Mg due 

to the formation of cathodic phase at grain boundaries. A brief summary of 

various Mg-alloys, their phases and their effect on mechanical and corrosion 

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

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Material 

family 

Alloy Alloying elements  

wt.% 

Main 

phases 

Effect of alloying elements Biological effect 

Mechanical 
properties 

Corrosion 
properties 

normal 
serum level 

positive effect high dosage 

Pure Mg Mg 99.9 Mg 
 

  Mg - Fast corrosion in 
presence of Fe, 

Cu, Co & Be 

0.73-1.06 
mmol/L 

Energy 
metabolism 

Toxicity 

Mg-Al-Zn AZ31 

AZ63 

AZ91 

 

3 Al 

6 Al 

9 Al 

1 Zn 

3 Zn 

1 Zn 

 

 Mg; Mg17Al12 Improved 

strength by solid 

solution 

strengthening, 

castability 

Improved 

corrosion 

resistance by  

insoluble Al2O3, 

but high Al 
increase & 

Mg17Al12 cause  

pitting corrosion 

Al = 2.1-4.8  

μg/L 

- Dementia & 

Alzheimer 

diseases 

Mg-Ca Mg–xCa 
(x=1, 2,3) 

xCa   Mg; Mg2Ca Grain boundary 
strengthening, 

grain refining 

Increase 
corrosion rate 

0.919-0.993 
mg/L 

Good cell 
attachment, 

stored in bone 

and teeth 

Kidney stones 

Mg-Zn-Ca Mg–1Zn–

1Ca 

1 Zn 1 Ca Mg Mg2Ca; 

Ca2Mg6Zn3 

Grain boundary 

strengthening 

High corrosion 

rate 

- Good bio- 

compatibility 

no inflammatory 

Neurotoxicity 

Kidney stones 

Mg-Zn-

Mn-Ca 

Mg–2.0Zn–

1.2Mn–1Ca 

2 Zn 1.2 

Mn 

1 Ca Mg;Mg2Ca; 

Ca2Mg6Zn3; 

Ca2Mg5Zn13 

Extreme grain 

refinement 

 

- - - Neurotoxicity 

Kidney stones 

Mg-Si-Ca  1 Si 1 Ca  Mg; Mg2Si; 

SiMgCa 

Little increase in 

strength- 

Low corrosion 

resistance 

- Growth bone 

classification 

Lung diseases 

(SiO2) 

Mg-Zn Mg–xZn 

(x=1, 3,10) 

xZn   Mg; MgZn 

Mg2Zn3 

Mg7Zn3 

Improved 

strength and 

castability 

- 12.4-17.4  

mol/L 

Necessary in 

immune system 

Neurotoxicity 
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Table 2-10 continued.  

Material 

family 

Alloy Alloying elements  

wt.% 

Main 

phases 

Effect of alloying elements Biological effect 

Mechanical 

properties 

Corrosion 

resistance  

normal 

serum level 

positive effect high dosage 

Mg-Mn Mg–1Mn 1 Mn   Mg; Mn High purity 

alloys by 

formation of less 

harmful 

intermetallic 
compounds; 

enhanced 

ductility 

Increase 

corrosion 

resistance by 

removal of 

impurities such 
as Fe (with Al) 

<0.8  g/L - Neurotoxicity 

Mg-RE LAE 

442 

4 Li 4 Al 2 RE Mg; Al11RE3; Improved 

ductility and 

formability by 

change of lattice 

structure to BCC 

Enhanced 

corrosion 

resistance and 

mechanical 

properties 

Li=2-4 ng/g Drug for 

psychiatric 

disorder 

Lung 

dysfunction 

WE43 4 Y 3 RE  Mg; 

Mg12YNd; 

Mg14YNd2 

Solid solution 

strengthening 

Enhanced 

corrosion 

resistance 

- Anti-

carcinogenic 

- 

ZE41 4 Zn 1 RE  Mg; 

MgZn(RE) 

Solid solution, 

and precipitation  

strengthening 

Enhanced 

corrosion 

resistance 

- - - 

AE44 4 Al 4 RE  Mg; 

Mg17Al12; 
Al11RE3; 

Al12RE 

Solid solution, 

and precipitation  
strengthening 

Enhanced 

corrosion 
resistance 

- - - 

Mg–xGd 

(x=5,10,15) 

xGd   Mg; Mg5Cd  Decreased 

corrosion rate 

- - Acute toxicity 

WZ21 2 Y 1 Zn  Mg; MgYZn3; 

Mg7Zn3; 

Mg3YZn6 

 Enhanced 

corrosion 

resistance 

- - - 

Mg–8Y 8 Y   Mg; Mg24Y5 

Mg2Y 

Improve creep 

resistance 

Improved 

corrosion 

resistance 

- - Adverse effect 

on DNA 

transcription 

factors 
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The degradation rate for different Mg-alloys is still undergoing extensive 

research. Kirkland et al. [227] studied the corrosion rate of a wide range of 

Mg-alloys potentially used in implants applications. They presented a survey 

of weight loss results (Figure ‎2-22) after 3, 7 and 14 days immersion in 

Minimum Essential Medium (MEM) solution and concluded that AZ91 alloy 

showed the slowest corrosion rate, during 14 days immersion, at 0.07 

mg/cm2/day compared to 0.8 mg/cm2/day for highly pure Mg [227].  

 

 

Figure ‎2-22 Degradation rates for various Mg-alloys in MEM, at 37°C. The 

symbol ‘G’ refers to general corrosion, ‘P’ pitting corrosion, and ‘X’ localised 
corrosion [227].  

 

Gusieva et al. [112] interpreted the relative influence of alloying elements on 

anodic and cathodic kinetics and corrosion (Figure ‎2-23), concluding that Al 

and Mn alloying elements should not exceed their effective solubility limits, in 

order to gain improvements in corrosion activity. However, elements such as 

Li and Ca are more reactive than Mg, so when alloyed with Mg increase the 

anodic reaction rate.            
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Figure ‎2-23 Schematic representation of electrochemical effect of alloying 

elements. Plot shows the ability of alloying additions to modify anodic or cathodic 
kinetics (or both), leading to changes in the resultant corrosion rate (icorr), along 
with changes in corrosion potential (Ecorr). CS represents solid solubility [112]. 

 

Regarding the control of Mg corrosion, the key factors include:  

i. Solubility of alloying elements:  

Elements added to Mg should show considerable solubility within the Mg 

matrix, which tends to reduce the anodic kinetics. However, when the alloying 

elements reached their limiting values, they tended to form intermetallic 

phases. Consequently, cathodic kinetics increase at these sites, leading to a 

high corrosion rate. Homogenous distributions of alloying elements in the Mg 

matrix should help reach a preferable degradation rate.  

ii. Nature and solubility of the corrosion products:  

When the surrounding environment reaches the equilibrium ion concentration, 

the corrosion of Mg-alloy stops [25]. However, this condition cannot be 

reached in practice, since the electrolyte is subjected to a dynamic process, 

due to varying blood flow and fluid content around the implant. Hence, 

equilibrium in the environment is not achievable, and complete corrosion 
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becomes possible. In addition, the reaction between dissolved ions and the 

surrounding biological environment leads to the formation of corrosion 

products that are varied in their nature and solubility [226] . 

Depending on the alloying elements, corrosion morphologies may vary 

from uniform to more localised corrosion. The depth and penetration of 

corrosion attack should be considered carefully. Kirkland et al.  [227] pointed 

out that in stent applications, the wall thickness is generally in the hundreds 

of microns range; hence variability and rate of corrosion must have strict 

levels, and no effect should be observed on mechanical integrity during the 

healing period. In addition, insoluble products could impose health problems 

and risks, such as blocking the blood stream in the artery. Their study 

investigated the corrosion product of Ca-rich alloys, finding that insoluble 

‘chalk like’ Ca-rich oxides formed on sample surfaces very rapidly [227].  

iii. Effect of solution and organic content: 

Various in vitro corrosion experiments have been performed on Mg-alloys with 

or without proteins in the corrosion media [25]. It is known that protein 

layers reduce the corrosion rate of Ti-alloys. A protective protein layer 

enhanced by calcium phosphate was observed and it was concluded that this 

layer participates in altering the corrosion rate [25]. However, in Mg-alloys, 

this affect has not been investigated fully, and should be addressed in future 

studies. The corrosive behaviour of Mg-alloys is influenced by the composition 

of the corrosive medium and the absence or presence of proteins [33]. In 

addition, the formation of new cells on stent surfaces act as local passive 

areas, which then cause local changes in the electrochemical conditions. 

These different corrosive environments could cause local anodic and cathodic 

sites, which could lead to locally accelerated corrosion rates resulting in 

pitting corrosion. 
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2.9  Issues for the development of biodegradable 

Mg stents, based on the principles of grain 
structure refinement 

In reviewing the literature, the following areas have been identified as critical 

issues for the development of Mg degradable stents:  

 The relatively low corrosion resistance of Mg in the biological 

environment 

Although the development of Mg-biodegradable stents can overcome some 

problems associated with the use of permanent implant, the actual clinical 

need for an implanted stent is for 6-12 months to allow full healing to 

occur in a blocked artery. Clinical trials on various Mg-alloys stents 

revealed that Mg can remain in the body and maintain mechanical integrity 

for ~ 12-18 weeks. The main issue with Mg-alloys is its relatively low 

corrosion resistance when in contact with the biological environment, 

especially in present of Cl- ions. Hence, the complexity of interaction of 

pure Mg with various ions in the biological environment needs to be further 

clarified.  

 Control of the corrosion resistance of Mg  

In order to extend the time period for dissolution and to achieve optimal 

temporary function of Mg stents, improved control over the corrosion rate 

of Mg is needed. Some surface engineering techniques such as applying 

coatings, and surface homogenisation by rapid solidification processes 

have been widely applied. However, there is an interest in investigating the 

effect of process parameters on the corrosion resistance of Mg when it 

comes in contact with physiological media.  

 Development of fabrication methods for Mg stents to achieve 

desired wall thicknesses.  

In this context of the behaviour of Mg in the biological environment, there 

is need to develop suitable methods for the fabrication of Mg stents. 
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Conventional routes are usually used to fabricate stents from small 

diameter wires or narrow-walled tubes, laser cut into the desired pattern. 

However, these methods have limitation of producing stents with narrow-

wall thicknesses in the range < 100 µm. There is an interest in exploring 

the use of nanostructured fabrication techniques to produce novel, narrow-

walled Mg stents, with thickness of 10s micrometers. Hence, it becomes 

necessary to investigate the effect of microstructural feature within such 

stents on the corrosion behaviour of Mg.          

Accordingly, several distinct themes related to the use of Mg in biodegradable 

stents will be addressed in this thesis:  

 The application of magnetron sputtering techniques to obtain narrow-

walled minitubes (wall thickness ~ 100 m) from pure Mg.   

 To investigate the effect of post deposition thermal processing on the 

mechanical properties and corrosion resistance of pure Mg stents, as 

compared to commercially developed Mg-alloy stents.  

 To investigate the effect of applied physical barriers, i.e. Al-O and Si-H 

based PVD coatings, on the corrosion performance of Mg.  

 To investigate the enhancement of the self-passivation behaviour of 

Mg surfaces through rapid solidification processing. 

 To investigate the effect of rapid solidification processing on surface 

morphology and the corrosion performance of Mg surfaces.  

 To develop a detailed description of the corrosion behaviour of pure 

Mg, in physiological solution, in the presence of phosphate and 

chloride ions.          
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2.10  Summary  

In this Chapter, general materials used in balloon expandable and self-

expandable stent applications have been outlined. Degradable metals are 

identified as being desirable, to overcome the clinical complications of using 

permanent stents, such as restenosis and thrombosis. Mg and Mg-alloys are 

considered biocompatible and safely degrading materials, with the 

expectation of applications in peripheral and coronary artery angioplasty. The 

interactions between Mg and ions in aqueous environments result in the 

dissolution of Mg and the crystallisation of Mg(OH)2 passivation layers. The 

presence of aggressive Cl- ions in physiological media leads to the dissolution 

and breakdown of passivation films, enhancing corrosion in film free areas. 

The presence of PO4
3- ions can enhance the passive behaviour of Mg surfaces 

if the hydroxide layer is stable. Accordingly, this thesis seeks to gain 

improved understanding of the corrosion mechanisms of pure Mg, at the 

fundamental level, in relation to its applicability for stent applications. A 

feasibility study on the use of nanostructuring technologies, i.e. magnetron 

sputtering, combined with post-deposition thermal treatments, for the 

manufacture and grain refinement of Mg minitubes, with the aim of improving 

mechanical and electrochemical properties, will be described. Further, 

controlling of corrosion rate of bulk Mg by the application of PVD coatings will 

be reported on, along with a detailed investigation of the corrosion 

mechanisms. An in depth discussion on the effects of rapid solidification 

processing, include electron beam and laser processing, on the morphology 

and corrosion resistance of Mg will also be presented. The main issues 

concerning the effects of grain refinement on the corrosion performance of Mg 

will be discussed. 
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3. CHAPTER 3 Experimental methodology 

3.1 Introduction  

The experimental procedures used for the preparation and characterisation of 

Mg samples investigated in this thesis are outlined in this Chapter. Table ‎3-1 

provides an overview of the sample sets investigated, being a summary of the 

processes, samples and nature of each process development investigation. 

Sections 3.2 and 3.3 describe the source materials and the commercially 

available Mg stent investigated for benchmarking purposes; along with the 

magnetron sputtering conditions used to fabricate a minitube stent and the 

post fabrication thermal annealing treatments applied. Section 3.4 describes 

the sample handling, i.e. the polishing protocols for bulk Mg and the surface 

modification processes applied; including i) the physical vapour deposition 

(PVD) of Al-H and Si-H coatings; and ii) the near surface modification 

techniques of electron beam modification (EBM) and laser surface melting 

(LSM). Sections 3.5 & 3.6 describe the bases of the sample characterisation 

techniques and corrosion tests applied.  

Table ‎3-1 Overview of sample sets investigated 

Chapter / 

Section 

Process  Sample Investigation 

Chapter 4 Mg-stent 

fabrication  

Mg-alloy Reference, commercially prototype Mg-alloy 

stent: Characterisation and corrosion testing    

Mg PVD Mg stent fabrication - feasibility study 

Chapter 5 PVD Coating  Al/Mg PVD coated Al/Mg in Ar: As deposited and 

annealed  

Al-H/Mg PVD coated Al/Mg in Ar/H2 mixture: As 

deposited and annealed  

Si-H/Mg PVD coated Si/Mg in Ar/H2 mixture 

Chapter 6-1 EBM Mg Electron beam surface modification as a 

function of cathode voltage and number of 

pulses 

Chapter 6-2 LSM Mg Laser surface modification as a function of 

scan speed, power and spot size  
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3.2 Materials 

The source materials and gases used in this study are summarised in 

Table ‎3-2. 

Table ‎3-2 Materials, suppliers and purity 

Material Supplier Name Form Purity % 

Mg Testbourne Ltd, UK Sheet 99.99 

Mg  Testbourne Ltd, UK Target  99.98 

HA Testbourne Ltd, UK Target - 

Al 
Boguan vacuum applied 

materials, China 
Target 99.95 

Si Testbourne Ltd, UK Target 99.999 

CrO3 Sigma Aldrich, UK solution - 

PBS Sigma Aldrich, UK solution - 

Ar BOC Pure shield, UK Gas 99.998 

H2 BOC Pure shield, UK Gas 99.99 

N2 BOC Pure shield, UK Gas 99.998 

Cover glass slip Agar scientific, UK Round glass No.5 - 

 

3.3 Mg-stent fabrication 

Stent sample codes and heat-treatment conditions applied are tabulated in 

Table ‎3-3.    

Table ‎3-3 Samples code and heat-treatment conditions applied to the Mg stents 

Sample code Stent  

Post deposition thermal 
treatment  

T(C) gas 

St-0 As-supplied stent  - - 

Tu-0 

Mg coating 
 

- - 

Tu-300 300  

Tu-400  400 He/H2 

Tu-450 450  

Tu-500 500  

Tu-550 550 Ar 

Tu-600 600  

 

3.3.1  As-supplied Mg alloy stent  

A commercially prototype Mg-alloy stent (Arterius Ltd, UK) was characterised, 

as a reference sample, being a benchmark for the in-house processed Mg 

minitubes produced by magnetron sputtering PVD.    
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3.3.2  Pure-Mg minitubes   

3.3.2.1 Substrate preparation 

Commercially available stainless steel spinal needles (Becton Dickinson-BD) 

were used as substrates. The needles, with outer diameter (OD) of 1.2 mm 

and length (L) of ~ 80 mm, were covered with a very thin sacrificial layer of 

silicone-based high vacuum grease (Dow Corning). This sacrificial layer was 

prepared by simple manual application of a fine layer of vacuum grease, with 

gloved fingers, whilst avoiding any uneven grease trails.  

3.3.2.2 Pure Mg coating deposition  

 

 

Figure ‎3-1 Sample stage and holders used for the fabrication of Mg-minitubes  

 

Sequential Mg coatings were deposited using a PVD coating system (Teer 

Coatings Ltd. UDP 650/4). Two opposed circular magnetrons, upon which 

pure Mg targets (57 mm diameter; 3 mm thick) were mounted, were used to 

deposit Mg coatings onto stainless steel substrates. The samples were 

mounted on supporting pins, held on a twin axis jig connected to a rotary 

fixture on the chamber base, to facilitate even, 360° coating of the needle 

Holder (pins) 

Mg Target  
Substrate 

(stainless steel 
needles)  

Cover glass  

High 
temperature 
masking tape   



Chapter 3 Experimental methodology 

74 
 

samples held within the plasma fields of two magnetrons. Additional fixation, 

using KaptonTM high temperature masking tape, was employed to ensure full 

sample rotation (Figure ‎3-1).   

Before deposition, the chamber was pumped to a base pressure of 2.0 x 10-5 

torr, or better. When the base vacuum was achieved (typically after 1 - 1.5 h 

of pumping time), a controlled flow of Ar (50 sccm) was admitted into the 

chamber, such that the chamber pressure was maintained at ~ 1 x 10-3 torr.  

Sample rotation was set at 2 rpm and a DC current of 0.3 A was applied to 

both Mg targets, in order to strike a deposition plasma, resulting in a target 

voltage of ~  600 - 370 V DC, depending on the level of target depletion 

during deposition. Samples were rotated within the deposition plasma for a 

period of 8 h, which was judged to be a safe useful lifetime for the Mg 

targets, to avoid any breakthrough to the Cu magnetron beneath, which 

would result in sample contamination and possible damage to the magnetron.  

Each 8 h deposition phase added ~ 9-10 µm of Mg thickness to the sample 

surface. Upon completion of the deposition phase, following a 30 minute cool 

down period, the chamber was vented, the twin axis sample stage removed 

and fresh Mg targets were mounted on both magnetrons; the sample stage 

was re-admitted to the chamber and pump-down recommenced prior to 

deposition of the next Mg layer.  A total of 10 such Mg depositions were 

conducted in order to build up a minitube layer thickness ~ 100 µm. Samples 

were then capped with a final layer of hydroxyapatite (HA), of ~ 100 nm 

thicknesses, using a similar sized HA target, using radio frequency (RF) 

magnetron sputtering. Table ‎3-4 summarises the sputtering conditions for the 

Mg and HA coatings. 

Table ‎3-4 Sputtering conditions applied to produce Mg minitubes 

Sample 
Current 

/ A 
Ar  pressure 

/ torr  
Duration 

/ min  

Estimated 
thickness 

/ µm 

Mg 0.3  1.0×10-3 480 ~ 10 

HA RF-120 1.7×10-3 30 ~ 0.1 
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3.3.2.3 Post deposition heat-treatment  

After sequential deposition of the Mg layers, the Mg minitubes were subjected 

to post deposition heat-treatments, up to 450C for time up to 24 hours, 

using Sieverts apparatus (Figure ‎3-2), to promote densification of the Mg. The 

system consisted of a stainless steel sample cell, fitted into a ring heater 

(Watlow, UK), capable of temperature control stability of ± 1°C; a Druck PMP 

4010 pressure transducer with accuracy of 0.04 %FS and 10 bar absolute 

pressure; a switchable manifold volume; He and H2 gas inlet lines; and an oil-

free diaphragm pump vacuum system; all sealed in an acrylic glass box 

equipped with heaters, two fans and thermocouples to maintain a constant 

temperature of 35  0.5C inside the glass box.  

 

Figure ‎3-2 Key components of the Sieverts heat-treatment apparatus, adapted from 

[228].    

 

The Mg minitubes were loaded into an Ar glove-box in a sealed sample cell 

which was then mounted in a Sieverts apparatus. Once the enclosure 

temperature had stabilised, the system was subjected to an initial leakage 

test by slowly filling the cell with 10 bar of He and monitoring the pressure for 

~ 1 - 3 h. If a drop in gas pressure was observed, the joint between sample 
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cell and manifold was tightened and the gas rechecked until a steady 

pressure was maintained. The sample cell was then filled with H2 gas, at first 

to 0.1 bar, followed by a flow of He to reach a total pressure of ≥ 1.0 bar. The 

system was heated to the specified temperature and held for 24 h.  The 

samples were then allowed to cool to room temperature under an H2/He 

atmosphere. 

 

In order to encourage stronger grain regrowth, the Mg minitubes were 

annealed also up to 600C using a tube furnace (Lenton Thermal Design, UK) 

under an Ar atmosphere. The Ar-filled sample cell was admitted into the tube 

furnace which was then ramped to the specified temperature, under an Ar 

flow of 1 L/minute, and held for 24 h.  The samples were then allowed to cool 

naturally under the treatment atmosphere. Samples codes and post-

treatment conditions are summarised in Table ‎3-3. 

 

3.4 Bulk Mg surface modification  

3.4.1  Mg substrate preparation  

High purity Mg sheet was cut by wire erosion (Electric Discharge Machining 

(EDM)) into 2020 mm2 by 3 mm thick blocks, or 20 mm diameter by 3 mm 

thick discs. The samples were cleaned in acetone prior to mounting on a hot 

Cu holder covered with a thin layer of wax, and then left to cool to room 

temperature. The holder was fixed in a semi-automatic LaboPol-5 (Struers, 

Germany) polisher, with a rotation speed of 150 rpm and an applied force of 

20 N. The Mg samples were ground on one surface using an MD1200 disc and 

then polished with diamond paste (down to 0.25 µm) to a mirror finish. The 

polished samples were cleaned after each grinding and polishing stage, using 

cotton balls wetted in IMS and acetone, followed by drying under a flow of 
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cold air. Care was taken not to use water in any of the grinding, polishing and 

cleaning stages. Table ‎3-5 summarises the established polishing protocol for 

the preparation of Mg surfaces.   

Table ‎3-5 Mg surface preparation protocol 

Grinding/polishing FG P1 P2 P3 

Disc/cloth MD1200piano MD-Cloth MD-Cloth MD-Cloth 

Abrasive type Diamond Diamond  Diamond Diamond 

Grit or grain size (m) P1200 6 1 0.25 

Lubricant type IMS White spirit White spirit White spirit 

 

 

3.4.2  Al and Si thin film deposition:  

 

  

Figure ‎3-3 (a) Schematic diagram showing targets and sample arrangement inside 

the PVD system (adapted from [228]); and (b) Mg samples mounted on the sample 

holder, prior to PVD coating.  

  

  Table ‎3-6 Sample codes and coating process parameters.   

Sample 

code  

Coating Mode/ 

Power / W 

Chamber 

pressure/ 

torr 

Bias / 

V 

Gas Flow 

rate / 

sccm 

Estimated 

thickness 

/ µm  

Annealing 

Temp / 

C 

Al 

Al RF-150 1.4×10-3 40 Ar 47.6 >1 

- 

Al300 300 

Al450 450 

AlH 

Al DC-629 1.6×10-3 - Ar/H2 
35.6 / 
31.6 

≈1 

- 

AlH300 300 

AlH450 450 

SiH Si RF-100 3.0×10-3 - Ar/H2 
34.9 / 

28 
≈1 - 

 

a b 

Sample 

holder 

Samples 

Shutter  
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Coatings were deposited using a commercial-scale, closed-field, unbalanced, 

magnetron Physical Vapour Deposition (PVD) system (Teer Coatings Ltd. UDP 

650/4, UK). The system (Figure ‎3-3 (a)) was equipped with two direct current 

(DC) radio frequency (RF) power supplies with a pulsed DC bias supply. The 

inner chamber was ~ 450 mm in diameter and ~ 450 mm high. The external 

wall of the chamber comprised a double layer stainless steel plate, with a gap 

to allow the flow of cooled water. The front door of the system allowed for 

convenient sample loading. The system was equipped with two opposing 

circular magnetrons; holding sputtering targets of 57 mm diameter, and other 

two opposing planar magnetrons for 175380 mm sized targets. In this 

study, only one circular magnetron was used to deposit single layer coatings, 

while the others were covered with Al foil to avoid target contamination.  

Polished Mg samples and cover glass slips were mounted onto the circular 

sample stage using KaptonTM high temperature masking tape. The samples 

were statically positioned in front of the target, at a working distance of 6 cm. 

Figure ‎3-3 (b) shows the Mg substrates arranged inside the PVD chamber. 

Before deposition, the chamber pressure was reduced to a base pressure of 

1x10-5 torr, using a rotary-backed, diffusion pump vacuum system. Vacuum 

valve operation during pump-down was controlled automatically by the UDP-

650 system computer. Once base vacuum was achieved (~ 30 minutes 

pumping time), a controlled flow of Ar/H2 was admitted into the chamber, via 

a feedback control system (MKS Mass-Flo controller and MKS capacitive 

baratron), such that the chamber pressure was maintained at ~ 1x 10-3 torr. 

A shutter was positioned in front of the Mg substrates while the target was 

pre-sputtered for ~ 10 minutes to remove surface contamination and oxide. 

Single layer coatings were deposited from the circular target under the 

sputtering conditions summarised in Table ‎3-6. 
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3.4.2.1 Post-deposition thermal oxidation  

Post-deposition, thermal oxidation of the Al thin films was performed using a 

tube furnace (Lenton Thermal Design, UK) in open air atmosphere. The 

furnace temperature was calibrated for the range 300 - 650C using a 

thermocouple. Samples were left to cool naturally (Table ‎3-7).  

Table ‎3-7 Post deposition heat-treatment conditions of the Al coatings 

Sample 
code 

Heating Temp. 
/ °C 

Heating rate 
/ °C.min-1 

Heating time 
/ h 

Al300 300 10 5 

Al450 450 10 2 

Al-H300 300 20 5 

Al-H450 450 20 2 

 

 

3.4.3 Large area electron beam (LAEB) surface 

modification   

A schematic for the EB irradiation process is shown in Figure ‎3-4. The 

following principles are provided from literature [193] [229] [230] [231] 

[232]. Before electron generation, the vacuum chamber was filled within Ar 

gas at a pressure of 0.05 Pa. After the Ar pressure was reached, a magnetic 

field was generated through a solenoid coil sited outside the chamber. Once 

the magnetic field reached maximum intensity, a voltage of 5 kV was applied 

to the ring anode placed in the middle of the chamber. This high anode 

voltage extracted electrons from the cathode, and the electrons moved 

spirally to the anode around the magnetic field flux lines. During travel, the 

electrons colloided with Ar atoms in the chamber leading to ionisation of the 

Ar atoms and the generation of a plasma around the anode. After the 

concentration of generated plasma reached a maximum, an accelerating 

voltage (maximum of 40 kV) was applied to the cathode. Due to the high 

cathode voltage, the electrons were accelerated by the high electric field. The 

accelerated electrons formed a beam with high intensity directed through the 
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anode plasma to the collector cathode, where the workpiece, i.e. specimen, 

was mounted.           

 

 

Figure ‎3-4 Schematic illustration of an Sodick PF32A LAEB machine, adapted from 

[193].  

 

 

 

 

Figure ‎3-5 Sample stage and holder for the Sodick PF32A LAEB machine. 

 

 

Accordingly, a Sodick PF32A LAEB machine was used to irradiate Mg sample 

surfaces (Figure ‎3-4). 

 

 

44 mm 
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Table ‎3-8 LAEB sample codes and process parameters 

Sample 
code 

Cathode  voltage / 
kV 

Number of 
shots 

EB15-1 15 1 

EB15-5 5 

EB15-20 20 

EB25-1 25 1 

EB25-5 5 

EB25-20 20 

EB35-1 35 1 

EB35-5 5 

EB35-20 20 

EB40-1 40 1 

EB40-5 5 

EB40-20 20 

EB40-50 50 

 

 

Table ‎3-8 summarises the Mg sample sets investigated by LAEB modification. 

Ar gas at a pressure of 0.05 Pa was used to build up the plasma required for 

electron generation. The Ar was supplied from gas cylinders, at pressures of 

0.35 MPa. The electron beam diameter was 60 mm, with a pulse time of 2–3 

s, pulse interval of 11 s and energy density of 20 J/cm2. Two polished Mg 

samples were clamped onto a sliding sample stage (Figure ‎3-5) and the 

surfaces levelled within the sample holder jaws, leaving a 10 mm gap 

between the Mg surface and holder base. The distance between the electron 

gun and sample surface was 300 mm, while machine constant anode and 

solenoid voltages were established at 5.0 kV and 1.5 kV, respectively. In 

order to establish the effect of irradiation conditions on the Mg surfaces, 

various cathode voltages and number of pulses were utilised.  
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3.4.4  Laser surface melting (LSM) modification   

 

 

Figure ‎3-6 LSM processing arrangement. 

 

The samples code and process variables used in the LSM study are 

summarised in Table ‎3-9.  

Table ‎3-9 LSM sample codes and processing parameters  

Sample code Scan speed / 
mm/min 

Power / 
W 

Spot size / 
mm  

L3-375 3600 375 2 

L3-450 450 

L3-525 525 

L3-600 600 

L4-375 4500 375 2 

L4-450 450 

L4-525 525 

L4-600 600 

L5-375 5400 375 2 

L5-450 450 

L5-525 525 

L5-600 600 

L5*-375 5400 375 3 

L5*-450 450 

L5*-525 525 

L5*-600 600 

L6-1500 6300 1500 3 

 

A continuous laser beam generated by an YLR-2000SM ytterbium fibre laser 

(IPG, GmbH Germany) with wavelength of 1070 nm and Gaussian beam 

Laser head  

Plastic bag filled 
with Nitrogen  

Laser beam  

Mobile stage     

Mg samples 
being modified 

Metal piece to 
protect the stage 
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profile was used for laser surface treatment. A circular laser spot, measuring 

952 m at the 192 mm focal position, was produced from a 600 m delivery 

fibre, with an output power of up to 2000 W.  The laser head was fixed at 10 

mm and 20 mm positions below the focal point, in order to produce 2 mm 

and 3 mm beam spot sizes, respectively. The samples were clamped to an X-

Y mobile base sealed by a plastic bag, filled with a continuous purge of Ar 

gas. Multi-track profiles were scanned over the polished samples, using 

various powers, scan speeds and spot sizes. Figure ‎3-6 shows the laser 

processing arrangement.  

 

3.5 Materials characterisation 

A range of characterisation techniques were applied to appraise surface 

topography, chemistry, structure and mechanical properties of the various 

sample sets; i.e. scanning electron microscopy (SEM), energy dispersive x-

ray spectroscopy (EDS), X-ray diffractometry (XRD), X-ray photoelectron 

spectroscopy (XPS), Fourier transform infrared spectroscopy (FTIR) and 

microhardness (Hv) testing. Additionally, corrosion behaviours of the as-

prepared and modified surfaces were investigated, using both mass loss and 

potentiodynamic corrosion testing techniques.     

 

3.5.1  Metallography 

Samples were sectioned using a Brilliant 220 cutter (Germany) and mounted 

in Struers Epofix cold resin which was left to cure for 12 h. After polishing, 

samples were etched using acetic glycol (20 mL acetic acid, 1 mL HNO3, 60 

mL ethylene glycol and 20 mL H2O). Samples were submerged in the etch for 

10 s and then rinsed in flowing water, before drying in hot air.  
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3.5.2  Optical microscopy  

Sample surfaces in planar and cross-sectional geometries were examined 

using a Nikon Eclipse LV100ND (Nikon, Japan) optical microscope, for surface 

macrostructure and microstructure observations.  

 

3.5.3  Scanning electron microscopy (SEM) and energy 

dispersive X-ray spectroscopy (EDS)  

The interaction of high energy electrons with a material results in a range of 

signals such as secondary electrons (SE), backscattered electrons (BSE) and 

characteristic X-rays, Figure ‎3-7 (a,b). 

 

 

 

 

Figure ‎3-7 (a) Volume of interaction of incident electron beam with material; (b) the 

origin of backscattered electrons (BSE) and characteristic X-rays.  

 

Secondary electrons SE are generated when inelastic collisions of incident 

electrons with atoms result in loosely bound electrons being detached, leaving 

ionised positively charged atoms [233] [234]. The dislodged electrons have 
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kinetic energy  50 eV and can be captured by closeby atoms or may 

overcome the surface barrier energy to escape from the near material surface 

as secondary electrons [233] [234]. Hence, SEs provide information on 

surface topography. Backscattered electrons are generated from elastic 

interactions of incident electrons upon collision with material atomic nuclei, 

resulting in the backscattering of electrons by ~ 180 [233]. Higher 

proportions of electrons reflect larger atomic numbers, giving higher 

brightness levels for heavier elements (locally averaged) in the image. Hence, 

BSE can provide information on sample composition [235]. A high energy 

incident electron can also induce the emission of a core shell electron (photo-

ionisation). The exited atom can energy relax by filling the inner shell vacancy 

with an electron from an outer shell orbital, leading to the emission of a 

characteristic X-ray, defined by the energy difference between the two 

electron states and hence atomic number. Consequently, sample 

compositions can be investigated and quantified using EDS. 

In this work, processed samples were investigated using FEI XL30 SEM and 

FEGSEM instruments (15 kV accelerating voltage; spot size 4; working 

distance 10 mm; SE and BSE operational modes). For samples mounted in 

resin, the examined surfaces were coated with C or Pt, while other sample 

surfaces were surrounded with Al tape during SEM analyses. Compositional 

analyses were performed using an Oxford Instruments EDS system with INCA 

X-ray microanalysis software.     

 

3.5.4 X-ray diffractometry (XRD) 

The scattering of incident X-rays following interaction with atomic outer shell 

electrons leads to a number of reconstructed intensities in very precise 
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directions depending on material crystal structure. The geometric criterion for 

constructive interference (Figure ‎3-8) is given by Bragg’s Law:   

𝒏𝝀 = 𝟐𝒅 𝐬𝐢𝐧 𝜽   Eq ‎3-1 

Where n is an integer;  is the X-ray wavelength; d is the lattice spacing; and 

θ is the diffraction angle.  

 

 

Figure ‎3-8 Schematic illustration of constructive interference of scattered waves 

(Bragg diffraction: nλ = 2d sin θ) [236]  

 

Characteristic diffraction patterns for different sample phases may be 

obtained by plotting intensity as a function of scattering angle (2θ). In this 

work, XRD patterns for all samples were collected using a D8 Advance X-ray 

diffractometer (Bruker, German) using a CuK (λ=1.54060Å) X-ray source 

run at 40 keV and 35 mA, at room temperature.  For the case of EBM, LSM 

and surface coatings, XRD analyses were performed using XRD mode of 

operation, fitted with 0.6 mm incidence divergence slit, at an incident angle of 

1, step interval of 0.04 and dwell time of 32 s per step. XRD patterns for the 

Mg-reference stent and Mg minitubes in their as-deposited and annealed 

states were collected using conventional θ/2θ geometry from 20o to 70o, with 

step size of 0.01o and dwell time of 4 s per step.  
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The size of crystallites within the PVD coatings was estimated by applying 

Scherrer’s equation: 

𝜷𝒉𝒌𝒍 =
𝟎.𝟗 𝝀

𝑳 𝒉𝒌𝒍 𝐜𝐨𝐬 𝜽𝒉𝒌𝒍
    Eq ‎3-2 

Where hkl is the peak broadening width at half maximum intensity (i.e. full 

width at half maximum (FWHM)) in radians;  is the wavelength of the XRD 

source; and Lhkl is the crystallite size. Peak broadening hkl comprises 

contributions from crystallite size (size), instrumentation (inst) and strain 

(strain, considered negligible).  

 

3.5.5  X-ray photoelectron spectroscopy (XPS) 

XPS is a surface-sensitive technique used for chemical, compositional and 

electronic state analysis. A sample surface is irradiated in an ultra-high 

vacuum environment with monochromatic X-rays, usually Al K(1486.6eV) or 

Mg K(1253.6 eV). An interaction between an X-ray photon and a core shell 

electron results in photoelectron emission with kinetic energy (K.E) 

determined experimentally and used to calculate the characteristic elemental 

binding energy (Figure ‎3-9). A spectrum consisting of a dispersion of 

photoelectron peak intensities may be used to identify surface elements. The 

chemical state of elements at the surface may be determined from high 

spectral resolution data and careful measurement of shifts in elemental 

binding energies.  
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Figure ‎3-9 Emission of a photoelectron; h is the X-ray photon energy and EL 

is the binding energy of the photoelectron from an inner core shel [237] 

 

In this study, a VG Scientific ESCALAB 2 with a Kratos AXISULTRA X-ray 

photoelectron spectrometer, equipped with a non-monochromatic Al K X-ray 

source, was used to analyse the chemical composition of coating surfaces. 

The X-ray source was held at an anode potential of 12 kV with the chamber 

vacuum maintained at < 10-9 mbar. Survey spectra were collected across a 

binding energy range of 0-1100 eV, using a pass energy of 50 eV, a dwell 

time of 0.2 s and step size of 1 eV. High resolution scans for elements of 

interest were recorded using a pass energy of 20 eV, a dwell time of 0.4 s 

and a step size of 0.4 eV. All spectra were analysed and charge calibrated 

using the CasaXPS program. Chemical bonding states and compositional data 

for the coatings were obtained by subtracting the background and fitting peak 

components within each peak envelope and then comparing positions and 

profiles to known reference standards.  

 

3.5.6  Fourier transform infrared spectroscopy (FTIR) 

Infrared (IR) spectroscopy utilises electromagnetic radiation (EMR) to detect 

and identify covalent bonds within a material. An IR spectrum is obtained 

when  a fraction of the incident radiation is absorbed at specific energy [238]. 
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The absorption of EMR in the IR region relates to molecular vibrations. The 

energy of each peak present in an IR spectrum is associated with the 

vibrational frequency of functional groups in the sample molecules [238]. 

Each functional group in the molecule absorbs IR radiation at particular 

energies or frequencies [238]. The modes of vibration can be stretching, i.e. 

change in bond length; or bending, i.e. changing in bond angle [239]. An 

FTIR spectrometer uses an interferometer to collect and measure IR 

frequencies, to produce an ‘interferogram’ which is converted into a 

wavelength against absorbance/ transmittance spectrum [238]. In this study, 

IR spectra were collected using a Tensor FTIR spectrometer (Bruker, German) 

and the data analysed using OPUS software. 

 

3.5.7  Surface Roughness  

A Photomap 3D Wave light interferometer (Fogale nanotech, USA), with a 

spatial resolution of 1 m, was used to measure surface roughness. An 

average of three measurements was made, from the middle and edge of each 

sample. 

 

3.5.8  Microhardness testing  

Vickers microhardness of the Mg-minitubes was determined using a LECO 

microhardness testing machine (Buehler, Germany), at a load of 10 gf and 

force dwell time of 15 s. All hardness measurements were performed on 

polished sample cross-sections. The average values of more than twelve 

indents were calculated from the load value (P) and the area of tip contact 

(A), along with their standard error. 

𝑯𝑽 =  
𝑷𝒎𝒂𝒙

𝑨
     Eq ‎3-3 
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3.6 Corrosion testing  

In this study, the corrosion behaviour of materials was studied through mass 

loss and potentiodynamic polarization testing.  

3.6.1 Mass loss testing  

The corrosion resistance of a modified Mg surface was tested and compared 

with as-prepared materials. The tests were performed in accordance to ASTM 

standard G31 in PBS solution at 371°C [101]. Only modified surfaces were 

exposed to PBS, while other surfaces were painted with lacquer. The 

development of corrosion was examined over exposure times of 1, 3, 5 and 7 

days. The samples were then recovered; DI-water rinsed and investigated 

using optical microscopy, SEM and EDS. Corrosion products were removed by 

immersion of the samples in 20 vol% chromic acid for 10 minutes at 60C, 

prior to the measurement of weight loss.  

 

3.6.2 Potentiodynamic polarisation testing 

Cyclic testing was used to investigate the corrosion behaviour of samples, by 

studying their anodic and cathodic electrochemical activity, The tests were 

performed in accordance to ASTM standard F2129 [240] . All tests were 

performed in a system consisting of three electrode cells; a reference 

saturated calomel electrode (SCE), a counter electrode of 1 cm2 Pt sheet, and 

a working electrode of the surface modified sample being tested. The test 

solution was 700 mL N2 aerated PBS at 37C. 

An ACM potentiostat (Grill 8, UK), accompanied by sequencer software, was 

used to measure the electrochemical activity of EM modified, LSM modified 

and PVD coated Mg surfaces. The corrosion behaviour of as-deposited and 
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heat treated Mg-minitubes was investigated also using a potentiostat 

(VoltaLab PGZ 100, UK).  Open circuit potential (OCP) scans were collected 

for 1 h after a minute settlement time, followed by potentiodynamic 

polarization tests. Anodic and cathodic scans were conducted from a potential 

of -200 mV to +500 mV, with respect to sample OCP, using a sweep rate of 5 

mV/minute. After each polarization test, samples were rinsed under a flow of 

deionised water, dried and the corrosion products examined using SEM/EDS 

and XRD. Corrosion test measurements were made for both as-prepared and 

modified surfaces. 

3.6.3  Sample preparation 

EB modified, LSM modified and PVD coated Mg surfaces were prepared in the 

form of working electrodes by clamping one sample edge with a metallic clip. 

The sample-clip attachment area was sealed by rapid settling, waterproof 

resistant glue (Araldite, UK), while the clip main body was shielded with a 

plastic cover and connected to the potentiostat through an isolated copper 

wire. Further protection from the test solution was obtained by painting the 

sample back, edges and the attached clip with a stop-off lacquer, leaving a 

minimum exposed area of 1.5 cm2. Figure ‎3-10 (a,b) show a schematic 

diagram and a photograph of the working electrodes used.  

 

 

 

 

 

 

 

 

Figure ‎3-10 (a) Schematic diagram of LSM, EBM and PVD coating working 

electrodes; and (b) photograph of an LSM working electrode.  
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Figure ‎3-11 (a) Schematic diagram; and (b) photograph of an Mg minitube 

working electrode. 

 

Corrosion tests for the as-deposited and annealed Mg-minitubes were 

performed on the samples in cross-section geometry, due to their brittle 

nature. The minitubes were mounted in a cold resin and polished using the 

protocol described above. The samples were connected electrically to the 

potentiostat via a Cu wire, attached to the sample back. Figure ‎3-11 (a,b) 

show a schematic diagram and photograph of this type of working electrode.  

 

3.7 Summary 

The experimental procedures used for the fabrication of Mg minitubes, and 

Mg surface modification and characterisation have been presented. A 

commercial scale, close-field, unbalanced magnetron sputtering PVD system 

was used to fabricate novel Mg minitubes for stent applications. Stainless 

steel spinal needles were used as substrates to deposit 10 sequential layers 

from pure Mg targets with a capping layer of HA. After the deposition process, 

the Mg minitubes were subjected to post deposition annealing, up to 450C, 

under He/H2 conditions and up to 600C under Ar atmosphere.  

Bulk pure Mg samples were used as templates for the investigation of surface 

modification processes. Al or Si based coatings were deposited using PVD on 

 

Mg-minitube 

Cold mounting 

resin 

Waterproof 

glue 

Copper 

wire 

Stop-off 

lacquer  

Plastic 

clip 

10 

Stop-off 

lacquer  

Copper 

wire 

Mg-minitube 

Plastic 

clip 



Chapter 3 Experimental methodology 

93 
 

Mg surfaces under Ar/or H2 sputtering gas, and subjected to annealing to 

obtained an oxide layer.  

The rapid solidification processing (RSP) techniques of EB and LSM were 

applied to Mg surfaces for the purpose of near surface modification of the Mg 

microstructure. The irradiation treatments were performed under different 

conditions of cathode voltage and number of pulses for EB, and various 

scanning speeds and irradiation power for LSM.  

A range of complementary topographical, chemical and structural 

characterisation techniques were used to examine the minitubes, and 

modified Mg surfaces. Optical microscopy and SEM imaging were used to 

apprise surface topography, while XRD allowed for bulk and surface structural 

characterisation. EDX and XPS provided information on the composition of Mg 

samples and their modified surfaces. The covalent bonding of Si-H coatings 

was appraised by FTIR.       

The corrosion performance of all samples was investigated under PBS test 

solution at 37C, using potentiodynamic polarization for all samples, with 

further immersion testing conducted for Si-H coatings, and EB and LSM 

modified Mg surfaces.   
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4. CHAPTER 4 Mg-stent fabrication 

4.1 Introduction  

This Chapter presents a feasibility study of Mg-minitube fabrication, produced 

by PVD, as a route towards the development of a biodegradable minitube 

stent. This would be a commercial potential route to stent manufacture rather 

than normal extrusion methods [241], followed by laser cutting of the stent 

for a particular geometry [50]. The manufacturing cost of laser cut tubes is of 

the order of a few pounds while PVD would be 10s of pounds per stent. 

However, the major cost of such an implant is the quality control, validation, 

sterilisation and packaging, with a likely retail cost of hundreds of pounds, 

thus the difference in manufacturing method cost is not crucial. The 

advantages PVD offer are: (1) to be able to be deposited in a controlled 

manner, allowing for fine control of thickness and geometry (with an 

appropriate template); (2) the capability of blending in other elements during 

deposition rather than from the melt provides for graded structures; and (3) 

the capability of providing multilayered structures which could be utilised to 

modify the mechanical and in particular the corrosion behaviour of the final 

product. The work presented in this Chapter starts with an investigation of 

the structure and mechanical properties of a prototype commercial Mg-alloy 

stent produced by extrusion and laser cutting, as a reference material. Then 

the feasibility of fabricating Mg narrow-walled tubes (Mg minitubes), for stent 

applications, is explored using magnetron sputtering of pure Mg onto a simple 

tubular stainless steel pin with a silicone oil interface to allow stent removal, 

as detailed in Chapter 3. Hence, this study includes a detailed 

characterisation of the as-deposited structure, followed by the effects of post-

deposition heat-treatments on the grain structure, using range of 

characterisation techniques, i.e. SEM/EDS, XRD and hardness testing. In 
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addition, the corrosion behaviours of the respective structures, conducted 

using potentiodynamic polarization tests, were examined and compared. 

Table ‎4-1 summarise the samples sets investigated in this section.    

Table ‎4-1 Summary of sample sets investigated during the feasibility study of Mg-

stent fabrication: including sample codes, post treatment processing conditions and 
Mg stent and minitube corrosion rates determined by potentiodynamic corrosion test 

Sample  Stent phase 

Post thermal 
treatment  

Corrosion 
rate  

mm/year  T(C) Gas 

St-0 As-supplied stent  - - 3.30 

Tu-0 

Mg coating 

 

- - 270 

Tu-300 300 

He/H2 

45.2 

Tu-400  400 67.1 

Tu-450 450 17.3 

Tu-500 500 

Ar 

4.57 

Tu-550 550 3.65 

Tu-600 600 16.0 

 

4.2 As-supplied Mg-alloy stent 

A Dy-Mg alloy commercial prototype stent, made from extruded tube and 

laser cut into the desired pattern, was supplied by Arterius Ltd. Morphological 

investigations of the as-supplied stent are presented in following section. The 

corrodibility of the stent in aerated PBS was appraised using potentiodynamic 

polarization corrosion tests, as described in section 4.2.2.   

 

4.2.1 Characterisation of commercial prototype Mg-alloy 

stent 

4.2.1.1 Optical and electron microscopy  

OM and SEM were used to investigate the 3D physical form, geometry and 

structure of the prototype Mg-alloy stent. The OM image of Figure ‎4-1(a) 

illustrates the designed shape and dimension of a tubular slotted stent, 

formed by laser cutting from a single tube of Mg-alloy. Complementary SE 

images (Figure ‎4-1 (b,c)) showed that the Mg-stent was designed with a 
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helical structure, exhibiting a zigzag pattern with links between the loops. The 

stent had length of 14 mm, an outer diameter of 1.78 mm prior to expansion, 

a wall thickness of 152.2 ± 0.5 m, and a strut width of 130.4 ± 0.4 m. The 

overall stent structure had 14 loops with 8 zigzags in each loop. 

 

 

EDS data from the as-received stent surface in plan-view orientation 

(Figure ‎4-2a) indicated the present of Magnesium (Mg), Dysprosium (Dy) and 

Oxygen as the main constituent elements, in addition to a very low amount of 

Barium (Ba) and Neodymium (Nd). The stent cross-section was then etched 

in acetic glycol, prior to further chemical analysis in cross-sectional 

orientation. SE images and corresponding EDS data (Figure ‎4-2(b)) revealed 

that the stent material was not a uniform alloy.   

 

 

 

 
Figure ‎4-1 Images of a commercial prototype Mg-alloy stent: (a) OM image 

of laser-cut stent made from Mg-alloy tube; (b) SE image  of stent zigzag 

loops before expansion; and (c) SE image of circular end showing dimensions 
of the stent.  
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4.2.1.2 XRD and hardness measurements   

The corresponding XRD pattern of for the as-received stent demonstrated the 

presence of diffraction peaks consistent with the polycrystalline Mg phase 

(Figure ‎4-3), with no evidence of a shift of 2 diffraction peaks to higher or 

lower angles. In addition, peaks that matched the crystal structure of 

Dysprosium zirconium oxide (Dy0.5Zr0.5O1.75), with faced centred cubic (FCC) 

structure and Fm3m space group, were also detected. The Scherrer equation 

(Section 3.3.4), as applied to the FWHM of the Mg 0002 diffraction peaks 

indicated an average crystal size of 83 ± 2 nm. The diffraction peaks for 

Dy0.5Zr0.5O1.75 had very low intensity and were not able to provide adequate 

FWHM values. A broad peak at 2 = 25.5 was detected also, but could not be 

assigned. 

 

 

 
 

 

 

Z/at% Mg Dy O C Br Nd 

A 66.83 2.99 28.84 - 0.42 0.83 

B 40.08 34.68 25.24 - - - 

C 66.66 0.85 4.58 27.90 - - 

 
 
 
 
 

 
Figure ‎4-2 EDS analysis of a commercial Mg-alloy stent: (a) as-received surface 

in plan-view orientation; (b) surface etched in acetic glycol, in cross-sectional 

orientation. 
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Vickers micro-hardness of the stent struts, viewed in cross-section, was 

determined to be 86.3 ± 2.5 HV/10. 

 
Figure ‎4-3 XRD pattern from a commercial prototype Mg-alloy stent. Showing 

strong diffraction peaks for Mg and lower intensities matching Dy0.5Zr0.5O1.75  
(data card number: 01-078-1293) 

 

4.2.2 Corrosion behaviour of the Mg-stent 

A complete potentiodynamic polarization test to find the corrosion potential, 

current density, and active-passive regions of the Mg stent was performed in 

125 mL of PBS in a corrosion cell at 37C. The OCP behaviour of the Mg-alloy 

stent is shown in Figure ‎4-4(a) and was recorded for one hour, prior to the 

electrochemical test. Figure ‎4-4(b) illustrates the polarization curve for the 

stent with an indication of the characteristic electrochemical parameters. It 

can be seen that when the polarization potential was below the Flade 

potential (EF) of -1.39 V, the Mg-stent exhibited anodic dissolution at a rate of 

3.30 ± 0.02 mm/year, at a corrosion potential Ecorr of -1.57 V. Once the 

polarization potential passed the EF value, the anodic current density 

decreased gradually as the stent surface underwent passivation. In the 

passive region from EF of -1.39 V to -1.10 V, the polarization potential 

20 30 40 50 60 70

0

20

40

60

80

100

120

140

160

180

200

Mg

 Dy
.5
Zr

.5
O

1.75














I
n

te
n

s
it

y
 a

.u








Chapter 4 Mg-stent fabrication 

99 
 

reached the limited maximum value, before the onset of the trans-passive 

region. The results extracted from the OCP and polarization curve for this Mg-

stent are summarized in Table ‎4-2.    

 

Table ‎4-2 Characteristic corrosion parameters of the as-received Mg-alloy 

stent (potentiodynamic polarization test, in deaerated PBS at 37C). 

 

 

 
Figure ‎4-4 (a) OCP; and (b) Potentiodynamic polarization curves for the 

commercial prototype Mg-alloy stent, in PBS at 37°C. 
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The formation of oxide, hydroxide and phosphate corrosion products on the 

Mg-stent surface can inhibit anodic reaction through passivation. 

Figure ‎4-5(a-b) presents a BSE image of the Mg-alloy stent after the 

potentodynamic polarization test in aerated PBS (from -250 mV to 500 mV 

relative to OCP). It can be seen that stent surface suffered severe corrosion 

and broke into small fragments. The high magnification BSE image of 

Figure ‎4-5(b) shows a thick layer of corrosion product covering the stent 

struts. EDS analysis after corrosion testing revealed the degradation products 

to comprise mainly Mg, O, P, Ca, Na and Cl, as shown in Figure ‎4-5 (Table 

inset). A high amount of O in the degradation layer may be attributed to 

hydroxide and phosphate (PO4) components, in the form of Mg(OH)2 and 

hydroxyapatite, respectively. There was no evidence of any interaction 

between Dysprosium or other elements and the PBS media.  

 

  

 

Element Composition / 
at.% 

O 73.7 

Na 1.0 

Mg 13.6 

P 9.2 

Cl 0.6 

Ca 2.0 

 
 

Figure ‎4-5 BSE images and associated ED spectrum of a commercial prototype Mg-

alloy stent after potentiodynamic polarization testing. 
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4.3  Structural enhancement of Mg minitubes 

Pure Mg-minitubes were produced successfully by RF-magnetron sputtering 

as detailed in Section 3.3.2.2. The as-deposited minitubes were then 

annealed at temperatures ranging from 300C to 450C under an H2/He 

atmosphere, and also 500C to 600C under an Ar environment to encourage 

some densification and grain refinement. Morphological characterisations of 

the as-deposited and annealed Mg-minitubes were performed along with 

complementary potentiodynamic polarization tests, to appraise the corrosion 

behaviour of these Mg-stents.    

4.3.1 Microstructural characterisation of Mg-minitubes 

4.3.1.1 SEM/EDS investigation of as-deposited Mg-minitubes 

Figure ‎4-6 shows an as-deposited Mg-minitube, after separation from the 

stainless steel substrate. In general, the minitubes exhibited a shiny metallic 

surface, but were brittle in nature such that they had to be handled with care. 

SE micrographs of Mg–minitube fracture cross-sections, and the outer and 

inner surfaces of various small fragments, were collated to appraise the 

structure of these sequentially deposited PVD Mg layers. The SE images of 

Figure ‎4-7(a,b) shows an as-deposited Mg minitube of 1.2 mm inner 

diameter, formed from ten ~ 10 µm discrete Mg layers. The total thickness of 

the minitube wall was 99.6 ± 0.5 µm, which met the target thickness for this 

study. The deposited Mg had developed a porous columnar structure, with the 

suggestion of some preferred orientation. 
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Figure ‎4-6 Photograph of an as-deposited Mg minitube. 

 

The SE images of Figure ‎4-7(c,d) illustrate the topography of the external and 

internal surfaces of the Mg minitubes, in their post-deposition state. The outer 

surface of the Mg minitubes adopted a rough surface with voids and cracks 

(Figure ‎4-7(c) inset). The internal surfaces, on the other hand, exhibited 

wrinkles and folds (Figure ‎4-7(d) arrowed), attributable to the effect of the 

silicone grease sacrificial layer and the minitube stainless steel former. 

  

  

   

Figure ‎4-7 SE images of an as-deposited Mg minitube; (a) fractured cross-

section, (b) higher magnification image of the fractured minitube wall; (c) 

minitube outer surface (with higher magnfication image inset); and (d) 
minitube internal surface.    
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All the Mg deposited layers exhibited Mg grains with large length to width 

ratios, resulting in a sharp needle like appearance. Figure ‎4-8(a,b) are 

representative of the etched Mg minitubes in cross-sectional geometry, 

showing that the thickness of each Mg layer was in the range of 10 m, while 

the widths of the Mg columnar grains were ~ 0.5m - 2.15m. The bright 

(charging) contrast on the tip and edges of the fractured Mg columnar grains 

suggested some localised enhancement of oxide.  

  

Figure ‎4-8 BSE images of an as-deposited Mg minitube, etched with acetic 

glycol. 

 

EDS data was collected for the internal and external surfaces of the as-

deposited Mg minitubes, and the cross-section. Figure ‎4-9(a,b) summarizes 

the constituents present. For all the Mg minitube surfaces analysed, the Mg 

content was always > 70 at% along with an amount of O2 in the form of 

oxide. The outer surface of the as-deposited Mg minitubes also showed 

phosphorous (P) and calcium (Ca), from the deposition of the HA capping 

layer. The inner surface showed high levels of Si and O from the sacrificial 

grease. Further, EDS elemental mapping of the minitube cross-section 

(Figure ‎4-10) demonstrated a small distribution of Si and C, originating from 

the sacrificial grease layer, throughout the Mg minitube wall. The content of 

Si and C decreased gradually from ca. 11.1 and 41.1 at% at the internal 

layer, to ca. 0.03 and 14.4 at% at the outer surface, respectively.  
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Figure ‎4-9 ED spectra acquired from the (a) internal surface; and (b) outer 

surface of a fragment of an as-deposited Mg minitube 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure ‎4-10 EDS elemental map for an as-deposited minitube in cross-section, showing 

Mg and the enhancement of Si, C and O at the internal edge (associated SE image). 
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4.3.1.2 SEM/EDS of annealed Mg minitubes  

In an attempt to refine the crystallinity of the Mg minitubes, from columnar to 

equiaxed, the minitubes were annealed using a Sievert apparatus. A mixture 

of H2/He was used as an ambient gas during annealing, to inhibit oxidation of 

Mg at elevated temperature. Figure ‎4-11(a-f) shows SE micrographs of 

fractured cross-sections of Mg minitubes annealed at 300C, 400C and 

450C.  The average tube thicknesses were 95.1 ± 0.9 m, 91.3 ± 0.7 m 

and 93.3 ± 0.1 m, respectively. For each case of annealing, there were 

some indications of microstructural densification and oxidation, as illustrated 

in a reduction of wall thickness and the details of the Mg layers (Figure ‎4-11 

(b,d,f)). From the magnified SE images of Figure ‎4-11 (a,b), it can be seen 

that the minitube annealed at 300C exhibited a brittle fracture mechanism 

and a columnar grain structure, similar to that of as-deposited minitubes. 

However, a change of microstructure following annealing became apparent for 

the Mg minitubes annealed at 400C and 450C (Figure ‎4-11(c-f)), whilst also 

revealing details of the layered structure. High magnification imaging of the 

higher temperature annealed minitube wall (Figure ‎4-11(d,f)) showed dark 

regions of Mg columnar grains separated by bright boundaries, indicative of 

oxidation at the interfaces between sequential Mg deposits, whilst also 

suggesting a less brittle fracture mechanism.  
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Figure ‎4-11 SE images of Mg minitubes annealed at: (a,b) 300°C; (c,d) 

400°C;  and (e,f) 450°C, respectively. 

 

The Mg minitubes were also heat-treated up to 600°C under Ar, to encourage 

recrystallisation and grain growth. Figure ‎4-12(a-f) presents SE images 

showing the Mg minitube morphologies after annealing at 500°C, 550°C and 

600°C, respectively. Although all the minitubes retained their original 

columnar structures, denser structures were associated with minitubes 

processed at the higher temperatures of 500C and 550C. Some alterations 

from anisotropic to isotropic grain growth were indicated from the high 

magnification SE images of Figure ‎4-12(b,d). The annealed tubes exhibited 

also regions of strong oxidation at the layer boundaries (Figure ‎4-12(b,f), 

arrowed). However, full re-crystallisation of the Mg-minitubes at the elevated 
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temperature of 600C was not achieved, although the fracture mechanism 

revealed smoother Mg grains, indicative of a less brittle nature 

(Figure ‎4-12(e,f)).  

 

   

  

  

Figure ‎4-12 SE images of Mg minitubes annealed for 24 h: at (a,b) 500°C; 

(c,d) 550°C; and (e,f) 600°C, respectively. 

 

A rough topography, combining voids and cracks was observed on the outer 

surfaces of all the annealed Mg minitubes. Figure ‎4-13(a,b) presents SE 

images and corresponding EDS spot analyses for the external and internal 

surfaces of an Mg-minitube fragment annealed at 550C, by way of example. 

The outer surface suggested some level of delamination of the coating layer, 

whilst the internal surface was characterised by flow lines arising from 
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separation of the tube from the wire substrate. The Mg:O content now 

approached one, indicative of thick MgO layer formation as the EDS analysis 

depth at 15 kV is typically ~ 1-2 microns. The concentration of Si from the 

sacrificial layer of vacuum grease decreased gradually from 2.7 at.% on the 

internal surface, to 1.1  at.% on the external surface.   

 

 

Element 
Chemical 

Composition 
at.% 

O 37.1 

Mg 55.5 

Si 1.1 

P 2.8 

Ca 3.5 

 

 

Element 

Chemical 
Composition at.% 

A B 

C 19.1 - 

O 34.6 48.9 

Mg 43.1 49.4 

Si 2.7 1.7 

Ag 0.4 - 

Figure ‎4-13 SE images and EDS analyses of: the (a) external surface; and 
(b) internal surface of a PVD deposited Mg minitube annealed at 550C.   

 

4.3.1.3 XRD of as-deposited and annealed Mg minitubes   

Complementary XRD patterns were collected as part of the investigation of 

microstructural changes in the Mg minitubes, following annealing at elevated 

temperature. Where it is possible, the grains size of minitubes were apprised 

optically, otherwise XRD was used. Figure ‎4-14 presents diffraction patterns 

of the Mg-minitubes in their as-deposited and annealed states (300 – 600C 

for 24 h). 

All samples showed clear diffraction peaks from {101̅0}, {0002} and {101̅1} 

planes, consistent with single phase polycrystalline Mg. The as-deposited tube 

exhibited an intense 0002-reflection at 2 of 34.4 suggesting some preferred 
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orientation along the c-axis (<0001> direction). In the case of minitubes 

annealed up to 450C, the Mg peak at 32.2 was not present while some 

other peaks for example the peak at 63.1 had varying intensity as a function 

of annealing conditions, demonstrating the anisotropic nature of the 

restructuring. 

  
Figure ‎4-14 XRD patterns of the Mg minitubes, as-deposited and following 

annealing for 24 h (300 – 600C). (Expected intensities for polycrystalline Mg peaks 

presumably for equiaxed grains: 10𝟏̅0, 25; 0002, 36; 10𝟏̅1, 100; 10𝟏̅2, 15; 11𝟐̅0, 12; 

10𝟏̅3, 16; and 11𝟐̅2, 13). 

 

Peak broadening was calculated from the measured FWHM values from the 

Mg diffraction patterns, by subtraction of instrument broadening (FWHM-ins), 

determined from a coarse-grained, microstrain-free LaB6 reference sample. 

Hence, whilst the peak broadening calculations illustrated in Figure ‎4-15 are 

accurate, the values returned are outside of the applicable range of the 

Scherrer equation, which requires a peak broadening value of 0.083 to 

return a grain size of 100 nm.  Hence, this data is treated with caution and 
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used only to infer a trend in support of the suggestion of some measure of 

grain refinement with increasing temperature of annealing. Grain size 

measurements , using the Scherrer equation for the respective diffraction 

peaks of 101̅0, 0002 and 101̅1 (Table ‎4-3, Figure ‎4-15), returned values for Mg 

grain sizes outside the general applicability ( 100 nm) of this equation, and 

so this data set can only be interpreted with caution, with a tentative 

suggestion of a decrease in average Mg grain size after annealing up to 

450C, consistent with the onset of some grain recrystallisation (Table ‎4-3, 

Figure ‎4-16). The broad diffraction peak at 2 ~ 43 formed after annealing of 

450C was attributed to MgO200. The corresponding MgO crystal size 

calculation (Table ‎4-3) indicated that grains within the oxide layer increased 

in size, from ~ 9 to ~ 18 nm, with increasing temperature. The ~ 100 nm 

thick HA capping layer was expected to be amorphous for the as-deposited 

Mg minitubes and hence did not feature on the XRD patterns. However, there 

was no evidence for the development of crystalline HA upon annealing at 

elevated temperature, but such as thin layer might be at the limits of XRD 

sensitivity.   

 
Figure ‎4-15 Peak broadening of Mg 10𝟏̅0, 0002 and 10𝟏̅1 diffraction peaks for 

different annealing temperatures.   
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Table ‎4-3 Variation of grain size determined from three different planes of as-

deposited and annealed Mg-minitubes 

sample Grain size/ nm 

Mg MgO 

10𝟏̅0 0002 10𝟏̅1 200 

Tu0 265 1014 1350 - 

Tu300 - 8315 930 - 

Tu400 201 1155 1349 - 

Tu450 - 306 252 9±1 

Tu500 161 140 127 10±1 

Tu550 293 136 167 12±1 

Tu600 510 169 252 18±3 

 

 
Figure ‎4-16 Grain size variation of Mg for as-deposited and annealed Mg minitubes, 

determined from three different planes.  

 

4.3.1.4 Micro-hardness of as-deposited and annealed Mg minitubes     

The as-deposited and annealed Mg minitubes were appraised using Vickers 

micro-hardness testing. Table ‎4-4 summarises the average Vickers micro-

hardness values and corresponding standard error for more than 10 

measurements. The averages hardness of the as-deposited samples was 38.1 

± 0.9 Hv, whereas, hardness values were variable, with a maximum of 52.1 

± 1.5 Hv upon annealing at 500°C (Figure ‎4-17(a)). Figure ‎4-17(b) shows an 

SE image of Vickers indentations on an as-deposited Mg minitube, in cross-
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section. The loading did not induce cracking and indentations were made in 

the middle of Mg layers, a best position as shown in Figure ‎4-17(b), arrowed.        

 Table ‎4-4 Vickers micro-hardness data and corresponding standard 

error for as-deposited and annealed Mg-minitubes. 

Minitube Annealing 
temperature / C 

Hv / 
gf/cm2 

Tu0 0 38.1 ± 0.9 

Tu300 300 40.0 ± 1.2 

Tu400  400 51.6 ± 0.7 

Tu450 450 31.9 ± 1.9 

Tu500 500 52.1 ± 1.5 

Tu550 550 33.4 ± 2.6 

Tu600 600 32.6 ± 2.2 

  

 

4.3.2  Corrosion performance of the Mg-minitubes  

Figure ‎4-18 presents OCP data for the as-deposited and annealed Mg 

minitubes in aerated PBS, at 37C, for one hour. Due to the small number of 

Mg minitube samples and difficulties with sample handling and geometry, 

corrosion tests could be performed only once for each condition. The as-

deposited minitube achieved a steady state OCP of -1.69 V with respect to 

SCE within 20 minutes. Minitubes annealed in both H2/He and Ar 

environments showed nobler onset OCP, with the minitube annealed at 600C 

showing the noblest behaviour at -1.38 V, while the minitube annealed at 

550C showed a more negative OCP. 

 

 

Figure ‎4-17 (a) Micro-hardness values for as-deposited and annealed Mg-

mintubes, as a function of annealing temperature and corresponding standard 
error; (b) SE image of Vickers micro-hardness indentation patterns on an as-

deposited Mg minitube. 
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Figure ‎4-19 compares the potentiodynamic polarization curves for the as-

deposited and annealed Mg minitubes. Characteristic values for the onset 

potential and corrosion rates extracted from the polarization curves are 

summarised in Table ‎4-5. The as-deposited minitube showed normal 

hydrogen evolution in the cathodic region, with the development of a typical 

Tafel region (I). Fast passivation acted to slow down the generation of Mg+ 

ions during rapid anodic passivation (region II). The corrosion rate of the as-

deposited sample, corresponding to an Ecorr of -1.66±0.01 V and a corrosion 

current density of 11.8±0.5 mA/cm2, was 270±9 mm/year. The voltage 

reached the limited value of the polarization test, before trans-passive region 

formation. The passive current density of the as-deposited minitube was 128 

mV/cm2.     

 
Figure ‎4-18 OCP data for as-deposited & annealed Mg-minitubes in PBS at 

37°C. 
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Figure ‎4-19 Potentiodynamic polarization curves for as-deposited & annealed 

Mg-minitubes in PBS at 37±1°C. 
 
 

 

 
Table ‎4-5 Characteristic corrosion parameters of the as-deposited and annealed Mg 

minitubes, from potentiodynamic polarization tests in deaerated PBS at 37±1C. 
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Tu450 450 -1.55 0.76±0.1 - 17.3±1 82±3 

Tu500 500 -1.57 0.20±0.01 - 4.57±0.2 22±1 

Tu550 550 -1.74 0.16±0.01 -1.38 3.65±0.1 17±0.1 

Tu600 600 -1.37 0.70±0.1 - 16.0±0.1 76 ±1 
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mV/cm2, respectively. Unlike the as-deposited samples, the minitube 

annealed at 400C showed trans-passive behaviour beyond the passivation 

region, from -1.48 V to -1.23 V. Further reduction in corrosion current density 

and corrosion rate was more pronounced for minitubes annealed at 450C and 

over. The minitube annealed at 550C showed the lowest corrosion rate of 

3.65±0.1 mm/year, slightly less than that for the hardest minitube annealed 

at 500°C. After a short passivation region of 0.11 V, the 550C annealed 

sample showed rapid dissolution of the passivation film at a breakdown 

potential of -1.38±0.01 V.  

The BSE images of Figure ‎4-20(a,b) are illustrative of the surface topography, 

with associated EDS data, for an Mg minitube annealed at 400C, after anodic 

polarization measurements in aerated PBS at 37C (from -250 to 500 mV 

relative to OCP). The Mg minitube suffered uniform degradation, and a white 

corrosion product completely covered the exposed minitube surface. The 

degradation products were adhered strongly to the surface and did not wash 

away under flow of DI water. The high magnification BSE image of 

Figure ‎4-20(b) indicates the corrosion products took the form of a thick, 

cracked, rough layer, with a spread of porous mineral structure agglomerates 

on top.   

Complementary EDS analyses at e.g. spot A (flat layer) and spot B 

(agglomerates) indicated a significant amount of O (61.9 and 55.6 at%, 

respectively) and P (14.6 and 17.7 at%, respectively) in both cases, 

suggesting the formation of Mg(OH)2 and PO4 components. The agglomerates 

contained Ca and P see Figure ‎4-20. An EDS line profile analysis, not shown, 

was also conducted on the Mg-minitube annealed at 400C and the data was 

consistent with the EDS spot analyses.               



Chapter 4 Mg-stent fabrication 

116 
 

  
 

 

 

 

 

 

 

 

 

 

 

Element 

Composition at 

different spots 

A B 

O 61.92 54.58 

Na 2.22 2.29 

Mg 15.30 5.76 

P 14.55 17.94 

Ca 3.81 17.45 

Cl 2.20 1.98 

 

 

Figure ‎4-20 (a,b) BSE images of the corrosion topography of an Mg-minitube 
annealed at 400C, after potentiodynamic polarisation testing.   

 

 

4.4  Discussion 

Modern day metal degradable stents are made using bulk metal tubes. These 

stents are relatively large and have a wall thickness > 100 m. There is a 

growing demand to obtain smaller, thinner stents that can be delivered and 

implanted into very narrow blood vessels [242]. Sputtering deposition 

techniques such as PVD are suitable for deposition of a high quality metal 

films, as thin as a few micrometers, at commercial rates [166] and have the 

important advantage that by using multiple targets, blended compositions or 

multilayer structures not possible by melt processing can be produced. In this 

manner, PVD techniques can be used to produce three-dimension devices 

with desired thicknesses, using 3D-substrates. This can solve the welding 

problem that is needed for stents produced from planer films.  In addition, 

the advantage of using PVD techniques is the use of high purity target 
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materials and a refined PVD deposited film microstructure is expected due to 

the high cooling rate of ~ 1012 K/s [243] [244] which can enhance the coating 

corrosion resistance [245]. Other new methods such as selective laser 

sintering (SLS) require Mg sphere precursors that are safe to handle with a 

certain size distribution, to be able to be spread evenly on an additive 

manufacturing layer bed. Below 30 m diameters, Mg particles are reactive 

and have to be handled in an inert atmosphere and when combined with the 

low density of Mg, this makes them difficult to handle and fluidise in terms of 

delivery to the SLS bed. This imposes a limitation on how thin and complex a 

part can be made by SLS [246], with the requirement for homogenous 

powders limiting composition variation, as compared with PVD methods. 

     

4.4.1 Structural characteristics of PVD deposited Mg layers 

In order to understand the structural change within as-deposited Mg-

minitubes under thermal annealing, the series of SE images as illustrated in 

section 4.3.1 highlight the morphological evolution of Mg-minitubes during 

thermal processing. The SE images of the as-deposited Mg-minitubes show 

the tube walls to comprise grains with large height to width ratios (5:1 to 

20:1), resulting in a needle like appearance (Figure ‎4-7). Comparison with 

BSE images (Figure ‎4-8) indicates further that each deposited layer 

underwent columnar growth. Plan-view imaging of the as-deposited surface 

showed rough morphologies at the top of columns. Such structures are typical 

for PVD films deposited under low temperature conditions, as summarised by 

the Movchan and Demchishin (MD) model [247].  

The MD model divides film growth structures into three zones, as a function 

of substrate and melting temperature of the coating material (T/Tm), which 

determines the different adatom diffusion processes. Zone I consists of a 
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tapered structure, with dome-shaped tops increasing in width with 

temperature. In this zone, the adatoms do not have enough energy to diffuse 

and overcome the vapour flux shadowing effect, because of substrate 

roughness [244]. Zone II consists of dense columnar grain structures in the 

growth direction, with smooth surfaces resulting from the high mobility of 

adatoms diffusing along the surface. Zone III consists of equiaxed grains, 

caused either by recrystallisation or grain growth controlled by bulk diffusion 

[244]. The Thornton model [248], as shown in Figure ‎4-21, added a transition 

region (zone T) between zone I and zone II, consisting of densely packed 

fibrous grain structures, with preserved initial nuclei orientation, and also 

includes the effect of argon pressure. In addition, Zone II columnar grains 

have a tendency to be faceted, whilst Zone III shows equiaxed grains [249].  

   

 

Figure ‎4-21 Thornton-Messier structure zone model for sputter deposited films 

[248]. 

 

The current to the Mg target was 0.3A, with a target bias that varied from -

600 to -370 V, as the target became depleted. This means that 180 – 111 W 

were utilised heating the chamber, and despite water cooling to the double 

skinned vacuum chamber and to the targets, the chamber temperature 
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reached > 100˚C. In addition, the sputtered Mg atoms would provide 

localised energy on the surface, hence the rotating target was positioned 10 

cm away to minimise this. Normally, a negative bias would be applied to the 

substrate to aid coating adhesion, but this was not applied in this case, as 

removal of the coating was required and so no additional accelerating electric 

field was applied. Hence, taking these considerations into account, it would be 

expected that the structure should, at the very least, be above a T/Tm of 0.4 

on the Thornton diagram. Allowing from an Argon partial pressure of ca. 1 

mTorr, then one would expect a structure at the top end of zone T on the 

Thornton diagram (Figure ‎4-21). The SE images for the fractured cross-

section, and in plan-view, revealed that the as-deposited Mg-minitubes were 

consistent with zone T of the Thornton model. The surface topography and 

fractured cross-section of these brittle Mg minitubes showed, near the 

substrate, small grains randomly oriented, out of which emerged columns, 

closely packed, with faceted column tops. The grain size was initially small, 

but increased with increasing thickness, while voids or boundaries between 

columns became more open [250]. This resulted in cracks which propagated 

on the Mg-minitube surface, along weak and low-density columnar regions. 

This description of Mg-film morphology has been reported by Stormer et al. 

[245], who deposited 3 m pure Mg films onto silicon wafers, and noticed that 

the film growth was influenced by a lack of adatom diffusion during 

deposition.  

Thornton [248] claimed that open boundary structures formed as a result of 

insufficient mobility of incoming atoms, to overcome the substrate surface, so 

incident atoms adhered where they impacted. Hence, shadowing developed 

when the atom flux reached high points on the growing surface, before 

valleys [249]. This happens particularly when the coating flux is oblique 

and/or the substrate is rotated [248].  However, when initial nuclei are 
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faceted, the crystal faces that receive a high coating flux grow quicker than 

other faces. The crystals then become isolated with sharp surface features 

composed of slow growth rate planes [248].   

The as-deposited Mg minitubes were found to be oriented with their {0002} 

planes predominantly parallel to the substrate, as shown also by Gautam et 

al. [251], being consistent with the SE images of columnar growth. Mg has an 

hexagonal structure, and the basal plane has low energy configuration which 

favours the tendency to grow parallel to the substrate surface [245] [252]. 

This crystal orientation, along the c-axis, allows the coating to avoid high 

strain. When the thickness of the deposited film increases, texture develops 

due to growth competition between different planes [244]. The growth 

velocity of planes should be similar to the strain energy, so that planes with 

low strain energy grow faster. When more atoms arrive on the surface, strain 

increases and drives the film in a preferentially oriented direction [253], 

which favours in the case of Mg to {0002} film growth. Such textured growth 

has been widely reported in literature, for pure Mg [243] [245] [254] as well 

as binary Mg-alloys [244] [252] [255].  

Post-deposition heat treatment was performed in an attempt to recrystallise 

the Mg-coating structure, towards an equiaxed grain structure. The intention 

was to take the coating through recrystallisation and grain growth, which for 

most metal is in the region of 0.4 to 0.6 T/Tm and for Mg is reported to be 0.6 

T/Tm [256]. Strain in the coating can further reduce the recrystallisation 

temperature, however this would have been relaxed after removal from the 

stainless steel former, combined with the ductility of Mg [248]. Accordingly, 

the annealing temperature was chosen to be in range of (T/Tm>0.6), with the 

aim to alter the structure the as-deposited Mg-minitubes from columnar, open 

grain boundaries, to a denser, more equiaxed structure.  
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In practice, a T/Tm range of 0.6-0.78 (300-450C) was applied, whilst a mix of 

hydrogen and helium in Sieverts apparatus was used to avoid oxidation of the 

Mg during the annealing stage - initial annealing attempts under inert (Ar) 

conditions resulted in oxidation of the Mg minitubes, due to outgassing of the 

tube furnace and residual oxygen contamination. SE images of fracture cross-

sections (Figure ‎4-11) indicated that the Mg-grains became denser with 

increasing temperature and this resulted in less brittle fracture surfaces. 

Microstructural densification was also reflected in an increase of Hv values, 

with increase annealing temperature (Figure ‎4-17), whilst a decrease in 

hardness at 450C attributed tentatively to a loss of some Mg material during 

annealing under the H2/He mixture.  

At T/Tm  0.8 (500-600C), under Ar in the tube furnace, even though the Mg-

minitubes retained their original columnar structures (Figure ‎4-12), the 

annealed minitubes developed some refined microstructures. Some 

compression between the widths and heights of columnar grains, under these 

condition, indicated a trend from anisotropic to isotropic grain growth, 

consistent with the SE image of Figure ‎4-12, and in grain size values in 

Table ‎4-3. Denser boundaries and more refined grains (Figure ‎4-16) 

developed at 500C, being related to the increase the hardness, from 

38.1±0.9 in the range for bulk cast Mg [257], to 52.1±1.5.  Annealing at 

higher temperature (550-600C) was associated with a further increase in 

grain size and hence a slight decrease in hardness [258] to 33.4±2.6 and 

32.6±2.2.  

The onset of recrystallization temperature of 450˚C (T/Tm = 0.78), as 

evidenced by a reduction of grain size, is relatively high for Mg (Mg 

recrystallisation temperatures  300C)  [259].  This was surprising since 

coatings often contain residual stress that, if anything, tend to lower the 

recrystalisation temperature [260] [261]. However, in the case of this 
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coating, stress would have been relieved upon removal from the stainless 

steel former. Hence, the increase in the recrystallization temperature must be 

due to some stabilisation effect. Since the as-deposited and annealed samples 

showed columnar grains extending over the sample thickness, these could act 

to stabilize and inhibit recrystallisation. Another possibility is that limited 

recrystallisation may occur within any type I, T zone, due to the presence of 

voids and open grain boundaries [248]. Another possibility may be a 

substructure of MgO pinning grain boundaries and preventing 

recrystallisation. Hence, the potential impact of oxidation at the Mg interfaces 

is discussed in the following section. 

4.4.2  Impact of oxidation at the Mg interfaces 

As described previously in Chapter 3, during the deposition of sequential Mg 

coatings, upon completion of each Mg layer, the sample stage was removed 

from the chamber and new Mg targets mounted on magnetrons. This led to 

exposure of freshly deposited Mg layers to air which would cause the 

spontaneous formation of an oxide layer of thickness ~ 3 nm [262] 

(Figure ‎4-8). Due to the porous nature of the as-deposited Mg-minitubes, it is 

likely that the oxide layer also locally covered columnar Mg grains and any 

exposed voided areas.      

Oxidation of the Mg grains was observed noticeably after annealing at 

elevated temperature (450-600C) (Figure ‎4-14), even though the annealing 

process was conducted under inert conditions. For both annealing processes, 

under He/H2 or Ar environments, samples were loaded into a stainless steel 

sample cell, back-filled with Ar, to further ensure a good seal from 

atmosphere. In the case of the Sieverts apparatus, the system was subjected 

to a leakage test, up to 3 h, to reduce oxygen contamination during annealing 

(24 h). However, it is noted that any reduction in pressure inside the sample 

cell might be responsible for air species (oxygen) moving inwards towards the 
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sample cell, facilitating a source for oxygen contamination which would be 

more pronounced for samples annealed at 450C. In the case of the tube 

furnace, it was not possible to do a full leakage test and it is possible that 

complete isolation of the sample cell from air was not achieved, in which 

case, possible oxygen contamination would be higher upon annealing at 500-

600C. 

At high temperatures, the kinetics of dissociation of molecular to atomic 

oxygen occurs more rapidly and the diffusion coefficient is sufficiently large to 

allow MgO to form [263] [264]. Thus, the oxide layer became thicker with 

increasing temperature, coupled with increasing grain size (Table ‎4-3). 

Growing MgO at the interfaces between sequentially deposited layers would 

act to enhance layer separation (Figure ‎4-12). It is considered that the oxide 

layer might act as an additional barrier for columnar grains undergoing 

recrystallization, thus delaying the recrystallisation temperature to 450˚C, as 

discussed in the previous section. 

4.4.3  Corrosion mechanisms   

Electrochemical corrosion tests using PBS media have been used to determine 

the corrosion rates of the as-deposited and annealed Mg minitubes. It is 

evident that heat treatment of the Mg minitubes reduced considerably the 

corrosion current density and hence corrosion rate. Both the shift of Ecorr 

towards a more positive potential and a decrease in current density icorr of the 

annealed minitubes may be associated with an increase in the densification 

and oxidation of the Mg grains.  

The annealed minitubes showed a significant noble corrosion potential Ecorr 

compared to the as-deposited minitube, with the exception of the sample 

annealed at 550C (Figure ‎4-18). This increase in the onset of corrosion of the 

annealed Mg-minitubes, with increase temperature, maybe attributed to the 
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densification and grain refinement of columnar Mg grains. In addition, the 

annealed Mg minitubes showed an increase in oxidation with temperature, 

with the formation of protective MgO layers enhancing passive activity, i.e. 

the formation of Mg(OH)2 on Mg grains in the corrosion environment. 

It is worth mentioning that Ecorr recorded for the as-deposited and annealed 

Mg-minitubes, with a noblest potential of -1.37 V for the Mg-minitube 

annealed at 600C, and the lowest corrosion potential of -1.74 V measured for 

the Mg-minitube annealed at 550C, were in the range of corrosion potentials 

for extruded Mg (-1.539 V) [245]. This finding is opposite to the results 

obtained by Stormer et al. [245], who reported that all Mg-coatings deposited 

at various deposition angles (0-70) and Ar-pressures (0.001-0.005 torr) 

showed a lower free corrosion potential than as-cast or extruded Mg. 

However, the lowest Ecorr value of annealed (at 500C) Mg minitubes recorded 

here was close to the potential recorded for Mg-coating prepared at 0o 

deposition angle and 0.001 torr Ar-pressure in the studies reported by 

Blawert et al. [243] and Stormer et al. [245]. 

A similar trend of improving the onset of corrosion, after annealing, was 

observed for the corrosion rate (Figure ‎4-19 and Table ‎4-5). The high 

corrosion rate of the as-deposited Mg minitube was attributed to the open 

boundaries between columnar grains, acting as pinholes, and providing 

pathways for the electrolyte to cause more corrosion attack around the Mg 

grains, i.e. increasing the effective surface area which cannot be considered 

in the calculation of corrosion rate. This calculation assumed an identical 

surface area exposed to PBS which is probably not the case for Mg columnar 

grains, resulting in the exceptionally high corrosion rate for the as-deposited 

minitube. The observed decrease in corrosion rate with increasing the 

temperature is likely to result from a decrease of effective surface area, due 

to the densification of Mg grains. Closing the boundaries between isolated Mg 
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columnar grains decreases the area exposed to electrolyte and hence provide 

for more corrosion resistance. This can be seen in the decrease in cathodic 

and anodic kinetics for the annealed Mg minitubes. The decrease in cathodic 

kinetics indicates a slow-down in the cathodic reaction rate of Mg and hence a 

decline in hydrogen evolution at cathodic sites. The annealed Mg-minitubes 

also experienced a decrease in anodic kinetics, i.e. a slowdown in the 

dissolution of Mg ions within PBS by a shift of the anodic current density to 

smaller values compared to the as-deposited Mg-minitube, with the exception 

of the low temperature annealed samples (300C and 400C).  

It is speculated that the shift in cathodic and anodic kinetics and associated 

decrease in corrosion rate of the annealed Mg-minitubes may also reflect a 

change in the extent of preferred orientation within the Mg films. A 

refinement of the microstructure towards a more equiaxed distribution 

combined with densification could change the overall density of grain 

boundaries exposed to media and hence affect the overall corrosion 

resistance of the annealed Mg minitubes.  

Enhanced oxidation after annealing may also play role in reducing the 

corrosion rate of the Mg minitubes, as indicated above. The MgO layer 

covering Mg grains can act as a barrier within the electrolyte, because less Mg 

ions are exposed to ions in PBS. This can enhance the passivation behaviour 

of the Mg columnar grains by consuming quickly the Mg ions in media in the 

formation of the passivation layer (Figure ‎4-22). Moreover, MgO is relatively 

stable due to its strong ionic bonds (79±7 kcal/mol), made of Mg+2 and O-2 

ions, making the oxide layer less soluble in media [265]. In addition, the 

interaction between MgO and water molecular in PBS 

(MgO + H2O → Mg(OH)2) results in hydrolysis to hydroxide, which further 

enhances the minitube passivation layer [173] [266] (Figure ‎4-22).  This is 

reflected in the fast passivation of the Mg minitubes annealed from 450 to 
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600C (Figure ‎4-19) - the same samples showed the presence of MgO peaks 

in the XRD data (Figure ‎4-14).   

 

 

  

  

 

 

  

Figure ‎4-22 Schematic showing the competing processes of dissolution and film 

formation on an MgO/Mg surface. 

 

It should mentioned that the best corrosion rate of 3.65 mm/year was 

recorded for the minitube annealed at 550C, being higher than that reported 

by Blawert et al. [243] who reported a dissolution rate of 0.260 mm/year at a 

corrosion potential -1.738 V for an Mg coating with columnar structure 

corroded in 0.5% NaCl solution. This difference may be related to the lower 

concentration of Cl- ions in their test solution compared to PBS used in the 

current study.  

4.4.4  Comparison with the commercial stent  

Mg-alloys are gaining increased research attention for use as degradable 

implant materials, but their application remains limited due to their low 

corrosion resistance. However, rare earth (RE) elements have a strong 

influencing effect on Mg and its alloy corrosion properties. Corrosion 

resistance can be improved through the link with impurities and the alteration 

of second phase distributions which incorporate into the passivation film 

during the corrosion process [267].  Accordingly, RE with high solubility in Mg 

can be a good choice to form Mg-alloys with improved corrosion resistance, 

through the formation of inter-metallic phases that can enhance strength; 
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combined with grain refining, which influences ductility and thereby assists in 

the manufacture and shaping of Mg-alloys [99]. Dysprosium (Dy) has a high 

solubility in Mg of 25.3 wt.% at 561 °C [267] [268], so it is used to promote 

grain refinement and solid solution strengthening in Mg:Dy-alloys [112].  

Indeed, microstructural analysis of the prototype commercial stent revealed 

the use of Mg:Dy-alloy, to aid with grain refinement and extrusion [99]. No 

uniform or second phase alloy was formed, with the stent only containing a 

matrix of Mg with segregated particles of Dy (Figure ‎4-2). This was confirmed 

further by XRD (Figure ‎4-3), where the Dy0.5Zr0.5O1.75 phases was detected, in 

addition to Mg and some unknown minor phases. 

It is suggested that Dy can influence the corrosion resistance of Mg, by 

enhancing the passivation behaviour of Mg. Yang et al. [267] claimed that an 

increase the amount of Dy in the Mg matrix can improve corrosion resistance 

by blocking the propagation of filiform corrosion, thereby enhancing the 

formation of high corrosion resistance passivation films. In their study, the 

corrosion resistance of Mg-xDy (x=5, 10, 15, 20) alloy in 0.9 wt% NaCl, after 

one-day hydrogen evolution, showed that Mg-10Dy alloy had the lowest 

corrosion rate of 0.18 mm/year (0.35 mg/cm2/h). This low corrosion rate was 

fairly comparable with the value of 3.30 mm/year for the Mg-Dy alloy 

recorded in the present study, with the difference being attributed to 

differences in the test solution components and the sample geometries. It is 

worth mentioning that the corrosion rate of extruded WE43 alloy, used in 

degradable Mg implants, is reported as 1.35 mm/year [4], in between these 

Mg:Dy alloy and prototype Mg-Dy stent corrosion rates.   

However, the present study has shown that the use of heavy and expensive 

Dy metal in Mg-alloys does not significantly influence the corrosion resistance 

of Mg-stents. Direct comparison between the annealed pure Mg-minitubes, 

produced by PVD, and the prototype Mg:Dy stent indicates that the two 
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devices have a similar corrosion potential, in the range of -1.57 V, and a 

breakdown potential of -1.38 V. Generally, the Mg-minitube surfaces were 

more prone to degradation than the Mg:Dy stent, being attributable to the 

more rapid dissolution and release of Mg+ ions from these in-house fabricated 

devices. However, the very best corrosion performance of grain refined Mg-

minitubes (annealed at 550C) had a corrosion rate of 3.65 mm/year, 

comparable to the 3.30 mm/year for the commercial prototype Mg:Dy stent. 

Chemical examination of the corrosion products formed on the Mg:Dy stent 

revealed that no indication of incorporation of Dy, or other alloy elements, 

into the passivation layer, which refutes claims that the addition of RE can 

enhance the passivation of Mg by incorporation into the Mg(OH)2 film. 

PBS is a water based-salt solution, containing sodium phosphate (Na2HPO4), 

sodium chloride (NaCl), potassium chloride (KCl), potassium phosphate 

(KH2PO4), calcium chloride (CaCl2) and magnesium chloride (Mg Cl2). Hence, 

the main ions in PBS are Ca2+, Na+, K+, Mg2+, HPO4
2-, H2PO4

- and Cl-, in 

addition to water molecules. The reaction of the Mg surface with water results 

in the formation of Mg(OH)2 and H2 bubbles. In addition, phosphate 

components such as calcium phosphate (CaHPO4) and calcium carbonate 

(CaCO3) formed from dissolved CO2 are usually formed on the Mg-surface 

after immersion in body solution [269].  In this study, both the Mg-Dy stent 

struts and the Mg minitubes surfaces were covered with normal corrosion 

layers, consisting of Mg(OH)2 and PO4-components. Just after immersion, Mg 

dissolved in the PBS electrochemically, in the form of Mg2+ ions, while 

electrons were consumed at cathodic sites by decomposition of H2O molecules 

in PBS. The anodic and cathodic reactions proceeded as follows:  

𝑴𝒈 →   𝑴𝒈𝟐+ + 𝟐𝒆−  (anodic reaction)   Eq ‎4-1 

𝟐𝑯𝟐𝑶 + 𝟐𝒆− →  𝟐𝑶𝑯− + 𝑯𝟐  (cathodic reaction)   Eq ‎4-2 
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Thus, the interaction of Mg with H2O resulted in the just the formation of 

magnesium hydroxide (Mg(OH)2), the total reaction for which is given by: 

𝑴𝒈 + 𝟐𝑯𝟐𝑶 →  𝑴𝒈(𝑶𝑯)𝟐 + 𝑯𝟐      Eq ‎4-3 

With increasing concentration of pH and Mg2+ ions, a Mg-containing calcium 

phosphate may precipitate on the Mg surface, by the following reaction  [270] 

[42]:  

𝑪𝒂𝟐+ + 𝑯𝑷𝑶𝟒
𝟐− + 𝟐𝑯𝟐𝑶 →  𝑪𝒂𝑯𝑷𝑶𝟒. 𝟐𝑯𝟐𝑶     Eq ‎4-4 

𝟏𝟎𝑪𝒂𝟐+ + 𝟔𝑯𝑷𝑶𝟒
𝟐− + 𝟖𝑶𝑯−  → 𝑪𝒂𝟏𝟎(𝑷𝑶𝟒)𝟔 (𝑶𝑯)𝟐 + 𝑯𝟐𝑶    Eq ‎4-5 

or 

(𝟏𝟎 − 𝒙)𝑪𝒂𝟐+ + 𝒙 𝑴𝒈𝟐+  +  𝟔𝑷𝑶𝟒
𝟑− + 𝟐𝑶𝑯− → (𝑪𝒂(𝟏𝟎−𝒙)𝑴𝒈𝒙)(𝑷𝑶𝟒)𝟔 (𝑶𝑯)𝟐  Eq ‎4-6 

Hence, other phosphate components may form on a Mg-Dy stent, i.e. 

Na4Mg(PO4)2, Mg(PO4)OH and Mg3(PO4)2 [271], whilst high contents of Ca2+ 

and Mg2+ ions in solution might accelerate the deposition of calcium 

phosphate (CaHPO4). The presence of phosphates as corrosion products 

within the degradation layer is associated with the composition of the 

corrosion solution [33].      

The hydroxide and phosphate layers precipitated from reaction of the Mg 

surface with solution acted to reduce local corrosion attack, leading to fast 

passivation of the Mg minitubes. Mg(OH)2, however, has a micro-porosity 

nature, hence the Mg corrosion can be reduced but not completely inhibited 

[272].  

 

4.5 Summary 

The morphologies and corrosion properties of a commercial prototype Mg-Dy-

alloy stent and Mg minitubes produced by PVD and then grain refined by 

annealing, have been studied. The prototype stent had a zigzag pattern 
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formed by laser cutting from a single tube of Mg-alloy. The microstructure of 

this as-received stent consisted of Dy0.5Zr0.5O1.75 segregated in an Mg matrix. 

The Mg-Dy-alloy stent showed straightforward dissolution properties before 

passivation in PBS under potentiodynamic polarization corrosion test 

conditions.      

Structural enhanced Mg-minitubes were successfully produced by PVD-

magnetron sputtering followed by annealing at varied temperatures. The 

microstructure, hardness and corrosion properties of the as-deposited and 

annealed Mg-minitubes, as a function of temperatures and environment 

conditions were investigated. The microstructure of the as-deposited Mg-

minitube was characterised by columnar structures with porous and open 

grain boundaries. Differences in the annealing behaviours of the minitubes, 

processed under varied environment and temperatures, were revealed. 

Annealed Mg-minitubes, in the temperature range of 300-450C, showed 

slight densification and recrystallization, being less brittle and having 

improved hardness. At an annealing temperature of 500C, the Mg minitubes 

underwent grain refinement, leading to improved microhardness, while grain 

growth and slightly decreased microhardness was observed for Mg-minitubes 

annealed at 550-600C. It is suggested that oxidation at the interfaces 

between the sequentially deposited Mg layers acted to stabilise the Mg 

columnar grains and limit recrystallisation of these zone T structures.   

Large differences in the corrosion properties of Mg-minitubes, as a function of 

annealing temperatures, were found, when densification, recrystallisation and 

oxidation are considered. The as-deposited Mg-minitubes showed comparable 

high corrosion rates, due to the presence of columnar and open boundary 

structures. Significant improvement in the corrosion rate of annealed Mg 

minitubes was achieved by structure densification, combined with grain 

refinement and possibly oxidation of the Mg grains. The corrosion behaviour 
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of the Mg-minitubes investigated here showed that minitubes annealed at 

550C had the best corrosion resistance, comparable to that of the prototype 

Mg:Dy-alloy stent. The corrosion products covering the Mg:Dy stent and the 

Mg minitubes consisted of Mg(OH)2 and PO4-components. 

In summary, it is clear that the corrosion performance of the Mg:Dy stent was 

determined by its microstructure, which may be improved further by suitable 

surface treatment, e.g. PVD coatings. The Mg-minitubes fabricated by PVD 

process here could provide performance to the commercial alloy stent, in 

terms of corrosion behaviour, due to the ability to densify, refine and 

homogenise the microstructure. Nevertheless, the Mg minitubes remain 

limited for practical use because of their brittle nature and high dissolution 

rates which are presently insufficient for long term, clinical function.  

It is evident that there are many factors influencing the development and 

performance of biodegradable stents. The RF-MS fabrication method offers a 

wide degree of freedom, for the production of tailored microstructures, to 

improve Mg mechanical properties and corrosion behaviour. The next stage of 

the investigation relates to the potential of appropriate coating and near 

surface modification procedures, to impart improved corrosion performance.  

Accordingly, attention is now given to bulk pure Mg, subjected to various PVD 

coatings and near surface modification procedures, to achieve appropriately 

defined microstructures with electrochemical properties to delay the onset of 

corrosion and reduce the rate of corrosion, e.g. through enhanced 

passivation. 
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5 CHAPTER 5 PVD coatings on Mg 

5.1 Introduction  

The modification of surface characteristics using coatings is a common 

strategy for many technological applications [273]. For example, ceramic 

alumina (Al2O3), in thin film form, may be used as a diffusion barrier and for 

corrosion and wear protection [274]. The applicability of alumina coatings in 

different environments requires that appropriate functional properties be 

developed, which can depend strongly on the process parameters applied 

[275]. For example, thin ( 10 nm) amorphous alumina is the most common 

form of aluminium oxide [276], whilst oxidation at temperatures above 400°C 

in a reactive (oxygen containing) environment can lead to the development of 

films in the form of crystalline structures of -, - and -Al2O3 (of the - Al2O3 

series) and ,  and -Al2O3 the (of -Al2O3 series) [277, 278]. In certain 

cases, metastable crystalline oxide phases may be preferred 

thermodynamically, e.g. due to the low surface energy of -Al2O3 compared to 

-Al2O3 [279]. 

Direct current (DC) reactive sputtering of Al in an oxygen/argon atmosphere 

can produce stoichiometric Al2O3 [280]. However, aluminium oxide is 

electrically insulating and tends to charge and discharge during the DC 

reactive sputtering process, which can result in arcing [280]. Hence, radio 

frequency magnetron sputtering (RF-MS) is attracting attention as a 

promising technique for the deposition of thin film materials, due to its 

applicability to insulating materials, as well as metals and alloys, along with 

high deposition rates making it suitable for large-scale film deposition. The 

approach investigated here involves the direct deposition of Al followed by 

subsequent annealing ex situ, to convert the near surface layer to Al2O3. 
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Hydrogenated amorphous silicon (a-Si:H) is another interesting system for 

Mg coating applications, with Si being an essential trace element in tissue 

formation and other metabolic processes [281]. For example, Dahmen et al. 

[282]  found that a-Si:H and sub-oxide silicon films are biocompatible, whilst 

Liu et al. [283] concluded that a-Si:H could enhance the precipitation of bone 

like apatite. The RF-MS technique may be used to deposit uniform, high 

quality a-Si:H films on metal surfaces [281].           

This Chapter presents a fundamental investigation of Al- and Si-based 

coatings on Mg surfaces, PVD formed in Ar or Ar/H2 environments, followed 

by heat treatment in air, as a route towards the development of 

biocompatible oxide coatings. To increase further the propensity of Al to 

oxidise, H2 was used with Ar as the sputtering gas. Thin films of Al and Al-H, 

and a-Si:H, deposited by RF-MS onto Mg substrates were investigated. The 

effects of different gases and applied substrate bias on the phase stability of 

the developed Al films were explored, along with their thermal oxidation in 

open atmosphere, as a function of temperature. The developed coating 

morphologies were investigated using the combined techniques of SEM/EDS, 

GA-XRD, XPS and FTIR, and correlated with the corrosion behaviours of the 

respective sample sets investigated, using potentiodynamic and/or immersion 

tests in phosphate buffered saline (PBS) solution. Table ‎5-1 summaries the 

sample sets investigated in this PVD coatings section.  

Table ‎5-1 Summary of PVD coated Mg sample sets investigated.  

Sample 
code 

Coating 
 

Deposition 
 mode 

Working 
gas 

Flow rate 
/ sccm 

Annealing 
temp / C 

Corrosion 
rate 

mm/year  

Mg  - - - - - 0.91±0.1 

Al 

Al RF Ar 47.6 
- 

300 
450 

1.60±0.3 

Al300 6.62±0.3 

Al450 0.23±0.1 

Al-H 

Al DC Ar / H 35.6 / 31.6 
- 

300 
450 

5.48±0.6 

Al-H300 5.71±1.8 

Al-H450 7.76±1.1 

Mg  - - - - - 0.11±0.01 

a-S:H Si RF Ar / H 34.9 / 28.0 - 0.05±0.02 
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5.2 Al and Al-H coatings  

Al and Al-H coatings were deposited on Mg substrates by RF-MS, as described 

in Section 3.3.2.2. The as-deposited coatings were annealed in air at 300C 

for 5 h, or 450C for 2 h (samples denoted as Al300, Al450, Al-H300 and Al-H450, 

respectively). Morphological investigations of the as-deposited and thermally 

annealed coatings are presented in following section. Complementary 

potentiodynamic polarization corrosion tests, performed for both Al and Al-H 

sample sets, are described in section 5.2.2. 

5.2.1 Characterisation of Al and Al-H coatings  

The as-deposited and thermally annealed coatings were characterised using 

the combined techniques of XRD, SEM/EDS and XPS, in a mixture of plan-

view and cross-sectional geometries. 

5.2.1.1 XRD of Al and Al-H coatings 

Figure ‎5-1 presents XRD patterns of the as-deposited and heat-treated Al and 

Al-H coatings. In all cases, the patterns indicated the presence of face centred 

cubic (fcc) Al grains on polycrystalline Mg. Slight evidence for the presence of 

some Al2O3 was noted for the Al coating following heat-treatment at 300C, 

whilst Al and Al-H coatings heat-treated at 450C were dominated by the 

presence of MgO. 

Intensity variations within these XRD patterns reflect a random distribution of 

grain orientations within the coatings and substrate. The XRD peaks for the 

as-deposited samples were found to be shifted slightly from their standard 

positions, towards lower 2θ angles for the case of as-deposited Al coatings 

and towards higher angles for as-deposited Al-H coatings (Figure ‎5-1). The 
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shift in 2θ values, indicative of slight lattice distortions, returned lattice 

parameters of 4.0715 Å and 4.0413 Å for Al and Al-H, respectively, as 

compared to the standard Al lattice parameter of 4.0494 Å [72] (Table ‎5-2).  

 
Figure ‎5-1 XRD patterns of as-deposited and heat-treated Al and Al-H coatings 

on Mg. 

In order to promote the growth of a surface oxide film, the Al and Al-H coated 

samples were annealed in air at 300C and 450C.  

Figure ‎5-1 shows XRD patterns for Al300 and Al-H300 coatings heat-treated at 

300C, with slight evidence for the formation of some crystalline Al2O3 for the 

Al300 sample, but no evidence for the case of the Al-H300 sample contrary to 

expectation. The Al XRD peaks were shifted slightly from their as-deposited 

positions, returning lattice parameters of 4.0554 Å and 4.0462 Å for Al300 and 

Al-H300, respectively (Table ‎5-2). 

The average grain sizes of the as-deposited Al and Al-H coatings were 64 ± 

1.0 nm and 94 ± 13 nm, respectively, as determined using the Scherrer 

equation (Table ‎5-2). The grain sizes for the Al300 and Al-H300 coatings were 
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found to have increased slightly with heat treatment, to 89  1.0 nm and 136 

 10 nm, respectively, indicative of a certain level of grain growth.  

In addition to Mg, Al and some small peaks attributable to low levels of Al2O3, 

evidence for the presence of small quantities of Mn3O4 and SiO2 were also 

detected (being attributed, tentatively, to the substrate polishing process and 

some unknown source of cross-contamination) (Figure ‎5-1 (Al300), arrowed), 

with these species being detectable also for the as-deposited coatings (see 

SEM/EDS analyses – section 5.2.1.2).  

Conversely, XRD patterns of the annealed Al450 and Al-H450 coatings 

demonstrated the dominance of MgO, whilst no Al2O3 was observed. The 

calculated grain sizes of MgO associated with these Al450 and Al-H450 samples 

were 39.7  0.2 nm and 30.3  0.1 nm, respectively.  

The XRD peaks for the Mg substrate were very sharp, making it impracticable 

to estimate grain size from peak broadening, being indicative of grain sizes 

>> 100 nm, i.e. beyond the grain size limit that can be determined by the 

Scherrer equation. Also, the Mg peaks at 101̅0, 0002 and 101̅1 showed a small 

shift in their position to higher angle, as compared with that of the starting 

material, attributed to slight lattice distortion of the near surface Mg, 

following annealing at 450C and growth of an MgO layer at the 

coating/substrate interface.  

In all these samples, there was no direct evidence for the partial 

hydrogenation of Al or the Mg substrate, with just a number of small peaks 

from the heat-treated coatings being consistent with the development of a 

slight amount of polycrystalline Al2O3, most clearly in the case of the Al300 

coating. The estimated grain sizes, lattice parameters and lattice distortions 

of the main phases in these Al/Mg and Al-H/Mg samples are summarised in 

Table ‎5-2.  
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Table ‎5-2 Lattice parameter, lattice distortion and average grain sizes for Al and Al-H 

coatings on Mg substrates, as deposited and following annealing. 

Samples Phase Structure 
Lattice 

parameter / Å  
lattice distortion 

Grain size / 
nm 

Al Al fcc 4.0715 0.0055  0.0002 64  1.0 

Al300   4.0554 0.0018  0.0003 89  1.0 

Al450   4.0514 0.0005  0.0001 90  4.8 

 MgO halite 4.2212 - 39.7  0.2 

Al-H Al fcc 4.0413 -0.0020  0.0009 94  13 

Al-H300   4.0462 -0.0004  0.0002 136  10 

Al-H450   4.0547  0.0013  0.0001 49.1  0.1  

 MgO halite 4.2233 - 30.3  0.1 

MgO adopts the halite (rock salt) structure of NaCl 

 

5.2.1.2 SEM/EDS of Al and Al-H coatings 

Figure ‎5-2 (a-d) presents SE images showing generalised topographic 

features of these Al and Al-H coatings, as-deposited on polished Mg surfaces 

in Ar and Ar/H2 environments, respectively. The coatings followed the Mg 

surface profiles resulting from substrate preparation, i.e. striations / grooves 

and polishing marks (e.g. Figure ‎5-2(c), arrowed). Further, the Al-H coating 

morphology was found to be affected by the sputtering gas, with the 

suggestion that dark, buckled regions distributed over the Al-H/Mg surface 

(Figure ‎5-2 (b), arrowed) were caused by trapped H2O\H2 within the 

deposited coating escaping after exposure to air. In addition, the high 

magnification SE images of Figure ‎5-2(b,d) indicate a random distribution of 

small particles on these Al and Al-H coatings. EDS investigation showed these 

particles to be SiC artefacts, i.e. polishing debris from the abrasive paper, 

along with other contaminant particles, emphasising the practical difficulty of 

preparing pristine surfaces of mechanically polished, soft Mg. The as-

deposited Al and Al-H coatings were found also to be not strongly adhered to 

the Mg substrates, with peeling-off of coating material observed towards the 

edges of the Mg discs being attributed to the effects of residual strain. The 

Unclear why there is a decrease in Al-H450 grain size   
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poor adhesion of Al coatings to these polished Mg surfaces suggests that 

additional chemical cleaning protocols might be beneficial, prior to coating.  

 

  

 

 

Figure ‎5-2 SE images of as-deposited coatings on polished Mg substrates: (a) Al 

deposited in Ar; (b) Al-H deposited in Ar/H2; (c) high magnification of as-deposited Al 
with EDS inset; and (d) high magnification, as-deposited Al-H, with EDS inset. 

 

The Al and Al-H deposits were heat-treated in air at 300C and 450C, with a 

view to converting the coatings to ceramic Al2O3. Figure ‎5-3(a-d) are 

representative of the Al300, Al450, Al-H300 and Al-H450 surface morphologies, 

after thermal treatment. After heating at 300C for 5 h, the Al300 coating 

surface (Figure ‎5-3(a)) showed bubble-form morphology, not seen for the as-

deposited coatings, and some delamination, being attributed tentatively to 

the release of adsorbed gas (O2/Ar) from the Al/Mg interface during heating. 

In comparison, the Al450 coating treated at the elevated temperature of 450C 

had the appearance visually of a very brittle, grey layer, with enhanced levels 

of coating cracking and delamination (Figure ‎5-3(b)), leaving the substrate 

a b 

c d 

Coating ‘blistering’  

Polishing debris (Si) 

Polishing Marks 
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surface unprotected. SE images of Al-H300 samples annealed at 300C for 5 h 

(Figure ‎5-3(c)) showed the development of smoother, more continuous 

coatings, with good adherence to the substrate. However, Al-H450 coatings 

heat-treated at 450C were found to be very patchy, showing aggregated 

surface particles that detached easily from the Mg substrate (Figure ‎5-3(d)).  

 

 

Figure ‎5-4(a,b) presents representative SE micrographs of fractured cross-

sections of as-deposited Al and Al-H coatings on coverslip glass, showing their 

thicknesses to be 2.2 ± 0.02 m and 1.2 ± 0.02 m, respectively, for the RF-

MS process parameters used in this instance. Complementary SEM and EDS 

analyses indicated also that Al coating thicknesses were dependent on the 

deposition gas and time. 

  

  

Figure ‎5-3 SE images of Al and Al-H coatings annealed in open air, at 300C for 5 h 

and 450C for 2 h: (a) Al300; (b) Al450; (c) Al-H300 and (d) Al-H450. 

MgO 

d 
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Voids  
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Al coating  
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Figure ‎5-4 Cross-sectional SE images of as-deposited: a) Al, and b) Al-H coatings, 

showing how thickness measurements were performed. 

 

EDS data was collected for the as-deposited and thermally treated Al and Al-H 

coatings in plan-view orientation, in order to assess the compositions of the 

coatings as a function of temperature (Table ‎5-3). No oxide was associated 

with the as-deposited Al coating, whilst a small amount of Al2O3 was 

associated with this coating annealed at 300C, consistent with XRD data. The 

as-deposited Al-H coating showed signs of an initial Al2O3 layer, but not after 

annealing at 300C, again consistent with XRD data. Conversely, both Al and 

Al-H sample sets annealed at 450C were dominated by the presence of MgO, 

demonstrating that care is need to avoid ‘over-processing’ of these Mg 

samples. Trace levels of Si and Mn were detected also, being attributed to 

SiO2 and Mn3O4 contamination artefacts. 

Complementary EDS elemental maps of the Al-H300 coating after thermal 

treatment at 300C are shown in Figure ‎5-5, in cross-sectional geometry, 

illustrating the fairly uniform distribution of Al throughout this coating; some 

intermixing of Al and Mg, i.e. a level of alloying of Al with the near surface of 

the Mg substrate, providing for good coating adhesion; and a uniform 

distribution of O throughout the Al coating and into the Mg substrate.  

 

 

2 m a b 

1 m 
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Al Mg 

Table ‎5-3 Compositions of the Al and Al-H coatings, as-deposited and thermally 

treated (EDS data; plan-view sample geometry). 

 

 

 

 

  

 

 
Figure ‎5-5 EDS elemental maps of Al-H300 coated Mg in cross-section, after heat 

treatment at 300C 

 

5.2.1.3  XPS of Al and Al-H coatings 

Appraisal of the chemistry of the top surfaces of the as-deposited and heat-

treated Al and Al-H coatings was performed using XPS, to complement the 

XRD observations. Figure ‎5-6(a-h) presents a survey scan and detailed Mg2p, 

Al2p and O1s spectra for the as-deposited coatings. Both sample sets provided 

evidence for the presence of Al, Mg and high intensity O peaks 

(Figure ‎5-6(a,e)). High-resolution scans allowed these peaks to be attributed 

to Al2O3, MgO and Al-Mg alloy at the surface. 

Element 
Composition at% 

Al Al300 Al450 Al-H Al-H300 Al-H450 

O - 2.65 60.61 3.91 3.80 58.65 

Mg 19.14 12.81 38.16 6.79 5.47 36.82 

Al 80.46 84.06 1.24 88.36 90.73 4.53 

Si - - - 0.63 - - 

Mn 0.40 0.48 - 0.30 - - 

O 

Al coating 

Mg substrate 

5m 
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The Al2p scans (Figure ‎5-6(c,g)) indicated the spontaneous formation of Al2O3 

at the Al and Al-H surfaces, with associated binding energies (BE) at 74.33 eV 

and 74.42 eV, respectively, in addition to varying levels for an Al-Mg alloy 

(Figure ‎5-6(c,g)), attributed predominantly to metallic Al (BE of 72.7 eV) 

slightly shifted to 71.88 eV (for Al) and 72.13 eV (for Al-H) due to the 

presence of small quantities of Mg in solid solution.  

The Mg2p high resolution scans (Figure ‎5-6(b,f)) confirmed also the presence 

of surface MgO, for both Al and Al-H coatings, at BE of 50.49 eV and 50.39 

eV, respectively. Signatures due to O1s (Figure ‎5-6(d,h)) revealed also the 

oxide phases of Al and Mg, with major peaks for Al2O3 at 532.15 eV and 

531.87 eV, and minor peaks for MgO at 530.99 eV and 531.18 eV, 

respectively. The peak intensities associated with Al2O3 and Mg-Al for the as-

deposited Al-H coating were reversed to that observed for the Al coating 

(Figure ‎5-6(e)), suggesting that the presence of H2 acted to restrict the 

development of Al-Mg and was associated with a slight increase in the 

proportion of Al2O3, at the sample surface. 

X-ray photoelectron spectra for the Al and Al-H coatings, heat-treated at 

300C and 450C, are presented in Figure ‎5-7(a-h) and Figure ‎5-8(a-h), 

respectively. The oxidation levels for Al2O3 were enhanced slightly following 

annealing at 300C (Figure ‎5-7(a,e)), whilst MgO dominated the spectra 

following annealing at 450C (Figure ‎5-8(b,f)).  
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Figure ‎5-6 Survey and HR-XPS of as-deposited Al: (a) survey scan; (b) Mg2p; (c) 

Al2p; and (d) O1s; and Al-H: (e) survey scan; (f) Mg2p; (g) Al2p; and (h) O1s. 

 

In particular, Al was found in both metallic and oxide forms. 

Figure ‎5-7(c,d,g,h) confirmed the formation of Al2O3 from both Al2p at BE of 

71.51eV and 71.73eV, and Os1 peaks at BE of 531.92eV and 531.87eV, for 

both Al and Al-H coatings annealed at 300C, respectively. Deconvolution of 

the Mg2p peak (Figure ‎5-7(b,f)) indicated the presence of some Mg(OH)2 and 
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Mg-Al solid solution, again for both Al300 and Al-H300 surfaces. However, the 

levels of Al-Mg alloy formed during deposition were found to decrease for 

both coatings when annealed at 300°C.  
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Figure ‎5-7 Survey scan and HR-XPS of coatings annealed at 300°C: (a-d) Al300; 

and (e-h) Al-H300. 
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Figure ‎5-8 Survey and HR-XPS spectra of (a-d) Al450 and (e-h) AlH450, annealed at 

450°C.  
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delaminate under these annealing conditions, combined with the dominance 

of MgO formation at these elevated temperatures.  

Table ‎5-4 presents a summary of the BE assignments for the main surface 

components of these as-deposited and annealed Al and Al-H coatings. 

Table ‎5-4 Summary of binding energy assignments for these Al and Al-H coatings. 

 

 

5.2.2  Corrosion performance of Al and Al-H coatings  

5.2.2.1 Potentiodynamic polarization tests 

Potentiodynamic polarization tests were used to appraise the corrosion 

behaviour of the as-deposited and heat-treated Al and Al-H coated Mg 

samples. Figure ‎5-9(a,b) presents typical open circuit potential (OCP) and 

potentiodynamic polarization curves for polished Mg; as-deposited Al and Al-H 

coatings on Mg; and furnace annealed Al300, Al-H300, Al450 and Al-H450 coatings 

on Mg, immersed in aerated PBS (comprising KCl, NaCl, KH2PO4 and Na2HPO4, 

free of Ca and Mg for stability), at 37°C. Technical values extracted from 

these curves are summarized in Table 5-5. The OCP data showed that 

polished Mg substrates exhibited the lowest rest potential of -1910±5 mV, 

becoming stable after 20 minutes. All the coatings as-deposited and after 

annealing showed more noble behaviour, demonstrating increased resistance 

to the onset of corrosion, with the as-deposited Al-H and heat-treated Al-H450 

Sample 

ID 

BE / Mg2p BE / Al2p BE / O1s 

Mg-Al MgO 
Mg(OH)2 
Mg CO3 

Al-Mg Al2O3 MgO Al2O3 Mg(OH)2 

Al - 50.49 - 71.88 74.33 530.99 532.15 - 

Al-H - 50.39 - 72.13 74.42 531.18 531.87 - 

Al300 49.09 50.39 51.48 71.51 74.27 530.08 531.92 - 

Al-H300 48.31 50.67 52.19 71.73 74.60 - 531.87 - 

Al450 - 50.35  - - 530.34 - 532.36 

Al-H450 - 50.44  - - 530.33 - 532.41 
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having the most resistance at -1483±2 mV and -1435±2 mV, respectively. 

The polarization curves demonstrated significant variation in the behaviour of 

the coatings during corrosion (Figure ‎5-9 b). The polished Mg surface showed 

normal cathodic hydrogen evolution, with the development of a typical Tafel 

region (I). Fast passivation without the effect of any galvanic cell acted to 

slow down the generation of Mg2+ ions during the onset of corrosion (II), 

whilst rapid anodic current generation (III) correlated with the breakdown of 

the Mg(OH)2 passivation film.  

The coated Mg surfaces all showed positively offset corrosion potentials as 

compared to the polished Mg substrates (Figure ‎5-9(b)). The as-deposited Al 

and Al-H coated samples both showed anomalous Tafel regions consistent 

with a mixture of initial corrosion and passivation processes (IV), followed by 

rapid anodic current generation and extensive corrosion (V). The heat-treated 

Al-H300 and Al-H450 coatings similarly showed an anomalous Tafel region and 

extensive corrosion response. However, the heat-treated Al300 and Al450 

coatings showed more uniform behaviour, with a conventional Tafel region 

(VI) prior to rapid corrosion for Al300 and an active-passive trend for Al450. 

Values for corrosion current density (icorr) were obtained from the polarization 

curves by extrapolating the Tafel regions, whilst corrosion rates (CR) were 

determined using the standard equation (22.85icorr). Despite having the 

lowest Ecorr value, polished Mg surfaces passivated quickly with an icorr of 

0.04±0.01 mA/cm2 before the onset of corrosion at 0.91±0.1 mm/year (Table 

5-5). Intriguingly, the icorr values for the as-deposited Al and Al-H coatings 

and heat-treated Al300, Al450 Al-H300 and Al-H450 coatings showed improved 

resistance to the onset of corrosion, but much more rapid initial corrosion 

rates once established, as compared with polished Mg. The heat-treated Al450 

and as-deposited Al showed the slowest corrosion rates of 0.23±0.1 mm/year 

and 1.60±0.3 mm/year respectively, as compared to the heat-treated Al300 
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coating and the as-deposited and heat-treated Al-H300 and Al-H450 coatings 

(Table 5-5). 

 

 

 
Figure ‎5-9 (a) Open circuit potential; & (b) potentiodynamic polarization curves for 

as-deposited Al and Al-H coatings on Mg; and heat-treated Al300, Al-H300, Al450 and Al-
H450 coatings, furnace annealed in air at 300°C and 450°C; immersed in PBS at 37°C. 
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Table ‎5-5 Corrosion parameters for the Mg, as-deposited and heat-treated Al and Al-

H coatings on Mg surfaces 

Sample 
OCP  
mV  

Ecorr   
mV 

icorr  
mA/cm2 

CR 
mm/year 

Mg -1910±5 -1907±2 0.04±0.01 0.91±0.1 

Al -1584±5 -1519±2 0.07±0.01 1.60±0.3 

Al-H -1570±5 -1483±2 0.24±0.02 5.48±0.6 

Al300 -1547±5 -1530±2 0.29±0.01 6.62±0.3 

Al-H300 -1505±5 -1515±2 0.25±0.01 5.71±1.8 

Al450 -1624±5 -1435±2 0.01±0.01 0.23±0.1 

Al-H450 -1632±5 -1686±2 0.34±0.04 7.76±1.1 

 

 

5.2.2.2 Characterisation of as-deposited Al and Al-H coatings 

following corrosion 

The BSE images of Figure ‎5-10(a,b) illustrate the corrosion morphologies of 

the as-deposited Al and Al-H coatings on Mg, in plan-view and cross-sectional 

geometries, respectively, after potentiodynamic polarisation corrosion tests in 

aerated PBS (from -200 mV to +500 mV relative to OCP).  

The Al-H surface exhibited more uniform corrosion and developed a thicker 

layer of corrosion products. EDS investigation showed the presence of a high 

content of oxygen and Mg, indicative of Mg(OH)2 (Figure ‎5-10(a) (Spot 1)), 

along with a significant amount of phosphate (PO4), but much less Al, 

suggesting the formation of a protective layer of Mg2(PO4)OH (Figure ‎5-10 (a) 

(Spot 2)). Remnant patches of the Al-H coating revealed an Al(OH)3 corrosion 

product ( Figure ‎5-10(a), arrowed regions).  

Figure ‎5-10(b) presents a BSE image of the as-deposited Al coating, in cross-

section, following corrosion. The associated EDS line profile indicted that the 

near surface layer comprised a mixture of Mg(OH)2 and Al(OH)3 corrosion 

products. Hence, the evidence suggests that the Mg substrate corroded first 

and formed an Mg(OH)2 corrosion product at the Al/Mg interface, in turn 

leading to delamination of the Al coating. It is likely that pin-holes on the Al 

Mg represents the corrosion rate of the as-polished surface without the 
galvanic effect of the Al coating.  
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coating acted as anodic sites, facilitating direct exposure of the Mg substrate 

to PBS. The Mg(OH)2 passivation layer had a porous nature (Figure ‎5-10(b), 

arrowed), making it unable to protect effectively the Mg substrate from the 

penetration of harmful Cl- ions. Na was detected also throughout the corrosion 

layer.    

 

 

 

 

 

 

 

 

Figure ‎5-10 BSE images of corrosion morphologies of: (a) as-deposited Al-H in 

plan-view; and (b) as-deposited Al coating in cross-sectional view, after 
potentiodynamic polarization corrosion testing.     

 

 
Figure ‎5-11 XRD patterns of as-deposited and heat-treated Al and Al-H coatings 

on Mg substrates after potentiodynamic polarization corrosion tests in PBS at 37C. 
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Figure ‎5-11 presents complementary XRD patterns of the Mg substrate, and 

the as-deposited and annealed Al and Al-H coatings, after potentiodynamic 

polarization testing. In addition to diffraction peaks corresponding to the Mg 

substrate and the Al coating, the patterns indicate the presence of Mg(OH)2 

corrosion products, for all the corroded surfaces. No clear diffraction peaks for 

Al(OH)3 coating corrosion products were detected, due to the problem of peak 

overlap. Intriguingly, a series of sharp intense peaks attributable to 

phosphate species such as Na4Mg(PO4)2 and Mg2(PO4)OH were detected, 

mainly on the as-deposited Al and Al-H450 and Na12P12O36.8H2O on Al-H and 

Al-H450 corroded surfaces.  

 

5.2.3  Discussion 

5.2.3.1 Overview  

As outlined in the literature review (Section 2.8), a good strategy for the 

protection of Mg and Mg-alloy surfaces from wet environments is to apply a 

physical barrier, such as a PVD coating. Ceramic layers are promising 

examples of this type of coating, e.g. alumina (Al2O3), to delay the onset of 

corrosion of Mg as well as improve overall corrosion and wear properties. 

However, in order to achieve a favourable coating system, optimised 

deposition conditions need to be identified. The direct deposition of insulating 

materials, such as alumina, using sputtering techniques is problematic 

generally due to low deposition rates [284]. Further, the DC deposition of Al 

in a reactive atmosphere of Ar/O, to produce Al2O3, leads to the formation of 

an electrically insulating aluminium oxide “poisoning” layer on the Al target 

surface which charges and discharges during the deposition process [280, 

284]. Accordingly, an alternative approach has been investigated here - to 

develop a near surface layer of Al2O3 by depositing Al on to Mg by RF-MS and 
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transforming it to Al2O3 by annealing ex situ after deposition. To increase 

further the propensity of Al to oxidise, H2 was used with Ar as the sputtering 

gas. 

This section reviews the experimental data presented above, with a view to 

clarifying and gaining improved understanding of how coating material 

structures develop during PVD deposition and after thermal oxidation, and 

how coating structures affect the corrosion performance of Mg in the context 

of degradable stent applications. 

5.2.3.2 Deposition and oxidation of Al and Al-H PVD coatings  

Figure ‎5-12 provides an overview of the PVD deposition of an Al coating on 

Mg and the formation subsequently of Al2O3 and MgO after ex situ annealing 

in air at 300C and 450C, respectively.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure ‎5-12 Schematic diagrams illustrating the deposition and evolution of Al 

deposited coatings on Mg, as a function of annealing.  
 

 

As detailed in Section 3.2.5, the Al and Al-H coatings were deposited from a 

pure Al target in the presence of Ar or Ar/H2 sputtering gases, respectively. 
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These two different sputtering environments were reflected, slightly, in the 

XRD patterns of the as-deposited Al and Al-H coatings (Figure ‎5-1). The 

diffraction patterns for the Al and Al-H coatings were very similar, in that they 

showed a dominant, intense sharp peak at 2 ~ 38 and a secondary peak 2 

~ 44.5 corresponding to {111} and {200} planes of Al, respectively. The 

data indicate strong preferred orientation of the Al grains in the <111> 

direction, to minimize the coating surface free energy [285]. The directional 

growth of Al is widely reported in literature, [276] [167] [286] [287] [288] 

[289].   

In particular, XRD scans showed a small shift of the {111} Al diffraction 

peaks to an angle of 2 ~ 38.26 for the as-deposited Al coating, compared to 

standard 2 value of 38.475 for Al, indicating an increase in lattice parameter 

for Al from 4.0494 Å to 4.0715 Å. This effect is attributed tentatively to the 

incorporation of Mg from substrate within the Al coating to form a dilute Al-

Mg alloy [290], given the high atomic radius of Mg (145 pm) compared with 

that of Al (118 pm) - this would cause an increase in lattice parameter and 

shift of the Al peaks to lower 2 values. The formation of a randomly 

distributed Al-Mg phase was suggested also by the shift of the Al2p HR-XPS 

scan (Figure ‎5-6 (c)). If small quantities of Mg were present in the Al coating, 

it is probable that Mg atoms (BE of 49.40 eV) bonding with Al atoms (BE of 

72.7eV) would cause of Al peak shift to a lower binding energy (71.88 eV).   

Conversely, the as-deposited Al-H thin films showed a small shift in the 

position of the {111} XRD peak towards the higher angle of 2θ ~ 38.52 

(Figure ‎5-1), indicating a contraction in lattice parameter to 4.0412 Å. The 

presence of a considerable amount of H2 in the chamber, in addition to the Ar 

sputtering gas, would lead to the incorporation of small amounts of hydrogen 

(atomic radius of 53 pm) within the Al coating layer.  Hydrogen within the Al 

matrix may result in the formation of defects, e.g. vacancies and voids [291] 
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leading to surface “blisters” appearing on the Al-H coating surface (Figure ‎5-2 

(b)).  

Furthermore, for the case of Ar/H2 used as a deposition gas, the relative 

intensities of the XPS peaks associated with Al2O3 and Al-Mg for the Al-H 

coating, compared to the Al coating (Figure ‎5-6), suggested that the presence 

of H2 acted to restrict the development of Al-Mg and favour the formation of 

Al2O3, at the surface.  

The as-deposited Al and Al-H coatings were found not to be strongly adhered 

to the Mg substrate, with peeling-off of coating material, observed towards 

the edges of the Mg discs, being attributed to strain effects. The poor 

adhesion of Al coatings to these polished Mg surfaces might be related to a 

component of mechanical bonding between Al and the Mg substrate, which is 

weaker than the ionic bonding of Al-Al and Mg-Mg, combined with a tendency 

for a spontaneous thin layer of MgO to form on the Mg substrate which could 

act as a chemical and physical barrier for alloy bonding of the Al coating into 

the Mg substrate.  

 

5.2.3.3 Partial conversion of Al and Al-H coatings to alumina  

After thermal oxidation, the shiny metallic Al300 and Al-H300 surfaces annealed 

at 300C produced XRD patterns (Figure ‎5-1) similar to those of the as-

deposited coatings, in terms an intense Al peak at 2 ~ 38 corresponding to 

{111} planes and a small peak at 2 ~ 44.5 assigned to {200} planes. The 

sharpness of the Al diffraction peaks combined with an increase in average 

grain size (Scherrer) to ~ 89 nm for Al300 and to ~ 136 nm for Al-H300 

(Table ‎5-2) indicated some refinement of the crystallinity of the Al coatings. 

Figure ‎5-13 illustrates the variability of lattice parameter, lattice distortion 
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indicative of residual strain, and grain size for this sample set as a function of 

annealing.  

 

 
Figure ‎5-13 Variation of Al lattice parameter, lattice distortion and grain size 

as a function of annealing temperature. 

 

Partial conversion of the Al300 coating near surface to a crystalline Al2O3 layer 

was achieved at 300C, as shown by XRD observations, while Al2O3 formed on 

the Al-H300 surface, as evidenced by XPS, was presumably amorphous. XPS 

data also showed increased Al oxidation, for both Al300 and Al-H300 surfaces in 

preference to Al-Mg alloy formation (Figure ‎5-7 (c,d,g,h)), in view of a decline 

or disappearance of Al-Mg, MgO and Mg(OH)2 signals at the surface [292].   
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The mobility of oxygen on a metal (M) surface, Al or Al-H in this case, and it’s 

incorporation into the metal sub-surface, increases with increasing 

temperature [293]. The oxidation reaction follows the chemical formula:  

𝟐𝑨𝒍 + 𝟑 𝟐⁄ 𝑶𝟐 → 𝑨𝒍𝟐𝑶𝟑          ∆𝑯𝒇 = −𝟏𝟔𝟕𝟓
𝐤𝐉

𝐦𝐨𝐥
, ∆𝑳𝑬 = −𝟏𝟓𝟗𝟏𝟔 𝐤𝐉/𝐦𝐨𝐥   Eq  ‎5-1 

 

Where Hf and ∆LE are the standard heat of formation and lattice energy of 

Al2O3, respectively. This process is divided into two steps, in which Al forms 

an ion by the release of electrons: 

𝑨𝒍 → 𝑨𝒍𝟑+ + 𝟑𝒆−                   ∆𝑯° = 𝟓𝟏𝟑𝟗 𝐤𝐉/𝐦𝐨𝐥     Eq ‎5-2 

Where H is the ionisation energy of Al to become Al3+; and the released 

electrons diffuse and become absorbed by oxygen to form O2- ions: 

𝑶 + 𝟐𝒆− → 𝑶𝟐−                      ∆𝑯° = −𝟏𝟒𝟏 𝐤𝐉/𝐦𝐨𝐥      Eq ‎5-3 

Where H is the electron affinity of O released to form O2-, at the metal-air 

interface. Either oxygen in the atmosphere diffuses inwards and reacts with 

Mn+ ions (Al3+) at the near surface, or Al3+ and 3e- diffuse outwards through 

the developing oxide film to react with O2- at the surface. This results in the 

fast formation of a thin oxide layer of Al2O3 on the Al surface.  

However, the increase in thickness of a developing aluminium oxide layer, 

during thermal oxidation, can impede the differential cross-diffusion of Al3+ 

and O2- ions through the oxide layer, slowing down the oxidation process, 

explaining why only partial oxidation of the Al coating was achieved, by the 

end of the processing  time of 5 h [294].    

Samples were then oxidised in air at 450C, with the intention of increasing 

the formation of crystalline Al2O3. However, the formation of MgO was found 

to dominate (Figure ‎5-1). At both 300C and 450C, pin-holes and cracks 

were observed on both Al and Al-H surfaces that would provide sites for the 

supply of oxygen to the Mg substrate. It is noted that activation energy for 
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the oxidation of Mg is 148 kJ/mol [295] and for Al is 414.22 kJ/mol [296], 

respectively.  The higher reactivity of Mg suggests it is able to overcome the 

activation energy required for reaction with oxygen to form MgO at 450C, 

with initial material consumption via the pin-holes.  It is worth noting that: 

𝑴𝒈 → 𝑴𝒈𝟐+ + 𝟐𝒆                        ∆𝑯° =  𝟐𝟏𝟖𝟖. 𝟒 𝐊𝐉/𝐦𝐨𝐥    Eq ‎5-4 

𝑴𝒈 + 𝟏 𝟐⁄ 𝑶𝟐 → 𝑴𝒈𝑶           ∆𝑯𝒇 =  −𝟔𝟎𝟏
𝐤𝐉

𝐦𝐨𝐥
 ,   ∆𝑳𝑬 = −𝟑𝟖𝟖𝟗  𝐤𝐉/𝐦𝐨𝐥   Eq ‎5-5 

Where Hf and ∆LE are the standard heat of formation and lattice energy of 

MgO, respectively.  

The tendency of a material to react with oxygen to form a metal oxide is 

governed by the Gibbs free energy ΔG (ΔG=ΔH–TΔS, where ΔH is the 

enthalpy; T is absolute temperature; and ΔS is entropy). If ΔG has a 

negative value, then the oxidation reaction occurs spontaneously and the 

more negative ΔG the more the metal tends to oxidize.  

According to the ΔG (kJ/mol) values for Al and Mg, from the Ellingham 

Diagram of metal oxide (Table ‎5-6), MgO has more free energy than Al2O3. In 

addition, the ionisation energy of Mg2+ (H=2188 kJ/mol) is less than Al3+ 

(H=5138.9 kJ/mol). Hence, the propensity of oxygen to dissociate and bond 

with one Mg2+ ion and form MgO is higher than three O2- ions to bond with 

two Al3+ ions and form Al2O3.   

Table ‎5-6 Chemical bonding parameters for Al2O3 and MgO 

Compound Bond Lattice 

energy 
∆LE 

kJ/mol 

Ionisation 

energy 
 

kJ/mol 

Bond 

dissociation 
energy, ∆Hf298, 

kJ/mol 

ΔG (kJ/mol) 

25C 300C 450C 

MgO Mg-O 3889 2188.4 394(35) -1170 -1110 -1075 

Al2O3 Al-O 15916 5139 512(4) -970 -1000 -1050 

 

At the lower temperature of 300C, the absorbed oxygen has low activation 

energy to enter the Al lattice structure, and hence leads to just oxidation of 

the near surface of the coating. Conversely, the high substrate oxidation 
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levels at 450C act to degrade strongly the Al coating crystallization, observed 

in both SEM (Figure ‎5-3) and {111} peak broadening of Al-H450 in XRD 

(Figure ‎5-1). In this case, the absorbed oxygen atoms have enough energy to 

diffuse and enter Mg lattice position, although desorption can also occur with 

the escape of O/H atoms leading to the formation of vacancies [297, 298].  

The residual strain calculated within Al-H {111} planes indicates a change of 

residual stress, from compressive to tensile stress, with increasing 

temperature of annealing (Figure ‎5-13,Table ‎5-2). This supports also the 

suggestion of the creation of point defects and vacancies [298].   

 

5.2.3.4 Corrosion mechanisms  

OCP and potentiodynamic polarization tests have been used widely to study 

the corrosion behaviour of bulk Mg [270] [299]. For highly pure Mg, corrosion 

is attributed mainly to the dissolution of Mg2+ ions from the bulk into PBS. In 

this part of the study, the corrosion resistance of these processed Al and Al-H 

coatings is appraised, with the anticipation that uniform coatings would delay 

the onset of corrosion of the Mg substrate.  

As shown in Figure ‎5-9, the Al and Al-H coated Mg surfaces, in both as-

deposited and annealed conditions, showed positively offset corrosion 

potentials, and nobler OCP and Ecorr values, compared to the polished Mg 

substrate (Ecorr  -1907±2 mV). According to the corrosion thermodynamic 

and voltage scale of metals, the tendency of Al (E=-1663 mV) to corrode is 

less than Mg (E=-2370 mV). Hence, Al and Al-H adopt a more passive 

surface, as shown in the shift of OCP and Ecorr to more noble values.  

The Al, Al300 and Al-H450 coatings adopted a steady OCP that indicated better 

protection of the Mg surfaces when the coatings were less defective. 
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However, for the Al-H, Al-H300 and Al450 coatings, the OCP decreased after ~ 

2500 sec in PBS, being attributed to the development of an unstable oxide 

layer and penetration of the test solution to reach underneath the Al coating. 

The potentiodynamic polarisation scan (Figure ‎5-9) of the Al and Al-H 

coatings (with the exception of Al300 and Al450) resulted in an anomalous 

cathodic Tefal region, consisting of an initial corrosion and passivation trend 

(region IV), being attributed to the initial dissolution of the Al coating followed 

by rapid anodic corrosion. Conversely, the heat-treated Al300 and Al450 

coatings exhibited a more conventional Tafel region, prior to rapid dissolution 

for Al300 and an active-passive trend for Al450. 

Basis on this, the corrosion mechanism of the as-deposited and annealed Al 

and Al-H coatings (in PBS at 37C) is illustrated schematically (Figure ‎5-14).  

In general terms, and by way of example, the Al / Al-H coatings interact with 

H2O molecules in the PBS solution to form Al(OH)3 reaction products on the 

coating surface (Figure ‎5-14 (a)). The electrochemical reaction involved here 

is the oxidation of Al and the oxygen reduction reaction: 

 

𝑨𝒍 → 𝑨𝒍𝟑+ + 𝟑𝒆−           Eq ‎5-6 

𝑶𝟐 + 𝟐𝑯𝟐𝑶 + 𝟒𝒆−  → 𝟒𝑶𝑯−            Eq ‎5-7 

𝑨𝒍𝟑+ + 𝟑𝑶𝑯− →  𝑨𝒍(𝑶𝑯)𝟑    Eq ‎5-8 

The solution becomes more alkaline because of a local increase in pH, and 

this can be balanced by the formation of Al hydroxide [300]: The general 

reaction of Al with water in PBS is:  

 

𝟐𝑨𝒍 + 𝟔𝑯𝟐𝑶 →  𝟐𝑨𝒍(𝑶𝑯)𝟑 + 𝟑𝑯𝟐      Eq ‎5-9 
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Figure ‎5-14 Schematic illustration of the corrosion process of Al/Al-H coated Mg 

upon immersion in PBS at 37C: (a) as-deposited; (b) annealed at 300C; and (c) 

annealed at 450C.  

 

 

When Al2O3 oxide layer had formed already on the Al surface, the resistance 

of Al coating to corrosion may increase, with the oxide layer acting to isolate 

the Al/Mg surface from further interaction with ions in the PBS 

(Figure ‎5-14(b)). This is shown in the typical cathodic evolution of the Al300 

sample, with the development of crystalline surface Al2O3 compared to the as-

deposited Al coating. The samples annealed at 450C were dominated by 

MgO, prior to immersion in PBS. The MgO reacted with water in the PBS to 

form Mg(OH)2, (Figure ‎5-14(c)) which further enhanced the passivation 
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behaviour of the exposed surface, consistent with the improved corrosion 

resistance of Al450 (Figure ‎5-9 (b) and Table 5-5) 

The Al coating could be susceptible to stress corrosion cracking (SCC), with 

fracture and crack growth in Al and Al-H coatings in aqueous solution 

occurring due to hydrogen embrittlement. Hydrogen evolution during cathodic 

reaction combined by residual stress in an Al coating results in a high 

concentration of hydrogen in crack tips [291]. The hydrogen atoms enter the 

Al lattice, leading to the production of brittle region supporting crack 

propagation. Diffusion of hydrogen to Al grain boundaries can also lead to a 

decrease in strength between adjacent grains, again resulting in 

embrittlement and crack growth.  

Meanwhile, aggressive Cl- ions and H2O present in the PBS solution can 

migrate through the coating layer via cracks, pin-holes and regions of coating 

delamination (Figure ‎5-2 and Figure ‎5-3) to react with the Mg substrate. The 

wet corrosive medium leads to the formation of a galvanic cell at the Al/Mg 

interface, resulting in the localised attack of MgO/Mg at the substrate and the 

formation of Mg(OH)2 [300]: 

𝑴𝒈 → 𝑴𝒈𝟐+ + 𝟐𝒆−       Eq ‎5-10 

𝟐𝑯𝟐𝑶 + 𝟐𝒆−  → 𝟐𝑶𝑯− +  𝑯𝟐      Eq ‎5-11 

𝑴𝒈𝟐+ + 𝟐𝑶𝑯− → 𝑴𝒈(𝑶𝑯)𝟐     Eq ‎5-12 

 

The BSE image of the as-deposited Al surface, following corrosion in PBS, in 

cross-sectional view (Figure ‎5-10 (b)) shows the presence of the substrate 

corrosion product Mg(OH)2 underneath the Al coating and its corrosion 

product Al(OH)3. Both these Mg(OH)2 and Al(OH)3 components were detected 

on all the coated surfaces, following corrosion, as revealed by XRD 

(Figure ‎5-11) and EDS analysis, e.g. the BSE image of the corroded as-

deposited Al-H coating (Figure ‎5-10 (a)). This supports the suggestion that 
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the growing Mg(OH)2 layer applied stress to the Al/Al-H coatings, resulting in 

damage or delamination, leaving the Mg substrate unprotected (Figure ‎5-10 

(a,b)). Furthermore, hydrogen bubble evolution may lead to rupture of the 

Al/Al-H coatings, thereby introducing additional sites for corrosion initiation. 

Hang and Yang [170, 289] reported the same corrosion mechanism for an Al 

coating deposited on AZ31B Mg-alloy using DC magnetron sputtering, and 

tested in 3.5% NaCl solution.  

In addition to Mg(OH)2 and Al(OH)3, the presences of phosphate species in 

PBS, in the form of KH2PO4 and Na2HPO4, may lead to the formation of 

phosphate ions leading to a localised increase in pH:        

𝑯𝟐𝑷𝑶𝟐 → 𝑯𝑷𝑶𝟒
𝟐− → 𝑷𝑶𝟒

𝟑−    Eq  ‎5-13 

The dissolution of Mg from the substrate in PBS and the presence of Mg(OH)2 

could result in the formation of a Mg-phosphate, in form of Na4Mg(PO4)2 or 

Mg2(PO4)OH, by the following reaction:  

𝟐𝑴𝒈𝟐+ + 𝑷𝑶𝟒
𝟑− + 𝑶𝑯− → 𝑴𝒈𝟐 𝑷𝑶𝟒𝑶𝑯     Eq ‎5-14 

𝟒𝑵𝒂+ + 𝑴𝒈𝟐+ + 𝑷𝑶𝟒
𝟑− → 𝑵𝒂𝟒𝑴𝒈(𝑷𝑶𝟒)𝟐    Eq ‎5-15 

 

The precipitation of Mg-phosphate phases is in agreement with both the EDS 

(Figure ‎5-10) and XRD data (Figure ‎5-11).  

 

5.2.4  Recommendations for process control 

The Al and Al-H coatings in this study were deposited on Mg surfaces by 

magnetron sputtering in an Ar or Ar/H2 atmosphere. Thermal annealing at 

300C and 450C was used to encourage the growth of an oxide layer on the 

Al and Al-H coatings, with the aim of converting the coatings to alumina. 

However, the poor adhesion of the Al coatings to the polished Mg surfaces 
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suggests that additional substrate cleaning protocols might be beneficial, prior 

to coating. The attempt to convert Al/Al-H to alumina, by increasing the 

temperature of oxidation up to 450C led to coating delamination and 

brittleness, making them unsuitable for practical use. However, annealing at a 

more moderate temperature of 300C (or slightly higher) for a longer time, 

may impart better control over the development of Al2O3. 

The relatively low corrosion resistance performance of the as-deposited and 

annealed Al/Al-H coatings suggest that improved Mg substrate preparation, 

combined with an increase in coatings thickness, would provide for better 

corrosion protection. The incomplete conversion of Al and Al-H to alumina 

resulting from the processing conditions investigated here raises the question 

about the practicalities of such Al-based coatings within stent applications, 

due to the association of Al ions dissolved in body being linked clinically to 

Alzheimer disease. An alternative approach would be to coat Mg with a more 

biocompatible coating, which still acts as a physical barrier between Mg and 

PBS (or body solution), for delaying the onset of corrosion of biodegradable 

stents. On that basis, the applicability of the a-Si:H coating system is now 

investigated. 

 

5.3 a-Si:H coatings  

Coating materials on Mg substrate should possess biocompatible as well as 

passivation properties for use with implant devices. Silicon, for instance, has 

been considered, being also a trace element involved in metabolic processes 

[301]. Liu et al. [283] reported on the formation of carbonate-containing 

hydroxyapatite (bone-like apatite) when 100 nm thick hydrogenated 

amorphous silicon (a-Si:H) films, deposited by plasma-enhanced chemical 

vapour deposition (PECVD), were immersed in a simulated body fluid (SBF) 
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for 28 days. A related study by Dahmen et al. [282] concluded that 

hydrophilic surfaces of amorphous silicon or silicon suboxides (a-SiOx:H), 

deposited by PECVD, were largely biocompatible.  

In addition to PECVD, the technique of PVD may be used to deposit a-Si films 

at low temperature, making it suitable for use with Mg substrates (melting 

point of 650C). A growing layer of silica (Si2O) on Si needs ordinarily a very 

high temperature of ~ 1200C [302]. However, with reference to the 

development of Al-H coatings, it is suggested that deposition in the presence 

of H2 could increase the tendency of the near surface of an a-Si coating to 

oxidise, to provide a suitable additional insulating layer for corrosion 

resistance.  

Hence, Si coatings were deposited on Mg substrates by RF magnetron 

sputtering (RF-MS) in the presence of Ar/H2 deposition gas (Section 3.2.5). In 

the following section, morphological investigations of as-deposited Si:H 

coatings are reported. Complementary potentiodynamic polarization corrosion 

data and immersion tests for both Mg substrates and a-Si:H coatings are then 

presented in section 5.3.2.  

5.3.1  Structural characterisation of a-Si:H coatings on Mg  

SE and BSE images illustrating the topographies of a-Si:H coatings, as-

deposited by RF-MS on Mg, in an Ar/H2 environment, are presented in 

Figure ‎5-15(a,b). The coatings again followed the Mg substrate preparation 

profiles, of striations, grooves and polishing marks (Figure ‎5-15(a), arrowed). 

The Mg substrate surface roughness prior to coating was 0.09  0.01 m, 

becoming 0.13  0.01 m after a-Si:H layer deposition. The high 

magnification BSE image of Figure ‎5-15(b) also showed some randomly 

distributed small, bright particles (arrowed). 
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Figure ‎5-16(a) presents an XRD pattern of an as-deposited a-Si:H coating on 

Mg. The pattern indicates the presence of polycrystalline Mg with no evidence 

of Si:H, consistent with the coating being amorphous.  

The covalent bonding nature of the coating was investigated using FTIR 

spectroscopy. Figure ‎5-16(b) presents an FTIR spectrum obtained from an as-

deposited a-Si:H layer on Mg, showing a peak at 874.2 cm-1 attributed to Si-H 

bonding, while absorption peaks at 1033.8 and 1161.8 cm-1 were attributable 

to Si-O (stretching) bonds [303]. Strong absorption peaks at 1416.9 cm-1 

were associated with H-O-H [304], while the broad band at 2850.4 - 2619.6 

cm-1 band was attributed to O-H groups [303]. A peak at 3693.6 cm-1 was 

attributed to Si-OH bonding [303]. It should be mentioned also that no peak 

was detected for Si-Si, which would appear in the 600-620 cm-1 range [305] 

[306].     

   

  

Figure ‎5-15 (a) SE and (b) BSE images of RF-MS coated a-Si:H /Mg. 

b a 
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Figure ‎5-16(a) XRD pattern of an a-Si:H coating on Mg; (b) representative FTIR 

absorption spectrum of an a-Si:H coating on Mg.  
 

Figure ‎5-17(a,b) presents representative EDS analyses of the as-deposited a-

Si:H coatings, in plan-view and cross-sectional orientations, respectively. EDS 

spot analysis (Figure ‎5-17(a)) indicates the presence of Si and Mg, as well as 

an O peak. The randomly distribution of small surface particles were identified 

as Ag particles, attributed tentatively to cross-contamination from the PVD 

chamber. Figure ‎5-17(b) presents an SE micrograph of a fractured cross-

section, showing the crack free Si coating with thickness of 1.22 ± 0.02 m. 

10 20 30 40 50 60 70



Mg










I
n

te
n

s
it

y
 a

.u

2




1
0

0

4000 3500 3000 2500 2000 1500 1000
0.95

0.96

0.97

0.98

0.99

1.00

1.01

O-H

  Si-O-Si

streching

1
0
3
3
.8

H-O-H

T
r
a
n

s
m

it
ta

n
c
e
 

Wavenumber (cm
-1

)

8
7
4
.2

Si-H

1
4
1
6
.92
8
5
0
.4

2
9
1
9
.6

3
6
9
3
.6

Si-OH

1
1
6
1
.8

a 

b 



Chapter 5 PVD coatings on Mg 

167 
 

 

XPS survey scans for the Mg substrate and a-Si:H coated Mg, complementary 

to the FTIR observations, are presented in Figure ‎5-18(a-c) and 

Figure ‎5-19(a-c), respectively. The survey scan of the as-prepared Mg 

substrate reveals the presence of strong oxide peaks, confirming the 

spontaneous formation of MgO at the near surface. The O1s spectral peak 

(Figure ‎5-18(b)) could be fitted with peaks of binding energies: 529.54 - 

531.63 eV and 533.26 eV, corresponding to MgO and H2O, respectively. The 

Mg2p spectral peak (Figure ‎5-18(c)) was fitted with two peaks at 49.92 eV, 

assigned to Mg, and 47.67 eV which could not be assigned. The XPS survey 

scan (Figure ‎5-19(a)) for the as-deposited a-Si:H coating again indicated the 

presence of a surface oxide. The O1s peak (Figure ‎5-19(b)) illustrates a major 

peak at 533.13 eV, assigned to SiO2, and two other minor peaks at 535.01 eV 

and 530.65 eV, corresponding to H2O and Ag2O (again attributed to cross-

 

Element at.% 

O 33.03 

Mg 54.48 

Si 12.19 
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Figure ‎5-17  BSE images and associated EDS spectra for: (a) a-Si:H coated Mg in 

plan-view orientation; (b) a-Si:H coated Mg in cross-sectional orientation.  
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contamination from the RF-MS chamber). There were no peaks attributable to 

pure Si on the coated surface. The SiO2 signature at 103.80 eV was 

consistent with the FTIR and EDS analyses.  

    

 

 

 

  
 Figure ‎5-18 XP-survey scan and high-resolution O1s and Mg2p spectra of 

the Mg substrate. 
 

 

 

 

 

Mg2p 

a 

O1s b 
c 



Chapter 5 PVD coatings on Mg 

169 
 

 

 
 

  
 Figure ‎5-19 XP-survey scan and high resolution O1s and Si2p spectra of as-

deposited a-Si:H on Mg.  

 

5.3.2 Corrosion behaviour of a-Si:H 

5.3.2.1 Potentiodynamic corrosion tests  

Figure ‎5-20(a,b) presents OCP and potentiodynamic polarization curves for 

as-polished Mg and an as-deposited a-Si:H coating on Mg, in PBS at 37C, 

respectively. The OCP of the a-Si:H coating (Figure ‎5-20(a)) showed a slightly 

more active and stable trend after 3000 s, to a value of -1739.8 mV, as 

compared to -1736.0±3 mV for the Mg surface, with OCP drop-out caused by 

the counter electrode connection. The corrosion behaviour of the polished Mg 

substrate (Figure ‎5-20(b)) exhibited a typical potentiodynamic polarization 

curve for normal cathodic hydrogen evolution and slow anodic dissolution of 

0.11 ± 0.01 mm/year at an Ecorr value of -1718.7±2 mV, before fast corrosion 

O1s Si2p 

a 

b c 
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at a break-down potential of -1563.7±3 mV. Conversely, the a-Si:H coating 

showed slow anodic dissolution of 0.05±0.02 mm/year at an Ecorr value of -

1602.8±2 mV, which increased with potential before self-passivation. 

Corrosion values extracted from the OCP and potentiodynamic curves are 

presented in Table ‎5-7.     

 

 
Figure ‎5-20 (a) OCP and (b) potentiodynamic polarization curves for as-polished Mg 

and a-Si:H coated Mg 

 

Table ‎5-7 Corrosion parameters from the polarization behaviours of polished Mg and 

as-deposited a-Si:H on Mg. 

0 500 1000 1500 2000 2500 3000 3500

-1800

-1780

-1760

-1740

-1720

-1700

-1680

E
le

c
tr

o
d

e
 P

o
te

n
ti

a
l 

v
s
 S

C
E
 (

m
V

)

Time (Sec)

 Mg

 a-Si:H

1E-5 1E-4 1E-3 0.01 0.1 1 10 100
-2000

-1900

-1800

-1700

-1600

-1500

-1400

-1300

-1200

-1100

-1000

E
le

c
tr

o
d

e
 P

o
te

n
ti

a
l 

v
s
 S

C
E
 (

m
V

)

Current density (mA/cm
2
) 

 a-Si-H

 Mg 

Sample  OCP  
(mV) 

Ecor  
(mV) 

i cor 
(mA/cm²) 

Eb  
(mV) 

CR  
(mm/year) 

Mg -1736.0±3 -1718.7±2  0.005±0.001 -1563.7±3 0.11±0.01 

Si-H  -1739.8±3 -1602.8±2 0.002±0.001 - 0.05±0.02 

a 

b 



Chapter 5 PVD coatings on Mg 

171 
 

 

5.3.2.2 Immersion testing 

Immersion tests were conducted on one side of the polished Mg substrates 

(control samples) and the a-Si:H coated surfaces, in PBS at 37C, for 

durations of 1, 3, 5 and 7 days. Figure ‎5-21 shows a comparison of corrosion 

rates for the Mg substrate and the a-Si:H coated Mg. After the first day, the 

a-Si:H coated surfaces showed improvements in corrosion rate, from 4.7±0.1 

mm/year to 2.4±0.1 mm/year. After five days, the a-Si:H sample corrosion 

rate showed a minimum value of 1.4±0.02 mm/year, compared to 1.90±0.01 

mm/year for the control sample. After the passivation layer on the Mg surface 

dissolved, further corrosion took place, at levels of 4.2±0.01 mm/year and 

2.8±0.02mm/year for the control Mg and a-Si:H coated Mg, respectively.  

 

 

 

 

 

 

 

 

Figure ‎5-22(a-c) presents OM and SEM images of the surface topography of 

a-Si:H coated Mg, after immersion in PBS at 37C for 7 days, along with an 

associated EDS spectrum. It was evident that crevice corrosion had become 

established on the lacquer side that may have had an effect on corrosion rate 

(Figure ‎5-22(a), arrowed). However, the corrosion products observed on the 

 
Figure ‎5-21 Corrosion rates of the as-polished Mg substrate and a-

Si:H coated Mg, after 1, 3, 5 and 7 days.  
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middle of the sample suggested the a-Si:H coating to be dense, very well 

adhered and continuous. In particular, the a-Si:H coating showed the ability 

to resist the effect of Cl- ions, isolating the Mg surface from the PBS media.  

A spot EDS analysis of the corroded a-Si:H surface (Figure ‎5-22(c)) indicated 

the present of Na, Ca and P, in addition to Si, O and an Mg peak from the 

substrate. Complementary XRD observations (Figure ‎5-23(a)) revealed small 

peaks related to the corrosion products of Mg(OH)2, as well as PO4-

components attributable to calcium hydrogen phosphate (CaHPO4), 

magnesium phosphate in the form of (Na4Mg(PO4)2, Mg(PO4)OH) or 

magnesium carbonate (MgCO3). FTIR analysis (Figure ‎5-23(b)) for an a-Si:H 

corroded surface, after 3 days’ immersion in PBS, showed peaks at 669.2 cm-

1 and 962.9 cm-1, corresponding to HPO4
2- and PO4

3- ions, respectively. 

Carbonate (CO3
2-) species were detected also at 1446.9 cm-1.  

 

  
before corrosion 

 
after corrosion 

 

a-Si-H coated surface 

 
before corrosion after corrosion 

 Polished Mg substrate  

 
Figure ‎5-22 OM images, SE image and ED spectrum for corroded a-Si:H 

coated Mg, after immersion in PBS at 37C for 7 days. 

 

b 

 

a c 
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Figure ‎5-23 (a) XRD pattern (b) FTIR spectrum for an a-Si:H coating on Mg, 

corroded in PBS at 37C. 

 

 

5.3.3  Discussion  

5.3.3.1 Overview  

Amorphous silicon, compared to the crystalline phase, has a large band-gap 

leading to a reduction in the generation of thermal carriers [282]. In addition, 
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improved passivation properties of a-Si can be achieved by the incorporation 

of hydrogen [283]. Accordingly, hydrogenated amorphous silicon (a-Si:H) is a 

promising material with potential for use in biomedical and biosensor devices 

[283]. RF-MS is a suitable technique to prepare a-Si thin films without using 

toxic gases such as phosphine (PH3) and diborane (B2H6) [307]. However, 

investigations of the corrosion resistance of a-Si:H on Mg are still in the early 

stages.  

The ambition of the present work was to obtain amorphous hydrogenated 

silicon coatings on Mg surfaces to improve corrosion resistance. The data 

obtained clarified the morphology of the coating material, after PVD 

deposition, and its affects on the corrosion performance of Mg in PBS.  

5.3.3.2 a-Si:H coating morphology 

Successful deposition of these RF-MS Si-based coatings on finely polished Mg 

substrates was revealed by EDS (Figure ‎5-17), with the detection of Si and O 

peaks, along with the Mg substrate. XRD investigations (Figure ‎5-16) showed 

no crystalline signatures for the Si:H coating layer, consistent with its 

predicted amorphous state. Wang et al. [308] cited XRD data for the 

deposition of an a-Si layer on quartz glass, at RT, by MS. A related study by 

Fukaya et al. [307] similarly found no crystalline XRD peaks for a-Si 

deposited under an Ar/H2 atmosphere by RF-MS, consistent with its 

amorphous nature.    

FTIR provided valuable evidence for the nature of the as-deposited a-Si:H 

coating in the presence of an Ar/H2 sputtering gas. Figure ‎5-16(b) confirmed 

the absorption of air species on the Si surface, indicative of the presence of 

amorphous silica (SiO2), whilst a narrow FTIR peak at 874.2 cm-1 was 

assigned to Si-H. This latter assignment was in agreement with Savvides 

[309] who reported on a-Si:H films deposited by DC-MS, at 200C, known to 
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enhance the formation of SiH2 species at a bending mode of 875 cm-1 and 

polysilane species (SiH2)n at bending modes of 845 and 890 cm-1. Similar 

observations were made by Lucovsky et al. [310] who detected SiH2 at 875 

cm-1 after growing a thin film of a-Si:(H,O), prepared by the glow-discharge 

decomposition of SiH4 in a gas ambient containing both H2 and O2. The 

presence of Si-H at 875 cm-1 was attributed to isolated SiH2 in which 

hydrogen atoms were not bonded to common Si sites.     

A wide FTIR peak around 1033.8 cm-1 and a small peak at 1161.8 cm-1 were 

assigned to stretching Si-O-Si bonds, indicative of the presence of residual 

oxygen in the PVD chamber. Gunde [311] also reported the presence of a-

SiO2 after the deposition of a silicon oxide film by CVD, at 350C, as identified 

by FTIR peaks at 1064 and 1165 cm-1. Lucovsky et al. [310] considered that 

the structure of Si-O-Si consists of four oxygen atoms bonded to two Si 

atoms, with two other bonding positions attached to Si or H neighbours. This 

arrangement is different from crystalline silica, consisting of a central Si atom 

surrounded by four oxygen atoms (tetrahedral groups) [312].  

A related study by Pai et al. [313] recorded the presence of an Si-O-Si 

stretching band at 1075 cm-1 and a broad shoulder centred at ~ 1150 cm-1 for 

SiOx films growth by PECVD. A linear relationship of IR frequency for the Si-

O-Si stretching vibration, as a function of oxygen composition (x in SiOx) was 

reported (Figure ‎5-24). Based on this relationship, SiOx detected at a 

stretching mode of 1033.8 cm-1 could probably reflect the form of SiO1.5. 

Further, the absorption of oxygen/hydrogen in the chamber and the formation 

of silica is consistent with XPS data (Figure ‎5-19), from both O1s at 533.13 eV 

and Si2p at 103.8 eV.  
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Figure ‎5-24 Si-O-Si stretching vibrations as a function of oxygen composition in 

SiOx [313]. 

 

Although FTIR and XPS observations indicated the presence of a-SiO2, EDS 

analysis (Figure ‎5-17(b)) of these as-deposited Si-based coatings in cross-

section indicated that the content of oxygen decreased deeper into the Si 

layer, as compared to the top surface (Figure ‎5-17(a)). Hence, the model 

proposed for the deposited Si coating (Figure ‎5-25, adapted from [314]) 

indicates that the deposited film may comprise different layers: i.e. a 

transitional sub-oxide layer (~ SiO1.5) and partial conversion of a-Si to a-SiO2 

upon contact with the air.  

 

 

 

 

 

Figure ‎5-25 Schematic illustration of a-Si:H coating of Mg. 
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5.3.3.3 Corrosion mechanisms 

The OCP (Figure ‎5-20(a)) of the as-prepared Mg surface showed a fluctuation 

of the corrosion potential with time, indicating that the Mg(OH)2 passivation 

layer had yet to establish equilibrium with the PBS. This was attributed 

tentatively to the sensitivity of the Mg surface to localised corrosion enhanced 

by the presence of Cl- ions in PBS.  

On the other hand, the as-deposited a-Si:H surface showed a steady increase 

in potential, with time, until becoming slightly more negative than the as-

polished Mg surface, at the end of the measurement time. This indicated a 

more reactive a-Si:H coating surface, becoming stable within the PBS during 

immersion. By the end of 1 h of stabilisation, the a-Si:H coating showed a 

nobler Ecorr behaviour of -1602.8 mV, compared to the uncoated Mg surface at 

-1718.7 mV. This was attributed to the dissolution of surface components of 

a-Si:H in PBS. The active surface, progressively covered by corrosion 

products, showed a rise in surface potential until an equilibrium between 

corrosion products and coating dissolution in steady OCP was reached. The 

progressive dissolution of a-S:H coated Mg, immersed in PBS is mediated by 

the reaction of SiO2 with H2O [315]:  

𝑺𝒊𝑶𝟐 + 𝟐𝑯𝟐𝑶 → 𝑯𝟒𝑺𝒊 𝑶𝟒    Eq ‎5-16 

 

It is considered that a newly formed surface containing silanol, Si-OH, in 

addition to Si-H, responsible for a sharp FTIR peak at 3693.6 cm-1 

corresponding to the silanol Si-OH bond, as reported by Cerofolini et al. [316] 

and Weldon et al. [317]. The Si-H reaction with H2O to form silanol is followed 

by a reaction with hydroxide, to form a negative charged 𝑆𝑖 − 𝑂− surface 

[283].  

𝑺𝒊 − 𝑯 + 𝑯𝟐𝑶 → 𝑺𝒊 − 𝑶𝑯 + 𝑯𝟐   Eq ‎5-17 

𝑺𝒊 − 𝑶𝑯 + 𝑶𝑯−  → 𝑺𝒊 − 𝑶− + 𝑯𝟐𝑶  Eq ‎5-18 
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Subsequently, Ca2+, Na+ and Mg+2 ions in PBS solution, attracted to the 

𝑆𝑖 − 𝑂− negatively charged surface, combined with the arrival of carbonate 

(CO3
2-) and phosphate HPO4

2- ions, leads to the precipitation of amorphous 

calcium hydrogen phosphate (CaHPO4), consistent with EDS analysis 

(Figure ‎5-22), in addition to magnesium phosphate (Mg3(PO4)2), in the form 

of Na4Mg(PO4)2 and Mg2(PO4)OH, as revealed in XRD data (Figure ‎5-23). The 

presence of 𝑆𝑖 − 𝑂− on the corroded surface was confirmed by FTIR at 1001.3 

cm-1, attributable to the Si-O-Si vibration. Similar observations by Xin et al. 

[281] reported silicon oxide bands at 1004 cm-1 (attributed to Si-O-Si). 

Furthermore, FTIR signatures around 962.9 cm-1 (800-1160 cm-1 region) and 

669.2 cm-1 (Figure ‎5-23) were consistent with the presence of PO4
3- and 

HPO4
2-, respectively. A signal for amorphous carbonate CO3

2- was observed at 

1446 cm-1 [318], in agreement with the corrosion mechanism proposed.  

The precipitation of these layers on an a-Si:H surface resulted in a slower 

anodic dissolution, of 0.05 ± 0.02 mm/year at Ecorr potential (Figure ‎5-20 

(b)), followed by a straight-forwards corrosion process, fitting that of the Mg 

substrate. This indicates the penetration of PBS solution through the a-Si:H 

coating to reach the Mg substrate, with increasing immersion time, 

presumably assisted by the hydrophilic nature of the a-Si coating. The 

hydrophilic characteristic nature of as-deposited a-Si-H coating is observed 

strongly in FTIR data (Figure ‎5-16 (b)), i.e. at 1416.9 cm-1 and ~ 2850.4 – 

2919.6 cm-1 that are associated with O-H groups (corresponding to H2O). 

Such hydrophilic surfaces are preferable for biomedical implants since they 

can initiate protein adsorption/desorption processes, thereby enhancing cell 

interaction and adhesion [319]. 



Chapter 5 PVD coatings on Mg 

179 
 

The improved corrosion resistance of a-Si:H coated Mg was confirmed further 

by immersion testing (Figure ‎5-21). It is clear that a-Si:H possesses the 

properties of a barrier like coating, i.e. a continuous, dense and crack-free 

coating, as confirmed by Figure ‎5-15 and Figure ‎5-17, achieving a reduced 

corrosion rate for Mg, from 4.7±0.1 mm/year to 2.4±0.1 mm/year. This slow 

corrosion continued until the end of the test duration (7 days), confirming the 

stable dissolution behaviour of a-Si:H coated Mg. This result is in agreement 

with Xin et al. [281], who showed that a 1 m thick hydrogenated amorphous 

silicon a-Si:H coating improve the corrosion resistance of coated AZ91 Mg-

alloy, in which Ecorr shifted from -1836 mV to a more positive value of -1507 

mV, coupled with a reduction of corrosion current density (icorr) by two orders 

of magnitude, from 7.05  10-4 A/cm2 to 3.75  10-6
 A/cm2.  

 

5.3.4  Recommendations for process control  

Based on the results obtained from these a-Si:H coatings, it is suggested that 

the coating of Mg stents with a-Si:H should be beneficial, in terms of reducing 

the corrosion rate of bulk Mg and improving cell attachment to Mg stent 

surfaces. The surface biocompatibility of Si-based coatings should be explored 

further, e.g. by growing polycrystalline Si-H coatings, through alteration of 

substrate bias and substrate temperature, in addition to subsequent furnace 

thermal annealing, to enhance the near surface crystallisation. Furthermore, a 

study of the structured development of Si coatings, under different hydrogen 

partial pressures, showed the influence of gas pressure on the coating nano-

structure and crystallinity [307] and thus may influence corrosion 

performance. The grow of a stoichiometric oxide layer on top of a Si coating, 

through annealing in an O2 atmosphere, should also act to improve the 

corrosion resistance of Mg.      
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5.4 Summary  

The use of PVD (RF-MS) to deposit Al-based and Si-based coatings on Mg 

surfaces has been investigated, as a part of a strategy to moderate the 

corrosion resistance of biodegradable Mg-stents. As-deposited Al and Al-H 

coatings, processed in Ar and Ar/H2 sputtering gas atmospheres, were found 

to be crystalline, with a component of Al-Mg alloy. The involvement of H2 in 

the sputtering gas acted to enhance the spontaneous formation Al2O3 upon 

exposure to atmosphere, and restrict the development of Al-Mg alloy. 

Thermal oxidation, in air at 300C, led to a partial conversion of the Al coating 

to a near surface layer of alumina, from XRD observations. Increasing the 

oxidation temperature to 450C resulted in the sintering and delamination of 

the Al/Al-H coating, combined with oxidation of the substrate to form MgO. 

The corrosion performances of both as-deposited and annealed Al and Al-H 

coatings were explored. The OCP and Ecorr values for Al and Al-H coated Mg 

samples were found to shift positively, compared to Mg corrosion potentials. 

Under the conditions examined here, as-deposited Al and heat-treated Al450 

showed the slowest corrosion rates, as compared with Al300 coatings and the 

as-deposited and heat-treated Al-H coatings, on the basis of potentiodynamic 

polarization corrosion tests.  The development of galvanic cells at the Al/Mg 

interface may lead to poor corrosion resistance of Al and Al-H coatings. It is 

found that the corroded layer included Al(OH)3 and substrate Mg(OH)2 

corrosion products, as well as magnesium phosphate.    

In addition, as-deposited PVD coatings of Si, in the presence of an Ar/H2 gas 

mixture were examined. XRD and complementary EDS investigations showed 

the deposited coatings to be amorphous. FTIR investigations on as-deposited 

a-Si:H coatings provided evidence for Si-H in the form of isolated SiH2. The 
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presence of a-SiOx within the a-Si:H coating was also confirmed by FTIR, with 

a linear relationship of IR frequency for Si-O-Si stretching, as a function of 

oxygen composition, suggesting the oxide layer included a non-stoichiometric 

a-SiO1.5 structure. The developed a-Si:H film structure comprised a mix of a-

Si, a-SiO1.5 and a-SiO2. The corrosion resistance of the coated Mg surface was 

improved under both potentiodynamic polarization and immersion corrosion 

tests. The corrosion potential Ecorr value was found to shift positively 

compared to the Mg corrosion potential, indicating improved resistance to the 

onset of corrosion. The corrosion rate reduced to half, by the application of 

these a-Si-H coatings, indicating their ability to isolate the Mg surface from Cl- 

ions in the PBS media. Immersion in PBS turned the surface to negatively 

charged 𝑆𝑖 − 𝑂−, which promoted the precipitation of a-CaHPO4 and 

(Mg3(PO4)2) components.     
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6. CHAPTER 6 Near surface modification 

of Mg by LAEB and LSM 

6.1 Introduction  

Rapid thermal processing (RTP) refers to methods used to produce 

nanostructures, whereby material temperature is controlled dynamically 

through high heating and cooling rates [190]. Controllable heat profiles 

permit the modification of material near surfaces, through fast phase 

transitions to the surface morphologies, not achievable in conventional 

furnaces due to their limited heating and cooling rates (few K s-1) [190]. RTP 

involves the application of electron beams, ion beams, lasers or plasmas, as 

used to improve a material’s surface properties, through localised melting and 

rapid cooling effects up to 109 K s-s [190].  Such processes result in a change 

in the near surface microstructure, with a view to enhancing wear and 

hardness, or corrosion and oxidation resistance.   

Large area electron beam (LAEB) processing, for example, uses a high energy 

beam of electrons (1-40 J/cm2) [190] to create a surface melt pool (with 

depth of ~10 µm) which then re-solidifies rapidly under ambient conditions. 

The aim is to achieve a modified surface layer with homogeneous 

microstructure, with a view to enhancing corrosion resistance through a 

combination of grain refinement and the removal of impurities and 

precipitates from the near surface region. In this context, there is need for 

improved understanding of the interaction of the electron beams (EB) and Mg 

surfaces, for the purpose of process optimisation.  

A change of surface characteristics can be achieved also by laser surface 

melting (LSM); in which case a laser beam (1-30 J/cm2) is used to heat and 
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melt a material’s surface (melting pool depth ~ 750 µm), followed by rapid 

cooling / self-quenching [211]. The refinement of the near surface structure, 

as a result of fast cooling, can reduce the micro-segregation of impurity 

elements, and promote the formation of a more homogeneous 

microstructure. The laser beam / material interaction depends on various 

processing parameters, such as power density, beam diameter and scanning 

(traverse) velocity, whilst large area coverage is achieved by overlapping 

laser tracks (up to ~ 50%). Mg, however, shows high reflectivity to the laser, 

hence the LSM process parameters need to be selected carefully, in order to 

achieve a satisfactory layer melting without vaporisation, which could 

compromise corrosion resistance and lead to enhanced surface roughness.       

The aim of this study is to improve the corrosion resistance of Mg by grain 

refinement and the production of a more homogeneous near surface layer. 

This requires the melting and rapid solidification of the surface layer, to 

create a fine-scale microstructure with minimal impurity segregation.    

Accordingly, the work presented in this Chapter starts with the effect of 

electron beam parameters on surface morphology of Mg surface, through 

applying different cathode voltages and number of pulses (Section 6.2). Then, 

the effect of laser beam irradiation parameters on the modification of Mg 

surface morphology and structure is explored (Section 6.3). The study of 

grain refinement for both EB and LSM was investigated using SEM/EDS and 

XRD, along with surface roughness measurements and the results are 

detailed in Sections 6.2.1 and 6.3.1. In addition, the corrosion behaviour and 

passivation performance of the EB/or LSM modified Mg surfaces were 

investigated using potentiodynamic polarization and immersion corrosion 

tests. The alteration of surface morphology under high and low energy of 

EB/or LSM irradiation and their relation to corrosion performance is discussed 

in Sections 6.2.3 and 6.3.3.   
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6.2 LAEB processing of Mg  

High purity Mg samples were subjected to electron beam irradiation using a 

Sodick PF32A large area electron beam (LAEB) instrument, under varying 

cathodic voltages (15, 25, 35 and 40 kV) and number of shots (1, 5, 20 and 

50). Morphological investigations of the as-prepared and modified Mg 

surfaces are presented in following section. The potentiodynamic polarization 

and immersion corrosion tests, performed on both the as-prepared and 

modified samples, are described in Section 6.2.2. Table ‎6-1 summaries the 

sample sets investigated, in these near surface LAEB modification 

experiments, listing their processing conditions and resultant corrosion rates.    
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Table ‎6-1 Sample sets processed using LAEB near surface modification and their coding where EB refers to electron beam; the numbers 15,25,35 and 

40 refer to cathode voltages; and the numbers 1,5,20 and 50 refer to the number of pulses.  

Sample code Cathode 

Voltage / 

kV 

Number 

of shots 

Corrosion rate / 

mm/year 

Potentiodynamic Immersion test 

3 hr 1 day 3 days 5 days 7 days 

Mg 0 0 0.11 ± 0.01 6.6 ±0.07 1.8 ±0.1 1.3 ±0.04 1.7±0.03 

EB15-1 15 1 0.15 ± 0.01 1.2 ±0.07 2.0 ±0.1 1.1±0.04 0.8±0.03 

EB15-5 5 0.12 ± 0.01 1.0 ±0.07 0.4 ±0.1 1.3±0.04 1.6±0.03 

EB15-20 20 0.10 ± 0.01 2.9 ±0.07 2.1±0.1 0.6±0.04 0.7±0.03 

EB25-1 25 1 0.08 ± 0.01 0.6 ±0.07 0.5±0.1 0.7±0.04 2.1±0.03 

EB25-5 5 0.16 ± 0.01 3.5 ±0.07 2.8±0.1 1.3±0.04 0.9±0.03 

EB25-20 20 0.16 ± 0.01 1.2 ±0.07 2.3±0.1 1.5±0.04 1.7±0.03 

EB35-1 35 1 0.09 ± 0.01 3.3 ±0.07 2.1±0.1 2.0±0.04 1.8±0.03 

EB35-5 5 0.13 ± 0.01 5.8 ±0.07 1.5±0.1 1.5±0.04 1.8±0.03 

EB35-20 20 0.17 ± 0.01 4.7 ±0.07 2.2±0.1 1.7±0.04 0.9±0.03 

EB40-1 40 1 0.14 ± 0.01 3.5 ±0.07 2.0±0.1 1.7±0.04 1.9±0.03 

EB40-5 5 0.14 ± 0.01 3.2 ±0.07 1.6±0.1 1.2±0.04 1.2±0.03 

EB40-20 20 4.66 ± 0.01 3.3 ±0.07 4.4±0.1 1.4±0.04 1.4±0.03 

EB40-50 50 2.30 ± 0.01 6.9 ±0.07 2.2±0.1 3.9±0.04 4.7±0.03 
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6.2.1  Characterisation of LAEB modified Mg surfaces 

 

6.2.1.1 OM and SEM/EDS of LAEB modified Mg surfaces 

Figure ‎6-1 (a-h) presents optical microscope (OM) and secondary electron 

(SE) images of as-prepared and EB-irradiated Mg surfaces, processed at 15 

kV, with 1, 5 and 20 pulses. The as-prepared Mg surfaces (Figure ‎6-1 (a-b)) 

showed residual marks and striations from the mechanical polishing. There 

was no remarkable change to the Mg surface, as modified by 1 LAEB pulse 

(Figure ‎6-1 (c-d)), although slight re-modelling could be observed, with some 

polishing marks being removed and a tendency for the surface to become 

more planer. More grain boundaries were observed for samples LAEB 

processed with 5 and 20 shots (Figure ‎6-1 (e-h)), suggesting removal of the 

surface burnished layer, however, deep polishing marks could still be 

observed, indicating that no melting deeper than the depth of the polishing 

marks occurred.            
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Figure ‎6-1 OM and SE images of Mg surfaces modified by LAEB 

processing (15 kV; 1, 5 and 20 pulses), arrows indicate the presence of 
polishing damage on the Mg surface.  

 

Figure ‎6-2 (a-f) shows the influence of EB irradiation at 25 kV cathode 

voltage, after 1, 5 and 20 pulses. With increasing number of pulses, the Mg 

surfaces experienced increasing amounts of re-modelling and the 

enhancement of grain boundaries. For the case of 1 pulse (Figure ‎6-2 (a-b)), 

numerous small craters of ~ 1.5 - 5.0 m diameter formed, mainly at 

polishing marks, indicative of shallow melting on the scale of the depth of the 

polishing marks, along with localised ablation, leaving the Mg surface covered 
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with debris showing high brightness levels, indicative of a charging effect, in 

turn suggesting the formation of MgO which is electrically insulating. For the 

case of 5 pulses (Figure ‎6-2 (c-d)), the diameter of these process craters 

reached an average of  2.2 m, decorating strips of melted polishing marks. 

A small amount of remnant debris was present also, indicative of more 

intensive, localised ablation at peaks on the rough, polished surfaces. For the 

case of 20 pulses (Figure ‎6-2 (e-f)), complete melting of near surface 

material led to the disappearance of polishing marks and ablation debris. 

However, short-range striations and a mixture of large ( 24 m) and small ( 

0.6 - 2.0 m) diameter craters covered the Mg surface.  
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Figure ‎6-2 OM and SE images of Mg surfaces modified by LAEB 

processing (25 kV; 1, 5 and 20 pulses)  
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Mg surfaces LAEB processed at 35 kV showed a similar response to those 

irradiated at 25 kV, with increasing delineation of grain boundaries with 

increasing number of pulses (Figure 6-3 (a-f)). Surfaces modified by 1 pulse 

(Figure ‎6-3 (a-b)) were covered by craters of varied diameter, from 1.5 - 5.6 

m, combined with the removal of some polishing marks indicative of deep 

melting, and some residual surface debris. Mg surfaces after 5 pulses 

(Figure ‎6-3 (c)) were shiny, indicative of improved planarization following 

material removal, allowing large Mg grains underneath to become visible, 

whilst high magnification SE images (Figure ‎6-3 (d)) revealed numerous small 

craters with average diameter of 3.0 m. Some 5-pulse modified surfaces 

showed also irregular, melted pits of  120 m diameter (Figure 6-3(c), inset 

(arrowed)), whilst close examination of SE images revealed that the insides of 

the pits were porous, indicative of gas-evolution during localised boiling of the 

Mg surface. In addition, enhanced amounts of debris were present on the 

periphery of each EB affected area. Surfaces modified by 20 EB pulses 

(Figure ‎6-3 (e-f)) showed well-established modulation, with striations at the 

surface and clear delineation of grain boundaries, as a result of ablation. A 

bimodal distribution of craters again was evident, of sizes  125 m and  1 

m.   
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Figure ‎6-3 OM and SE images of Mg surfaces modified by LAEB 

processing (35kV; 1, 5 and 20 pulses).  

 

Figure ‎6-4 (a-h) presents OM and SE images of LAEB processed Mg at 40 kV 

cathodic voltage, as a function of number of pulses. Again, the modified 

surfaces exhibited increasing levels of ablation with increasing number of 

pulses. After 1 pulse (Figure ‎6-4 (a-b)), the surface layer looked blurry, with 

evidence for melting as deep as the polishing marks, combined with a 

distribution of ~ 2.3 - 5.0 m diameter sized craters. Surfaces processed with 

5 pulses (Figure ‎6-4 (c-d)), showed a polishing finish in the middle of the EB 

affected area with numerous small craters and bright debris, whilst the 

periphery showed partial removal of the polishing marks and large ~ 150 m 

diameter sized craters. When LAEB processed with 20 pulses (Figure ‎6-4 (e-

f)), the polishing marks completely disappeared and the number of craters 

decreased, whilst a ‘tidal-sand’ wavy topography delineated the surface. It is 

considered that the energy deposited at the surface was sufficient to melt the 
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top Mg layer and induce a distribution of wavelets upon cool-down. High 

magnification SE images of these modified surface also showed crack 

formation, indicative of a discontinuous molten layer, along with a distribution 

of bright debris deposits in the centrally EB processed area. Surfaces LAEB 

processed with 50 pulses (Figure ‎6-4 (g-h)) showed similar features to 

samples irradiated with 20 pulses. Smooth surfaces with the appearance of 

grain boundaries defined central regions, whilst wavy features and obscured 

edge craters decorated the periphery.  
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Figure ‎6-4 OM and SE images of Mg surface modified by LAEB 

processing (40 kV; 1, 5, 20 and 50 pulses). 
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Example EDS analyses of the LAEB modified Mg surfaces are presented in 

Figure 6-5. As-prepared and low energy LAEB processed Mg surfaces showed 

similar levels of Mg and O content, with O reaching a maximum of 10 at.% in 

some LAEB cases. Conversely, Mg surfaces LAEB processed at high energy, 

associated with the formation of craters, showed much higher levels of O 

(Figure 6-5 (b)) arrowed), with complementary elemental maps (Figure ‎6-6: 

40kV; 5 pulses) confirming the presence of Mg, O, Ca and C, associated with 

the surface craters. The presence of Ca is tentatively assigned to an unknown 

source of cross-contamination.     

 

  

     
 

Figure ‎6-5 EDS analyses of LAEB processed Mg surfaces: (a) 35 kV; 1 

pulse; and (b) 40 kV; 1 pulse.  
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Figure ‎6-6 EDS elemental maps for LAEB processed Mg (40 kV; 5 pulses). The 

presence of Ca is tentatively assigned to an unknown source of cross-
contamination 

 

 

6.2.1.2 Cross-sectional morphology 

Cross-sections of the Mg surfaces irradiated at varying cathode voltages and 

number of pulses are presented in Figure ‎6-7, with corresponding thicknesses 

summarised in the Table (inset). Generally, the melted layer thickness was 

similar but the overall topography has a general trend, with increased 

waviness observed with increasing the cathode voltage and number of pulses. 

After 1 pulse, the melted layer thickness was in the range of ~ 2 m. When 

surfaces were subjected to 5 repeated pulses, the thickness increased to ~ 3 

m, but further pulses had no apparent effect on the melted layer thickness. 

Some surfaces did not show well-defined layer melting due to ablation, but 

showed an increase in roughness, due to the formation of small craters and 

pits, as well as a ‘tidal-sand’ wavy topography.  

 

 

70m 



Chapter 6 Near surface modification of Mg by LAEB and LSM 

194 
 

 

 

 1 shot 5 shots 20 shots 

1
5

k
V

 

   

2
5

 k
V

 

   

3
5

 k
V

 

   

4
0

 k
V

 

   

4
0

-5
0

 s
h

o
ts

 

 

No 

shots 

Cathode voltage / kV – Thickness of melted layer 

(m) 

15 25 35 40 

1 2.92±0.2 1.96±0.3 2.57±0.3 - 

5 3.15±0.4 3.89±0.3 3.75±0.3 1.85±0.3 

20 3.80±0.3 - 4.64±0.2 1.64±0.2 

50 - - - 2.58±0.3 
 

 Figure ‎6-7 OM images showing cross sectional morphologies of LAEB 

treated Mg; Table summarising melted layer thicknesses in µm. The bar 
in the images represents 10 µm. 

   

6.2.1.3 Roughness of LAEB modified surfaces  

The topographies of the LAEB modified surfaces were assessed using white 

light-3D photomapping, over an area of 583 x 783 (µm)2.  

Figure ‎6-8(a,b) presents surface roughness (Ra) values as a function of 

cathodic voltage and number of pulses, at the middle and edges of the EB 

processed areas, respectively. The roughness values were averaged from 

three measurements made for each EB irradiated area. Generally, Mg surface 

roughness increased with increasing voltage and number of pulses, compared 
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to the initial Ra value of 0.13 ± 0.02 m for mechanically polished surfaces. 

Slight improvements to surface roughness, by about a third, were achieved 

under conditions of 15 kV cathode voltage and 1 and 5 pulses, suggesting 

that low input energy conditions may be beneficial in the remodelling of 

smoother Mg surfaces, with shallow melting being sufficient to remove some 

of the polishing marks. However, Ra increased to 0.15 ± 0.02 m after 20 

pulses at 15 kV; and then became raised to ~ 0.2 – 0.3 µm upon irradiation 

under conditions of 25 kV and 35 kV (1-20 pulses); and then significantly 

raised to ~ 0.5 µm under conditions of 40 kV (20 pulses), indicating that 

excessive energy imparted to the sample acted to increase surface 

roughness. The formation and dispersion of craters across the modified 

surfaces also impacted upon these surface roughness measurements, in 

accordance with SEM observations.  

  
 

Figure ‎6-8 Surface roughness (Ra) as a function of cathodic voltage and 

number of pulses: (a) in the middle; and (b) at the edges of the EB processed 
areas.  

  

It was noted that considerable differences in surface roughness were returned 

between the centre and the periphery of LAEB regions, processed under 

conditions of high 40 kV cathodic voltage, with 5, 20 and 50 pulses at the 

centre resulting in Ra values from 0.3 to 0.5 µm while at the periphery higher 

values from 0.5 to 0.7 µm were observed. This may be related to differences 

in the localised amount of energy received into the sample, or more likely due 

to reduced diffusion of thermal energy from the hot zones to the low 
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temperature areas due to the reduction in potential thermal pathways at the 

edge. This results in higher temperatures and more surface remodelling at 

the edges.  

Figure ‎6-9(a,b) presents a comparison of surface topographies, LAEB 

processed under conditions of 40 kV and 50 pulses, at a middle (Ra = 0.30 

m) and edge regions (Ra = 1.3 m), respectively. The central irradiated area 

was characterised by high frequency, low amplitude roughness, compared to 

the edge profile which exhibited wavier features, consistent with the OM and 

SEM observations.    

   

  

 
  

 
Figure ‎6-9 Surface roughness profiles for LAEB processed Mg (40 kV cathode 

voltage; 50 pulses): (a) Middle region; and (b) edge region.  

 

6.2.1.4 XRD of LAEB modified surface  

Figure 6-10 presents XRD diffraction patterns of as-prepared and EB modified 

Mg surfaces, irradiated under conditions of 15, 25, 35 and 40 kV cathodic 

voltages, as a function of increasing number of pulses. Overall, the patterns 

are typical of polycrystalline, single phase Mg with no evidence for MgO. 

However, the intensity of the Mg peaks of the LAEB irradiated surfaces 

reduced significantly with increasing cathode voltage kV / number of pulses. 

Mg peak FWHM were measured after LAEB treatment, with significant 

broadening of the 101̅0 peak at 32.2 after irradiation at 35 kV (1 pulse) and 
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40 kV (20 pulses), being attributable to some measure of grain refinement 

within the near surface layer combined with relaxation of internal stresses.  

Figure ‎6-11 presents a plot of peak broadening values for the 0002 and 101̅1 

diffraction peaks, as a function of kV and number of pulses. Variability of 

these Peak broadening values after LAEB processing may be due to variations 

in sub-surface damage induced by previous sequential mechanical polishing. 

The reduction of 101̅0 diffraction peaks at 32.2 and 0002 at 34.4, and the 

enhancement of the 101̅1 diffraction peak at 36.6, for surfaces modified at 15 

kV (5-20 pulses) and 40 kV (Figure 6-10), suggests a certain level of 

preferred orientation within the recast layers. Scherrer’s equation, as applied 

to estimate grain size within the near surface modified layers (Table ‎6-2, 

Figure ‎6-12) indicated values > 100 nm, i.e. beyond the general applicability 

of the equation.   

 
 

Figure ‎6-10 XRD patterns of as-prepared and LAEB processed Mg surfaces. Low 

intensity of EB modified Mg suggests the modified layer had not recovered full 

crystallinity.   
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Figure ‎6-11 Peak broadening of as-prepared and LAEB processed Mg surfaces, 
as a function of kV and number of pulses: using (a) 0002 and (b) 10𝟏̅1 diffraction 

peaks. 

 

 

Table ‎6-2 Average grain size of Mg samples irritated by LAEB  

Sample ID 10𝟏̅0 0002 10𝟏̅1 Average grain 
size / nm 

Mg 551 218 204 255 ± 150 

EB15-1 306 212 269 218 ± 63 

EB15-5 125 114 113 125 ± 14 

EB15-20 138 306 161 180 ± 64 

EB25-1 197 258 190 208 ± 39 

EB25-5 197 267 149 187 ± 45 

EB25-20 318 162 154 225 ± 65 

EB35-1 45 343 144 152 ± 101 

EB35-5 359 330 362 265 ± 119 

EB35-20 72 114 278 138 ± 75 

EB40-1 331 88 170 205 ± 88 

EB40-5 517 236 182 394 ± 246 

EB40-20 44 101 333 183 ± 125 

EB40-50 394 224 397 269 ± 110 
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Figure ‎6-12 Average grain size of Mg samples irritated by LAEB as a function of 

cathode voltage and number of shots 

 

 

6.2.2  Corrosion performance of LAEB treated Mg surfaces 

6.2.2.1 Potentiodynamic polarization corrosion tests  

The corrosion behaviours of LAEB processed Mg surfaces were investigated by 

potentiodynamic polarization tests, conducted in PBS at 37C. 

Figure ‎6-13(a,b) presents OCP and potentiodynamic polarization tests of the 

as-prepared and LAEB processed Mg surfaces as a function of cathodic 

voltage and number of pulses.  

Table 6-3 summarises the main corrosion performance values, extracted from 

Figure ‎6-13(b). The OCP data showed that the as-prepared Mg substrate 

exhibited a rest potential of -1802 mV, becoming stable after 30 minutes. 

After EB processing, the onset corrosion resistance of EB modified surfaces 

became variable with cathode voltage and number of pulses, but generally 

increased for surfaces receiving higher power densities. For example, samples 
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treated under conditions of 40 kV cathode voltage and 50 pulses showed the 

most resistance, at -1620 mV.  

The polarization curves (Figure ‎6-13(b)) demonstrated similar behaviour of 

the EB modified Mg surfaces to the as-prepared samples, during corrosion 

testing. The polished Mg surface revealed typical Tafel regions, with anodic 

dissolution of 0.11 ± 0.01 mm/year at a corrosion potential of -1756 mV 

before the Mg(OH)2 passivation broke-down at -1560 mV. Across all the LAEB 

modified surfaces, samples treated by 20 and 50 pulses at 40 kV showed the 

most noble Ecorr values of -1587 mV and -1604 mV, respectively. In contrary 

to Ecorr, the same 40 kV and 20 and 50 pulsed samples exhibited no passive 

region, but a straightforward increase in icorr value with potential, having high 

values of 0.204 mA/cm2 and 0.101 mA/cm2, respectively.  

Figure ‎6-14 summarises corrosion rate as a function of kV and number of 

pulses for these LAEB modified Mg surfaces. The EB modified surfaces showed 

significantly higher corrosion rates, which increased with increasing number 

of pulses, than the as-prepared surfaces. For example, 1 pulse treated 

samples at 25 kV and 35 kV displayed best corrosion rates of 0.08 ± 0.01  

and 0.09 ± 0.01 mm/year, respectively, whilst much higher corrosion rates of 

4.66 ± 0.01 and 2.30 ± 0.01 mm/year were returned for surfaces treated by 

20 and 50 pulses at 40 kV, respectively. 
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Figure ‎6-13 Electrochemical corrosion tests of as-prepared and LAEB processed 

Mg-surfaces, in PBS at 37C (-200 mV to +500 mV): (a) OCP; and (b) 

potentiodynamic polarization tests.  
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Table ‎6-3 Corrosion parameters of as-prepared and LAEB modified Mg surfaces, from 

sample polarization behaviours in PBS at 37C.   

Sample 
OCP  
mV 

Ecorr 

 mV 
icorr 

mA/cm² 
Eb  
mV 

CR  
mm/year 

Mg -1802 -1756 0.004 -1560 0.11 ± 0.01 

EB15-1 -1819 -1798 0.007 -1574 0.15 ± 0.01 

EB15-5 -1764 -1736 0.005 -1556 0.12 ± 0.01 

EB15-20 -1776 -1713 0.004 -1598 0.10 ± 0.01 

EB25-1 -1749 -1733 0.003 -1377 0.08 ± 0.01 

EB25-5 -1820 -1783 0.007 -1572 0.16 ± 0.01 

EB25-20 -1705 -1680 0.007 -1575 0.16 ± 0.01 

EB35-1 -1844 -1784 0.004 -1583 0.09 ± 0.01 

EB35-5 -1719 -1679 0.006 -1591 0.13 ± 0.01 

EB35-20 -1712 -1673 0.008 -1593 0.17 ± 0.01 

EB40-1 -1837 -1788 0.006 -1585 0.14 ± 0.01 

EB40-5 -1697 -1681 0.006 -1577 0.14 ± 0.01 

EB40-20 -1629 -1587 0.204 - 4.66 ± 0.01 

EB40-50 -1620 -1604 0.101 - 2.30 ± 0.01 

     

 

Figure ‎6-14 Corrosion rate as a function of kV and number of pulses      

 

6.2.2.2 Characterisation of corroded LAEB modified Mg surfaces  

Figure ‎6-15(a-c) presents plan-view micrographs of a corroded surface of 

LAEB processed Mg (25 kV; 1 pulse), after potentiodynamic polarization 

testing in PBS. The Mg surface suffered localised pitting corrosion, distributed 

randomly throughout the immersed surface (Figure ‎6-15(a)). The high 

magnification BSE image of Figure ‎6-15(b) showed that many corrosion 

products (arrowed) were decorated with clusters. The corrosion of Mg in PBS 

media usually occurs due to the presence of aggressive chloride (Cl-) anions. 

10 20 30 40
0.00

0.05

0.10

0.15

0.20

0.25

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

C
o

r
r
o

s
io

n
 r

a
te

 (
m

m
/
y
r
)

Cathode voltage (kV)

 Mg

 1 shot

 5 Shots

 20 Shots

 50 Shots



Chapter 6 Near surface modification of Mg by LAEB and LSM 

203 
 

The exposed surface was also characterised by layer cracking, along with 

circular voids / holes surrounded by bright precipitants (Figure ‎6-15(c, 

arrowed)).  

EDS data from different spots on the high magnification corroded surface is 

tabulated in Figure ‎6-15 (d). For spot A, the corrosion products were 

consistent with the presence of O, Mg and Cl, indicative of MgO / Mg(OH) and 

possibly MgCl2 / MgCl2(H2O)x. The O content was greatly increased compared 

to the surface before corrosion, consistent with the formation of a hydroxide 

passivation layer. This sample showed best corrosion performance. Spot B 

contained mainly O and Mg, in addition to low amounts of P, Na, Cl and Ca 

corresponding to phosphate (PO4) components. Spot C, corresponding to the 

bright corrosion products around open pores showed high amounts of O, Ca 

and P, with significantly reduced Mg levels, indicating the presence of 

hydroxyapatite (Ca-P) components.          

 

  

    
 

  
Element 

Composation / at.% 

Spot A Spot B Spot C 

O 64.31 50.98 54.05 

Na - 1.97 3.20 

Mg 25.38 39.94 7.98 

P - 5.07 14.71 

Cl 10.32 1.42 1.01 

K - - 0.23 

Ca - 0.61 18.81 

Figure ‎6-15 Corrosion morphology of an Mg surface, LAEB modified (25 kV, 1 

pulse), after potentiodynamic polarization testing in aerated PBS at 37C. (a) An 

overview of the corrosion morphology; (b) BSE image of the reaction products; 

(c) SE image of the passivation layer; and (d) associated EDS data.    
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6.2.2.3  Immersion testing 

Immersion tests was carried out for the as-prepared and LAEB modified 

surfaces, in PBS at 37C, for periods of 1, 3, 5 and 7 days.  

Figure ‎6-16 presents corrosion rates as a function of cathode voltage, number 

of pulses and immersion time. For all specimens, the corrosion rate decreased 

with immersion time, with the exception of surfaces modified at 40 kV (20 

and 50 pulses). For the case of lowest EB-power density, the corrosion rate 

for the short immersion time of 1 day was lower than that of the as-prepared 

Mg surface, as minimum as 0.61 ± 0.07 mm/year for sample irradiated at 25 

kV and 1 pulse, whereas for case of the highest EB power density (Sample 

EB40-50), the corrosion rate of 6.9 ± 0.07 mm/year was similar to the 6.6 ± 

0.07 mm/year for the as-prepared sample. As the immersion time became 

longer, the corrosion rate differences between the as-received Mg and EB 

treated surfaces reduced, with only the sample treated at high energy density 

(40 kV, 50 pulses), degrading faster with rate of 2.2 ± 0.1 and 3.93 ± 0.03 

mm/year compared to 1.8 ± 0.1 and 1.3 ± 0.04 mm/year after 3 and 5 days, 

respectively. After 7 days of immersion in PBS, the lowest and highest 

corrosion rates of 0.70 ± 0.03 mm/year (15 kV, 20 pulses) and 4.7 ± 0.03 

mm/year (40 kV, 50 pulses) were observed, compared to the value of 1.71 ± 

0.03 mm/year for the as-prepared Mg surfaces.    
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Figure ‎6-16 Corrosion rates of Mg and LAEB modified Mg surfaces, immersed 
up to 7 days in PBS at 37C.  Errors not shown for clarity purposes. 

 

6.2.2.4 Characterisation of the corroded surfaces 

In order to gain improved understanding of the corrosion mechanism of LAEB 

treated Mg surfaces, detailed BSE and SE planar-view micrographs of the 

corroded surfaces were recorded (Figure 6-17 (a-h)). A thin layer of Mg(OH)2 

combined with localized corrosion products covered the processed surface 

after 1-day immersion in PBS (Figure ‎6-17 (a, EDX inset)). After 3 days, thick 

films with agglomerations of small round particles were observed (Figure ‎6-17 

(c)). EDS analyses showed the main components to be P, Ca and Na, in 

addition to Mg and high levels of O. Larger particles formed with increasing 

immersion times (Figure ‎6-17 (e,g)). Layer cracking was attributed to 

hydration, after sample removal from the test solution and exposure to air.     

Figure ‎6-17(b,d,f,h) shows the surface topography of the corroded surfaces 

after removal of the corrosion products using chromic acid (20% CrO3 in 
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water). In addition to uniform corrosion, the Mg surface experienced shallow 

localized attack, which gradually increased with immersion time. The 

corrosion preferentially attacked the interior grains, with no evidence of 

preferential degradation at the grain boundaries. It suggested that high purity 

Mg has very low levels of impurity precipitation at grains boundaries.  
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Figure ‎6-17 BSE and SE images of corroded LAEB-treated Mg 

surfaces, after immersion in PBS for 1,3,5 and 7 days  
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6.2.3 Discussion  

Processed material by LAEB, subjected to bombardment by accelerated 

electron under applied cathode voltage, has been investigated. High velocity 

electrons impact the material surface, causing transfer of kinetic energy into 

thermal energy which then becomes distributed through the affected surface, 

leading to an increase in surface temperature for sufficient time to melt and 

alter the near surface microstructure upon rapid solidification.     

In general, the necessary conditions to obtain a homogenous grain sized layer 

in LAEB processing is that the crystalline Mg surface must melt quickly, 

reaching temperatures not available in a conventional furnace, and then cool 

rapidly, to re-crystallise with a fine-scale grain structure [190].     

In this study, the EB has an energy density of 2-14 J/cm2 and the duration of 

each pulse in range of 2 s [230], which is extremely short but sufficient to 

allow rapid melting and cooling of the material surface, with refinement of the 

structure, and improved surface topography and corrosion rate.    

   

6.2.3.1 Surface morphology of LAEB processed Mg  

Due to the short pulse duration of 2–3 s [320], rapid cooling rate (dT/dt ~ 

107-109 K/s) and high temperature gradients (T  109 K/m) at the irradiated 

near surface [321], the Mg surface will melt, cool and solidify through rapid 

heat transfer into the bulk underneath. This rapid processing leads to melting, 

vaporisation, ablation, and re-solidification of the sample surface [322]. The 

temperature distribution under EB irradiation can be simulated by solving the 

heat conduction equation, with the interior heat source being the incident EB 

energy [198, 323, 324]. For example, Ye et al. [205] applied 1-D heat 

transfer equations to pure Mg and found that the Mg surface reached a 

plateau temperature of ~ 1350C, which is significantly higher than the 
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boiling point of Mg (1107C) [300]. As a consequence, evaporation can occur, 

as the heat of evaporation for Mg of 127.4 kJ/mol is relatively low. 

The mechanism of surface modification under EB irradiation, shown 

schematically in Figure ‎6-18, can be summarised as follows: After metal 

sectioning and polishing, micro-protrusions are present on the surface along 

with contamination and spontaneous oxide layer MgO (Figure ‎6-18 (a)). 

 

  

 

    

 

 

 

 

 

 

 

 

 

 

 

   

 

 

 

 

 

 
Figure ‎6-18 Schematic of LAEB modification of Mg surface: (a) as-polished Mg 

surface; (b) low energy EB processed Mg surface; (c) over processed - high energy 
EB processed Mg surface. Note in (c) the RHS represents the edge region while the 

LHS of the schematic represents the central region. 
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Under low energy EB irradiation (Figure ‎6-18 (b)), the metal melts rapidly 

and flows from micro-protrusions to hollows, leading to surface smoothening, 

whilst contamination diffuses into the bulk. During the early stages of EB 

treatment, e.g. 5 pulses at 15 kV (Figure ‎6-1(e)), the evidence indicates 

shallow melting and selective ablation, induced by EB irradiation, associated 

with micro non-uniformities of the original surface (polishing marks). Mg 

debris is not seen on the Mg surface even after treatment with 5 & 20 pulses 

at 15 kV, as illustrated by the SE images of Figure ‎6-1(f,h). The condensation 

of Mg vapour would not ordinarily be anticipated, given the working pressure 

in the vacuum chamber of 0.05 Pa. Under conditions of higher cathode 

voltage (25 kV) and increased number of pulses, the increased energy 

deposition leads to higher levels of evaporation and more intensive selective 

ablation. This results in more extensive melting of polishing marks 

(Figure ‎6-2(b,d)) and increased delineation of grain boundaries at the 

surface, (Figure ‎6-2(e). Further, shallow pits no deeper than the melting layer 

covered the surface due to local melting.  

Roughness evolution is evidential of changes to the surface process 

conditions, from heating to melting (smoothening) and evaporation 

(Figure ‎6-18 (a,b). The roughness of mechanically polished Mg surfaces can 

either decrease or increase, depending on the process parameters applied. 

For the case of low energy density (15 kV; 1 - 5 shots) the surface roughness 

of the modified surfaces decreased from 0.13 m to 0.1 m (Figure ‎6-8), 

however this is within the error of measurement. The limitations of using a 

single Ra value to detail this subtle modification are clear. The SEM images in 

Figure ‎6-1 show a clear melt region but the average roughness remain 

similar. This melting and evaporation occurs just near surface, and more 

specifically at the peaks of polishing marks (Figure ‎6-1 (d,f)). The distribution 
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of heat into a rough surface becomes intensively located at the areas of 

micro-protrusions, leading to smoother, more planerised surfaces as can be 

seen in Figure ‎6-7 although not making significant difference to the Ra value. 

Improvements of surface roughness by LAEB processing has also been 

reported by Uno et al. [193], with application of up to 10.7 J/cm2 to metal 

mould steel leading to highly finished surfaces (Ra ~ 0.7 m). A related study 

by Okada et al. [194] showed improvement in the surface roughness of Ti-

alloy (Ti–6Al–4V) from 10 m to 0.7 m, when treated under conditions of 7.8 

J/cm2 by LAEB. Both these references are at the higher end of the range 

explored here.  

Under excessive EB processing (Figure ‎6-18(c)) Mg evaporation becomes 

dominant, leading to a reduction in the melting layer. Due to the nature of Mg 

evaporation, a wavy topography may delineate the irradiated surface, in 

addition to the re-deposition of Mg particles. Indeed, an increase in cathode 

voltage (to 40 kV) leads to selective ablation (Figure ‎6-7) with more intensive 

dispersions of droplets at the periphery (Figure ‎6-4(d,f)). The ablation 

process acts to reduce the molten layer thickness, counter balancing the 

increased thickness of the molten layer after irradiation under an increased 

number of pulses [200]. Accordingly, increasing the cathode voltage and 

number of pulses has little effect on the resultant thickness of the recast layer 

(Figure ‎6-7). The evaporation and removal of molten material has been 

reported for AZ31-Mg alloy treated under repeated number of pulses (10 and 

15 pulses) at 2.5 J/cm2 by HCPEB [204].  

Bright particles observed at the surface indicate some re-deposited of ablated 

Mg particles, localised around the centre of EB processed region, attributed to 

condensation after significant evaporation [200]. This phenomenon has been 

reported for surface modified pure Ti [325] and Al [326] under high-intensity 

pulsed ion beam (HIPIB) irradiation, with large numbers of Ti/Al-ablated 
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droplets being deposited on the processed surfaces. The ejection of material 

droplets by ablation only happens when the power density (P) reaches a 

threshold values (P1) of 50 MW/cm2 [325] [327] for these materials. 

Furthermore, the pressure in the chamber may increase due to an increase in 

evaporation with increasing number of pulses, and this is consistent with the 

SE images of Figure ‎6-3 (d,f).  

Surfaces receiving high pulsed energy densities showed an increase in surface 

roughness, due to the severe evaporation (ablation) of the Mg. For example, 

the surfaces of Mg processed using conditions of 35 kV and 20 pulses 

exhibited many surface modulations, with striations and a dispersion of 

differently sized craters, causing a rise in surface roughness to reach Ra ~ 

0.3 m. One suggestion is that the differences in the thermal expansion 

coefficients between the molten surface and the relatively cold bulk 

underneath could promote the development of modulated surfaces [328]. The 

distribution of energy deposited onto an EB irradiated Mg surface is expected 

to be fairly uniform, with a beam diameter of 60 mm covering the area of two 

samples. This is commensurate with samples treated under low or moderate 

cathode voltage conditions showing similar surface roughness Ra values in 

the central area and at the sample edge. However, with increasing energy 

density, the Mg surface responds differently, with local energy deposition into 

the sample affected by surface features upon cool-down. The deposited 

energy is sufficient to melt and ablate the top layer of Mg, reducing polishing 

marks and exposing grain boundaries in the central area while wavelet 

features decorate the periphery (Figure ‎6-18 (c)). Indeed, Uno et al used 

LAEB to polish mould steel surfaces and reported the energy density at the 

centre of electron beam to have the highest value, becoming lower away from 

the centre at a distance of 20 mm [320]. Accordingly, the differences in Mg 

morphology under conditions of high energy density are attributed to 
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differences in localised heating and cooling rates of under the pulsed EB. The 

suggestion being that molten Mg has insufficient time to cool and evaporates 

in the central region, where it received the highest energy, while lower 

energy deposition at the edges provides for sufficient cooling time with the 

development of modulated surface features. Wave-like features have been 

associated with pure Mg [208] [329] and AZ31 surfaces [204] irradiated 

under high current pulsed electron beam (HCPEB) conditions. 

In addition to ablation phenomena, surfaces processed under high EB energy 

conditions showed surface cracks, e.g. under high cathode voltage (40 kV) 

(Figure ‎6-4(f)). The rate of contraction of the molten layer upon rapid 

solidification will be higher than the relatively colder bulk material underneath 

. This results in tensile stress on the near surface layer, leading to cracking if 

the tensile stress exceeds the fracture strength of Mg. Further, the EB 

processed layer may enhance the formation of MgO, from reaction with 

residual oxygen in the low vacuum pressure EB chamber. If which case, then 

the brittle characteristic of this MgO layer, combined with differential thermal 

expansion, could act to enhance crack initiation and propagation.            

Accordingly, it is recognised that LAEB treatment can induce a variety of 

changes in the near surface microstructure of Mg. XRD data (Figure ‎6-10) 

indicates a notable reduction in Mg peak intensity, attributable to a decrease 

in the crystalline state of Mg, with increasing number of pulses for fixed 

cathode voltage. Increasing the number of pulses also leads to an increase in 

thickness of the near surface modified layer, with re-crystallisation of the 

melted layer showing signs of preferred orientation, as for the case of 

surfaces modified at 15 kV (5-20 pulses) and 40 kV (Figure ‎6-10).  

Mg peak broadening was noticeable in XRD (Figure ‎6-11(a,b)), particularly for 

the case of high power EB (high kV and 20 pulses). The broadening of the 
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diffraction lines generally indicate the development of a very fine grain 

structure, as a consequence of rapid-quenching [201]. Even though the 

application of Scherrer’s equation (Table ‎6-2), indicated grain sizes > 100 

nm, the measurement indicates tentatively a reduction in grain size of the 

recast layer, especially under low EB energy (Figure ‎6-12). In addition to 

grain refinement, it is recognised that the near surface layer cools rapidly at 

the end of an EB pulse, causing the development of residual tensile stress 

[199].   

It has been established that EB treated surface in cross-section comprise 

three regions; a melted layer, a heat affected zone, and the matrix of the 

bulk material [196]. The modified layer increases in thickness with increase in 

energy density (cathode voltage and number of pulses), consistent with the 

temperature equations. As a result of the non-equilibrium thermal field in the 

material, the EB treated Mg surfaces experienced shock thermal stresses of 

several hundred MPa [197]. The shocks usually develop during the 

melting/eruption process, propagate along the beam direction and then 

decline when the eruption process finish. A temporal change in stress 

continues when the martial cools rapidly, until reaching equilibrium [189], 

cause deformation in the Mg in the form of planar defect formation and 

dislocations [197] [192]. Hence, the broadening of diffraction peaks may also 

be attributed the introduction of defects, such as dislocations and vacancies 

[195].   

 

6.2.3.2  Crater formation and reaction products on Mg  

In addition to the effects of ablation, surface roughness measurements were 

also influenced by the formation of craters / pits on the Mg surface, 

Figure ‎6-18 (b,c), caused by inhomogeneous localised melting and eruption of 
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the EB irradiated surfaces. LAEB processing under conditions of 25, 35 and 40 

kV (Figure ‎6-2, Figure ‎6-3 and Figure ‎6-4, respectively) showed the formation 

of craters, occasionally decorated with spherical particles (Figure ‎6-4(c)). The 

LAEB process induced thermal effects leading to heating and melting of the 

near surface layer prior to rapid solidification [330]. The electron range (𝑟), 

i.e. the maximum penetration depth of electrons into the material can be 

calculated using [330]:  

𝒓 = 𝟐. 𝟏 × 𝟏𝟎−𝟓  
𝑼𝟐

𝝆
    Eq ‎6-1 

Where  is the material density (𝜌𝑀𝑔=1.7410-3 kg/cm3); and 𝑈 is the 

acceleration voltage (kV). The calculated electron ranges for LAEB irradiated 

Mg, for 1 pulse, are listed in Table ‎6-4.  

Table ‎6-4 Electron range (r) in LAEB irritated Mg  

Acceleration 
voltage / kV 

r 
/ m 

15 2.72 

25 7.54 

35 14.8 

40 19.3 

 

The profile of energy deposition into Mg forms an approximate Gaussian 

distribution [205], with the maximum absorbed energy below the surface 

located at a distance ~ 1/3 of the electron penetration depth [205] [331]; the 

position of which depends on acceleration voltage and material density [201].  

When the deposition energy is sufficient, it is anticipated that sublayer 

material will melt before the top surface. Further, an existing irregular 

microstructure might provide sites for impurities and hence low, localised 

melting temperatures [201]. With continued, excessive heating, these molten 

sites erupt and rupture the covering surface material, leading to surface 

craters of varied size, from nanometers to hundreds of micrometers, under 

conditions of repetitive melting and evaporation [330, 331] (Figure ‎6-2, 
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Figure ‎6-3 and Figure ‎6-4 (b,d,f). This is in agreement with the mechanism of 

crater formation proposed by Qin et al. [331], who suggested that an 

extreme change in material temperature resulted in a varied temperature 

gradient along the incident beam direction, while expansion was restricted in 

the vertical direction. With increasing temperature, the sublayer melts with 

the formation of small droplets, and these droplets expand to a degree such 

that the covering solid cannot resist the developing pressure leading to 

localised eruption at the material surface. Similar crater surface morphologies 

have been reported for many alloys subjected to EB irradiation. For example, 

Al and steel H13 by Qin et al. [330]; in 316L stainless steel by Qin et al. 

[332]; carbon steel T8, mould steel D2 and Mg-alloy AZ91HP by Hao et al. 

[201]; in NiTi-alloy by Zhang et al. [333], as well as in pure Mg and AZ31B by 

Ye et al. [205].   

Increasing the number of shots led to a decrease in the number of craters, 

combined with an increase in their average size, as a result of repeated 

melting and evaporation events under the EB [328], as illustrated by the Mg 

surface processed with 20 pulses at 25 kV (Figure ‎6-2 (e,f)) and 5 pulses at 

40 kV (Figure ‎6-4 (c)). However, surfaces treated by 20-50 pulses at 40 kV 

showed a noticeable reduction in the number of craters which adopted more 

blurred shapes. Material subjected to a very high energy density undergo 

deeper melting with the positon of the molten sublayer further away from the 

surface, making it more difficult to rupture the surface. Further, 

microstructural irregularities, which account for localised, elective eruption, 

tend to become more homogenous, through dissolution into the melt after 

multiple pulses, again reducing the tendency for crater formation. 

Evidence for surface contamination providing sites for localised melting and 

enhanced crater formation is provide by the EDS elemental map of Figure ‎6-6 

for the case of a crater formed after treatment by 5 pulses at 40 kV, which 
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revealed a surface composition containing Ca and C, attributed to polishing 

debris from the diamond disc used during surface preparation.   

Significant changes in surface morphology was also associated with the 

presence of small droplets showing bright contrast; with EDS analysis 

(Figure ‎6-5(b)), indicating high oxygen levels suggesting MgO formation.  

After crater eruption Mg droplets ejected from the surface may react with the 

atmosphere, become negatively charged using the electron beam, and return 

to the surface electrostatically [205].    

 

6.2.3.3 Corrosion behaviour of LAEB irradiated Mg surfaces 

Potentiodynamic corrosion test can be a useful test for the very early stage of 

response of EB Mg-modified surface to the ions in PBS. The evolution of the 

OCP with time provided evidence for stabilisation of the passivation layer on 

the Mg surface, during the initial stage of immersion in the test solution. Even 

though OCP for low energy EB processed surface showed variation in level of 

passivation, from Figure ‎6-13 (a), the high energy EB processed surfaces 

showed significantly higher potential, i.e. OCP and nobler Ecorr, than the 

starting potential of the as-prepared Mg surface, consistent with the rapid 

formation of passivation layer. This indicated that the passivation layer did 

not break or dissolve during this stage of immersion in PBS, providing longer 

protection for LAEB treated surfaces compared to as-prepared surfaces. 

Hence, the recast molten layer may have a more homogenous polycrystalline 

nature, acting to enhance the formation of a more stable passivation layer 

[334]. Improvements of passivation behaviour due to the presence of a 

recast molten layer was reported also by Zhang et al. [335] who treated 

coarse grained NiTi-alloy with HCPEB irradiation and recorded increased noble 

potential of the surface when immersed in simulated body fluid. Okada et al. 
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[194] reported a decrease in the OCP and current density of Ti–6Al–4V 

irradiated by LAEB, under anodic polarization current curves using 1M HCl 

solution, with the improvement in corrosion resistance attributed to the 

amorphous structure of the re-solidified surface layer.           

An increase of oxygen content of the Mg surfaces processed under high EB 

treatment may contribute to the initial improvement in Mg onset of corrosion. 

In this work, surfaces treated by at 40 kV (1 pulse) showed MgO at the 

surface (Figure ‎6-5), acting as a protective layer and enhance the formation 

of Mg(OH)2 when the sample was immersed in PBS. A similar improvement of 

Mg corrosion resistance due to MgO formation under EB treatment was 

reported by Gao et al. [197] for AZ91HP-Mg alloy HCPEB processed with 

beam energy density of 3 J/cm2 and 10 pulses, under 5% NaCl immersion 

testing. The existence of an MgO layer on the recast layer was cited as having 

a positive effect on the onset of corrosion of the EB irradiated surface [192].  

Enchantment of the passivation behaviour of LAEB processed Mg is shown by 

the polarisation curve of Figure ‎6-13(b), which can reflect the quality of 

recasting layer of earlier corrosion. Mg processed at 25 kV under 1 pulse, for 

example, has a break-down potential Eb being more noble than that of the 

untreated surface, giving longer passivation before breakdown at -1377 mV. 

This acted to decrease the corrosion rate to 0.08 mm/year (Table ‎6-3) with 

the Mg(OH)2 passivation layer (Figure ‎6-15 (a)) protecting more continuously 

the Mg surface for longer times. Oscillations in the corrosion current density, 

between passive and active regions before the breakdown potential, may be 

attributed to a competition between passivation layer formation and 

dissolution.      

Mg surfaces receiving the highest energy deposition, under conditions of 40 

kV (20 and 50 pulses) showed a straightforward increase in current density 
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icorr with increasing potential, with a sharp rise in anodic current ia just above 

the Ecorr being indicative of pitting corrosion, hence, the pitting potential Ep 

was trapped with the Ecorr [336]. The OCP and Ecorr for these processed 

surfaces (Table ‎6-3) reached their noblest values with a breakdown potential 

of -1600 mV. But, under these processing conditions, it is considered that the 

passivation layer is largely ineffective, with ease of breaking leading to fast 

dissolution of Mg ions into the PBS.  

The response of EB modified surface to the ions in PBS for longer time can be 

extracted from immersion test data, conducted for different times. The 

corrosion mechanism of EB modified surface under immersion tests is 

schematically illustrated in Figure ‎6-19(a-c).  

In general, the corrosion behaviour of LAEB irradiated Mg was mediated by 

the dissolution of Mg ions into PBS and donation of electrons. Then, water 

decomposes by electron capture leading to formation of hydroxide ions and 

hydrogen evolution. Presence of Mg2+ and OH- ions in solution results in 

formation of Mg(OH)2 layer. The reaction of Cl- ions with Mg(OH)2 leads to the 

formation of dissolved MgCl2. The Mg ions react with phosphate ions (PO4) in 

PBS and results in formation of phosphate components such as amorphous 

hydroxyapatite (Ca-P), crystalline Mg2(PO4)OH and Na4Mg(PO4)2.       

Corrosion behaviour of low energy LAEB-irradiated Mg surface under 

immersion testing for short time (Figure ‎6-19 (a)) showed that the surface 

exhibited a lower corrosion rate after one-day immersion in PBS compared to 

the as-prepared Mg (Figure ‎6-16), again consistent with the mechanism 

proposed that LAEB treatment acts to enhance the formation of a continuous, 

more stable, homogenous passivation layer [208].  
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Figure ‎6-19 Schematic illustration of corrosion mechanism of EB- Mg modified 

surface: (a) Low energy EB processed surface at initial stage of corrosion; (b) 
high energy EB processed surface at initial stage of corrosion; (c) corrosion of 

Mg after dissolution of modified layer     

 

However, higher energy EB processed Mg surfaces corroded faster during 

one-day immersion (Figure ‎6-19 (b)). These surfaces showed a mixture of 

topographies, ranging from smooth in the middle to wavy feature on the 

sides, which may act to reduce the continuity of the passivation layer. 

Further, the presence of differently sized craters and cracks on the EB 

processed Mg surfaces may also affect corrosion performance. The craters 

and cracks will provide sites for localised pitting corrosion (Figure ‎6-17), 
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allowing the electrolyte to penetrate through recasting layer and reach the Mg 

bulk beneath, leading to enhanced local dissolution, instead of more uniform 

corrosion characteristic for pure Mg. Additionally, under high energy EB, the 

modified region becomes deeper, however, structure defects may also 

increase which degrade the surface quality [197]. These weak points, 

associated with vacancies, dislocations or inclusions in the Mg provide sites of 

discontinuity for localised dissolution of the underlying Mg, leading to the 

formation of pits (Figure ‎6-17 (b,d,f,h)).     

The corrosion rate calculated from immersion testing may be used to 

determine approximately the penetration depth of the corroded surface as a 

function of processing conditions (Table ‎6-5).  

Table ‎6-5 Penetration depth of corrosion in comparison with the remaining recast 

layer after ablation   

Sample ID 
Penetration depth (m) Recast 

layer 
/ m 1 day 3 days 5 days 7 days 

Mg 18.1 14.7 17.7 32.8 - 

EB15-1 3.3 16.4 15.1 15.0 2.9 

EB15-5 2.6 3.1 18.0 31.1 3.5 

EB15-20 7.9 16.9 8.6 13.5 3.8 

EB25-1 1.7 4.4 9.8 39.6 2.0 

EB25-5 9.7 23.1 17.5 17.4 3.9 

EB25-20 3.4 19.1 20.5 32.0 - 

EB35-1 9.0 17.2 28.0 33.6 2.6 

EB35-5 15.8 12.7 20.8 35.4 3.8 

EB35-20 12.9 18.1 22.8 16.4 4.6 

EB40-1 9.5 16.6 22.6 36.5 - 

EB40-5 8.9 13.4 16.5 23.7 1.9 

EB40-20 9.0 35.8 19.8 27.6 1.6 

EB40-50 18.8 20.6 53.8 89.4 2.6 

 

This revealed that, in general, the molten layer completely dissolved after 

approximately one-day immersion, with the exception of surfaces irradiated 

at 15 kV (5 pulses), and at 25 kV (1 pulse) which showed the lowest 

corrosion rate and protected the Mg immersion in PBS. Hence, even though 

EB treatments induced many competing effects on the Mg, it is evident that 
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certain processing conditions (e.g. cathode voltage 25 kV / 1 pulse) can act to 

lower the initial Mg surface corrosion rate which is consistent in both 

potentiodynamic and immersion tests.   

After long immersion times of 3-7 days (Figure ‎6-19(c)), the recast layer 

already dissolved and the corrosion rate returned to its original value, i.e. 

upon dissolution of the coarse grained Mg bulk underneath the LAEB 

processed layer.  

Hence, LAEB microstructure refinement, induced by melting and rapid 

solidification, leads to various corrosion behaviours depending on the amount 

of energy into the surface. For the case of surfaces able to develop a 

passivation layer, i.e. under conditions of low energy EB, the tendency to 

form an amorphous surface or a refined, fine-grained polycrystalline surface 

with a high density of grain boundaries could act to accelerate the formation 

of a more continuous Mg(OH)2 passivation layer, acting to improve the initial 

corrosion resistance. However, surfaces processed under conditions of higher 

EB energy tend to show a more unstable passivation layer, leading to fast Mg 

dissolution and more rapid corrosion. Hence, balancing the surface 

homogenisation, for both topography and microstructure, becomes the main 

consideration for controlling corrosion performance.   

 

6.2.3.4 Recommendations for process control 

LAEB irradiation of pure Mg was performed in order to explore the EB 

interaction with Mg and identify conditions which might lead to an 

improvement in corrosion resistance. The Mg surfaces experienced rapid 

melting, evaporation and re-solidification under EB treatment. Shallow 

melting and slight ablation along with improve surface roughness was 

observed on Mg surfaces modified by low energy EB. Severe ablation, craters 
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formation and crack initiation along with deposition of ablated MgO particles 

occurred for conditions of over-processing. 

According to corrosion test results, the surface processed under low energy 

EB exhibited better corrosion performance than over-processed surfaces, 

being attributed to the enhanced passivation behaviour of the modified layer. 

Hence, it is recommended that Mg surfaces should be processed under lower 

energy EB irradiation, 15 kV for example, with long processing times, more 

than 20 shots, in order to gain improved corrosion resistance of Mg. These 

conditions can also enhance the formation of a deeper melting layer with 

refined polycrystalline grain structure, and enough thickness to resist 

corrosion for longer times in test solution.          

       

6.2.4  Summary  

The effects of LAEB surface treatment on the surface topography and 

corrosion performance of Mg have been investigated as a function of cathode 

voltage and the number of pulses. The starting material showed micro-

protrusions due to mechanical polishing process.     

Under low energy EB irradiation, the Mg surfaces experienced rapid melting 

causing flow of metal from micro-protrusions to hollows leading to surface 

smoothening. With increase the EB energy, the Mg surfaces observed 

selective ablation, with increase the delineation of grain boundaries on the 

surface, in addition to shallow pits which acted to increase the surface 

roughness.  

Under high energy EB irradiation, the Mg surfaces showed severe ablation, 

cracks, wavy topography and re-deposition of MgO particles delineating the 

periphery of the irradiated surfaces, in addition to different sized craters as 
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big as hundreds of micrometers, all of which account for an increase in 

surface roughness.  

The EB modified Mg near surface developed a refined microstructure with a 

recast layer thickness of ~ 2-5 µm. 

The corrosion performance of EB irradiated surfaces initially improved in 

terms of increase the onset of corrosion under potentiondynamic test, which 

may be attributed to the rapid formation of the passivation layer. Low energy 

EB processed surfaces showed corrosion rates slightly lower or within the 

range of the as-prepared surface. The long corrosion performance under 

immersion tests indicates a similar trend of improved corrosion resistance for 

the first day of immersion in PBS and then increased corrosion, to within the 

original values, due to the complete dissolution of the melted layer after 7 

days. Over processed surfaces experienced high corrosion rates, in both 

potentiodynamic and immersion testing, which may due to inclusions, craters, 

cracks, etc on the modified surface, accounting for the formation of a 

discontinuous passivation layer, and hence rapid dissolution.   
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6.3 Laser surface melting of Mg  

Laser surface melting (LSM) followed by rapid solidification may be used also 

to refine the near surface grain structure of Mg. This section presents an 

investigation of Mg-surface morphologies processed by YLR-2000SM 

ytterbium fibre LSM, as a function of the operating parameters of laser power, 

spot size and scan speed, with a view to inducing microstructural changes to 

improve corrosion performance. High purity Mg samples were polished to a 

final finish using 1 µm diamond paste. In order to refine the near-surface 

grain structure, Mg samples were subjected to overlapping, multi-tracks of 

laser melting in continuous wave mode, under an Ar atmosphere. The 

microstructural alterations of the LSM processed surfaces, compared to as-

prepared Mg samples, were appraised using the combined techniques of 

SEM/EDS, 3D photo-mapping and XRD. The corrosion behaviours of the 

samples were studied using potentiodynamic polarization and immersion 

corrosion testing. A summary of the sample sets investigated, their LSM 

processing conditions and corresponding corrosion rates extracted from 

potentiodynamic and immersion tests is presented in Table ‎6-6. 
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Table ‎6-6 Summary of the LSM Mg sample sets investigated and their coding.  

Sample Scan speed / 
mm/min 

Power / 
W 

Spot size 
/ mm 

Corrosion Rate 
 mm/year 

Potentiodynamic Immersion test  

3 hr 1day 3 days 5 days 7 days 

Mg - - - 0.12 ± 0.01 6.46±0.1 1.56±0.1 1.29±0.1 1.69±0.1 

L3-375 3600 375 2 0.69 ± 0.08 4.17±0.4 1.92±0.4 1.58±0.4 1.29±0.4 

L3-450 450 0.43 ± 0.08  6.31±0.4 2.12±0.4 1.67±0.4 1.30±0.4 

L3-525 525 0.12 ± 0.08 6.22±0.4 3.26±0.4 1.21±0.4 1.18±0.4 

L3-600 600 0.45 ± 0.08 5.17±0.4 2.55±0.4 2.12±0.4 1.70±0.4 

L4-375 4500 375 2 0.04 ± 0.02 3.87±0.6 1.44±0.6 1.36±0.6 1.48±0.6 

L4-450 450 0.08 ± 0.02 3.84±0.1 2.69±0.1 1.69±0.1 1.37±0.1 

L4-525 525 0.08 ± 0.02 3.15±0.5 1.34±0.5 2.19±0.5 1.88±0.5 

L4-600 600 0.06 ± 0.02 5.70±0.1 2.34±0.1 1.88±0.1 1.36±0.1 

L5-375 5400 375 2 0.18 ± 0.01 4.48±0.1 2.40±0.1 0.72±0.1 0.85±0.1 

L5-450 450 0.15 ± 0.01 3.21±0.1 2.65±0.1 1.43±0.1 1.04±0.1 

L5-525 525 0.14 ± 0.01 3.99±0.1 1.23±0.1 2.10±0.1 1.22±0.1 

L5-600 600 0.14 ± 0.01 6.17±0.1 1.85±0.1 1.18±0.1 1.31±0.1 

L5*-375 5400 375 3 0.07 ± 0.01 3.23±0.4 2.42±0.4 1.93±0.4 2.11±0.4 

L5*-450 450 0.12 ± 0.01 1.62±0.1 0.96±0.1 0.94±0.1 1.90±0.1 

L5*-525 525 0.05 ± 0.01 5.00±0.3 2.27±0.3 2.30±0.3 2.91±0.3 

L5*-600 600 0.06 ± 0.03 7.11±0.7 3.65±0.7 2.62±0.7 2.60±0.7 

L6-1500 6300 1500 3 0.86 ± 0.03 14.00±0.7 3.16±0.7 1.95±0.7 2.20±0.7 
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6.3.1  Characterisation of LSM processed Mg-surfaces 

6.3.1.1  OM and SEM/EDS of LSM modified Mg-surfaces 

Figure ‎6-20 presents optical microscope (OM) images of the Mg samples 

following laser irradiation (spot size 2 mm) as a function of scan speed (3600, 

4500 and 5400 mm/minute) and laser power (375, 450, 525 and 600 W). The 

Mg surface was found to be highly influenced by laser power, for a given scan 

speed and spot size. By increasing the laser power from 375 to 600 W, the 

line profile (presumed to be Gaussian) of the laser beam tracks became 

wider, providing for more uniform coverage, as indicated by the narrowed 

overlapping regions (Figure ‎6-20, vertical bands). There was no significant 

change in the Mg surface appearance after 450 W laser irradiation, although 

more grain boundaries appeared (Figure ‎6-20, arrowed).  

Increasing the power to 525 and 600 W for a given scanning speed led to 

more obvious morphology refinement, with surface modification occurring 

more strongly at the centre of each beam track [218]. 
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 Figure ‎6-20 OM images of Mg surfaces following LSM modification. 

 

Figure ‎6-21 presents SE images of LSM processed Mg surfaces, at scan 

speeds of 3600, 4500 and 5400 mm/minute; spot size of 2 mm; and laser 

powers of 375, 450, 525 and 600 W, respectively. Surfaces processed at 375 

W laser power showed residual grooves of damage from the starting surface, 

polished using 1 µm diamond paste. Inducing a certain level of surface 

damage was found beneficial, to reduce the reflection of laser beam on the 

Mg surface during the initial stages of processing. For laser power processing 

conditions of 525 - 600 W, the SE images indicated a refinement of surface 

morphology, centred along the laser beam track, with the perception of ≤ 35 

µm sized grains (Figure ‎6-21, arrowed), being much smaller in size compared 

to the as-polished Mg surfaces. The presence of remnant deep polishing 
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marks after laser treatment (Figure ‎6-21, arrowed) indicates shallow melting, 

generally of the near Mg surface. Some areas of the 600 W processed 

samples showed long cracks (not shown here). It was found that crack 

density at the surface initiated and increased with increasing processing 

power, being attributable to higher input energy and high thermal stress, 

leading to cracking along grain boundaries.   

      

 
 

3600 mm/minute 4500 mm/minute 5400 mm/minute 

3
7

5
 W

 

   

4
5

0
 W

 

   

5
2

5
 W

 

   

6
0

0
 W

 

   

 

Figure ‎6-21 SE images of Mg surfaces following LSM surface processing. The 

black arrowed areas indicate a refinement of surface morphology with the 
perception of small sized grains. The white arrows indicate presence of remnant 

deep polishing marks   
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By increasing the laser spot size to 3 mm, Figure ‎6-22, it was found that the 

laser beam track pattern disappeared, indicative of much more uniform 

surface processing. However, remnant surface mechanical damage from 

polishing remained, even after raising the laser power to 600 W 

(Figure ‎6-22).    
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Figure ‎6-22 OM and SE images of Mg surfaces LSM processed  

at 5400 mm/minute with a laser spot size of 3 mm.    

 

Figure ‎6-23 (a,b) shows the Mg surface morphology following LSM processing 

at a scanning speed of 6300 mm/minute with a laser power of 1500 W and 3 
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mm spot size. In this case, a conventional laser melting ripple pattern 

formed, combined with surface craters (Figure ‎6-23(a), arrowed). In addition, 

SE imaging indicated that the modified surface underwent a process of 

evaporation and condensation, leaving Mg particles deposited on the surfaces. 

Long cracks were also observed, indicative of high thermal stresses during 

solidification.  

Figure ‎6-23(c,d) illustrates the LSM Mg processed surface, in cross-sectional 

geometry, for a scan speed of 6300 mm/minute with a laser power of 1500 

W. In this case, the laser melted trucks overlapped indicating that the melt 

pool had a maximum depth of ~ 300 m, and the track width of 1500m. At 

high magnification, the SE image of Figure ‎6-23(d) revealed that the 

overlapping melt pool regions had recast to form a cellular microstructure 

with voids along the HAZ boundaries.     

  

  
Figure ‎6-23 OM and SE images of Mg surfaces LSM 

processed at 1500 W, 6300 mm/minute with a laser spot 
size of 3 mm: (a) overlapped laser track width; in plan view 

(b) SE of Mg particles and cracks on laser tracks; in plan 
view (c) OM image showing cross section of tracks depth; 

and (d) SE inset of cross-section of ovelapped region.    

 

In the present work, it was found that all the LSM processed specimens 

exhibited minor concave curvature of the surface, attributable to the 

500µm 

a b 

c d 



Chapter 6 Near surface modification of Mg by LAEB and LSM 

231 
 

development of tensile stresses caused by volume contraction upon melt 

layer solidification.   

6.3.1.2 Roughness (Ra) of as-prepared and LSM processed Mg 

surfaces  

Surface roughness data for the LSM processed Mg samples, acquired using 

white light-3D photomapping are presented in Figure ‎6-24. Overall, the laser 

melted surfaces showed improved Ra values, in terms of reduction, compared 

to the original, as-prepared surfaces (Ra ~ 0.27 m). Shallow melting, under 

5400 mm/minute processing conditions such as 375 W, reduced Ra value by 

up to ~ 30% (Ra ~ 0.17 m for the case of the L5-375 sample). The input 

energy in this case was sufficient to melt the surface, whilst recasting left a 

few surface defects, i.e. craters and cracks. For other combinations of power 

and scan speed, the trends are mixed. This indicates a careful balance is 

needed between laser power and scan speed to reduce the roughness of the 

recast layer, whilst increasing levels of input energy are associated with an 

increase in surface roughness. For example, the sample processed at 1500 W 

and 6300 mm/minute showed the highest Ra value of ~ 0.51 m.             

 
Figure ‎6-24 Mg surface roughness (Ra) as a function of laser power and scan 

speed.  

0 100 200 300 400 500 6001450 1500 1550
0.1

0.2

0.3

0.4

0.5

0.6

R
a
 (

m

)

Power (W)

 3600 mm/min

  4500 mm/min

  5400 mm/min

  5400 mm/min, spot size 3mm

  6300 mm/min



Chapter 6 Near surface modification of Mg by LAEB and LSM 

232 
 

 

6.3.1.3 XRD investigations of LSM processed Mg surfaces  

Figure ‎6-25 presents XRD diffraction patterns and grain size data for as-

prepared and LSM modified Mg surfaces, as a function of laser power, at an 

example scan speed of 3600 mm/minute. All patterns were typical of 

polycrystalline, pure Mg single crystal for all the LSM modified surfaces 

(Figure ‎6-25(a)). Grain sizes were estimated using the Scherrer equation 

using 101̅0, 0002 and 101̅1 diffraction peaks, all of which returned values > 

100 nm and hence this data set again is beyond the general applicability of 

the Scherrer approach, however a few tentative trends might be implicated. 

The intensity of the Mg 0002 diffraction peak for the LSM processed surfaces 

increased significantly, compared to the as-polished surface, suggesting a 

certain amount of preferred orientation as a result of recasting. The grain 

sizes values (Figure ‎6-25(b-d)) (Table ‎6-7) for Mg 101̅0, 0002 and 101̅1 

diffraction peaks were variable but generally decreased of 101̅0 was more 

apparent for conditions of low input energy, whilst grain size values for 0002 

and 101̅1 increased generally with increasing laser power for all scan speeds. 

The data is tentatively interpreted to indicate changes in grain shape during 

recasting, in line with the suggestion of the development of some preferred 

orientation. However, it is noted that the penetration depth of the X-rays was 

likely to be higher than the LSM modified layer thickness of 100 µm, so the 

XRD data would retain a component of information from the Mg grains in the 

bulk. Hence, the Scherrer equation has limited applicability in this case for the 

appraisal of grain size within the near surface modified layer. The grain size 

measured from OM and SE images for surface that exhibited grain refinement 

on the centre of the laser track is presented in Table ‎6-7, for comparison.  
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Figure ‎6-25 (a) XRD patterns of as-prepared and LSM processed Mg surfaces, 

as a function of laser power (at 3600 mm/minute scan speed); and grain size 

values from: (b) 101̅0, (c) 0002 and (d) 101̅1 diffraction peaks. 
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Figure 6-25 continued... Grain size values from: (c) 0002 and (d) 101̅1 

diffraction peaks. 
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Table ‎6-7 Average grain size of LSM-Mg recast surface, it is noted that this is not the 

best way to measure modified layer large grain sizes, as all values returned are above 
the applicability of the Scherrer equation.   

Sample 
ID 

 

10𝟏̅0 
 

0002 
 

10𝟏̅1 
Average grain size   

Scherrer 

/nm 

OM-SEM 

/ µm 

Mg 509 218 204 310±81 821 

L3-375 285 412 333 343±30 - 

L3-450 318 344 489 384±44 - 

L3-525 413 344 489 415±34 17  

L3-600 - 547 397 472±53 25  

L4-375 318 275 155 249±40 - 

L4-450 197 317 158 224±39 - 

L4-525 636 904 269 603±150 12 

L4-600 112 1014 828 651±224 20 

L5-375 68 358 245 224±69 - 

L5-450 230 267 214 237±13 - 

L5-525 344 412 214 323±47 20 

L5-600 486 330 309 375±46 43 

L5*-375 223 375 232 277±40 - 

L5*-450 277 285 298 286±5 - 

L5*-525 551 457 554 521±26 - 

L5*-600 413 392 321 375±23 - 

L6-1500 162 202 278 214±28 - 

 

 

6.3.2  Corrosion performance of LSM processed Mg 

surfaces 

6.3.2.1 Potentiodynamic polarization tests 

The corrosion performance of LSM processed Mg surfaces was examined by 

potentiodynamic polarization testing, conducted in PBS at 37C. Figure ‎6-26 

(a-e) presents OCP and potentiodynamic polarization test data for as-

prepared and LSM treated Mg surfaces, as a function of laser power and scan 

speed. A summary of the main parameters extracted from these data sets is 

presented in Table ‎6-8. In general, the LSM modified surfaces showed nobler 

onset of corrosion, becoming stable after ~ 40 minutes of processing, with 

the sample treated at 375 W and 4500 mm/minute showing most resistance, 

at -1595 mV.  
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The polarization curves for the laser melted surfaces, compared to the as-

polished surfaces, revealed similar behaviours, in terms of anodic and 

cathodic regions, during corrosion testing (Figure ‎6-26(b-e)). The polished Mg 

surface showed an anodic dissolution of 0.12 ± 0.01 mm/year and a corrosion 

potential Ecorr of -1756 mV. For the case of the LSM modified surfaces, two 

samples can be arranged with similar Ecorr as follows: L6-1500 (-1573 mV) 

and L4-375 (-1570 mV). Yet the same samples had an increase in corrosion 

current density, returning highest and lowest icorr values of 0.037 and 0.0019 

mA/cm2, respectively.   

Figure ‎6-27 presents corrosion rate data for the as-prepared and LSM 

processed Mg surfaces as a function of scan speed for various laser powers. 

Overall, samples modified under scan-speed conditions of 4500 mm/minute 

(spot size 2 mm) and 5400 mm/minute (spot size of 3 mm), corresponding to 

the most uniform processing conditions, showed the highest corrosion 

resistance significantly lower than the as-polished surface. Application of a 

low laser beam power of 375 W produced a LSM modified surface with a 

corrosion rate of 0.04 mm/year at 4500 mm/minute, significantly lower than 

the as-polished surface (0.12 mm/year). Interestingly, increasing the spot 

size to 3 mm returned a lower corrosion rate of 0.05 mm/year for the higher 

energy processing conditions associated with 525 W laser power and a scan 

speed of 5400 mm/minute. The LSM processed surfaces treated with highest 

input energies corroded faster than the as-polished Mg, with the L6-1500 

sample showing the highest corrosion rate of 0.86 mm/year, although it is 

noted that this corrosion value improved to 0.21 mm/year after polishing the 

surface to remove Mg oxidation. It is noted that Mg has a linear thermal 

expansion coefficient of 25.910-6 mm/mmC in the temperature range 20-

100C, hence thermal stresses at high power and low scan speed are 

expected to be higher than at low power and high scan speed, explaining the 
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tendency for small crack formations on re-casting, following high energy 

input, which would act to accelerate the corrosion rate of the modified 

surfaces.       

        

 

 
Figure ‎6-26 (a) OCP and potentiodynamic polarization curves for as-prepared 

and LSM processed Mg-surfaces for scanning speeds of: (b) 3600 mm/minute, 

(c) 4500 mm/minute, (d) 5400 mm/minute, and (e) scanning speed of 5400 and 
6300 mm/minute (spot size 3 mm).  
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Figure 6-26 continued..,  potentiodynamic polarization curves for as-prepared 

and LSM processed Mg-surfaces for scanning speeds of: (c) 4500 mm/minute, and 
(d) 5400 mm/minute(spot size 2 mm) 
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Figure 6-26 continued...  potentiodynamic polarization curves for as-prepared and 

LSM processed Mg-surfaces for scanning speeds of: (e) 5400 and 6300 mm/min 
(spot size 3 mm). 

 

Table ‎6-8 Characteristic parameters for as-polished and LSM modified Mg surfaces 

from their polarization behaviours in PBS at 37C.   

Sample 
OCP / 

mV 
Ecorr / 

mV 
icorr / 

mA/cm² 
Eb /  
mV 

CR / 
mm/year 

Mg -1801.7 -1756.30 0.0050 -1559.6 0.12 ± 0.01 

L3-375 -1718.3 -1842.9 0.0300 -1573.70 0.69 ± 0.08 

L3-450 -1623.3 -1581.9 0.0190 - 0.43 ± 0.08  

L3-525 -1675.9 -1650.0 0.0052 -1561.40 0.12 ± 0.08 

L3-600 -1624.1 -1600.5 0.0250 - 0.45 ± 0.08 

L4-375 1594.9 -1569.76 0.0019 -1544.52 0.04 ± 0.02 

L4-450 1736.5 -1706.49 0.0034 -1582.60 0.08 ± 0.02 

L4-525 1742.2 -1694.31 0.0034 -1588.29 0.08 ± 0.02 

L4-600 1686.6 -1659.71 0.0026 -1592.67 0.06 ± 0.02 

L5-375 1759.5 -1748.54 0.0080 -1576.95 0.18 ± 0.01 

L5-450 1744.4 -1687.68 0.0070 -1577.78 0.15 ± 0.01 

L5-525 1798.7 -1754.80 0.0060 -1573.40 0.14 ± 0.01 

L5-600 1755.1 -1722.96 0.0060 -1575.96 0.14 ± 0.01 

L5*-375 1695.0 -1685.80 0.0030 -1573.70 0.07 ± 0.01 

L5*-450 1735.1 -1736.40 0.0052 -1555.80 0.12 ± 0.01 

L5*-525 1695.0 -1647.30 0.0020 -1598.30 0.05 ± 0.01 

L5*-600 1747.4 -1681.64 0.0025 -1563.32 0.06 ± 0.03 

L6-1500 1611.7 -1572.50 0.0375 - 0.86 ± 0.03 

L6-1500P 1614.6 -1577.18 0.0090 - 0.21 ± 0.03 
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Figure ‎6-27 Corrosion rate as a function of laser scanning speed, for various 

laser powers. 

 

6.3.2.2 Immersion testing  

Figure ‎6-28 presents corrosion rate data for the as-polished and LSM 

processed Mg surfaces, as a function of immersion time. For the as-polished 

Mg surfaces, the corrosion rate decreased from 6.61±0.1 mm/year to 

1.78±0.1 mm/year by the third day and to 1.29±0.1 mm/year by the fifth 

day, but rose again to 1.71±0.1 mm/year after one week immersed in PBS. 

The error bar represents a loose indication of the variability of this corrosion 

rate data was acquired from two of the samples tested, and assumed as a 

generalised value across this sample set.  

After one-day immersion in PBS, the corrosion rates of all the LSM processed 

samples were approximately equal to or less than that of the as-polished Mg 

surface, with the exception of samples modified under conditions of high 

power, 600 W (& scan speed of 5400 mm/minute) and 1500 W (& scan speed 
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LSM modified surface with a corrosion rate of 14.0±0.7 mm/year 

(Figure ‎6-28), significantly higher than that of the as-polished Mg.  

When the immersion time increased to 3 - 5 days, the differences between 

the corrosion rates for LSM treated samples and that of the as-polished Mg 

reduced. The degradation of LSM processed samples was within the variability 

of the degradation of the as-polished Mg with some of these samples showing 

higher corrosion rates, which is consistent with the corrosion having removed 

the near surface modified layer and reached the bulk underneath. 

 

The corrosion rate values after 7 days immersion indicated that deep modified 

material can affect the corrosion behaviour of LSM processed Mg, with most 

samples returning corrosion rates lower or within the range of the as-polished 

Mg. The lowest corrosion rate of 0.85±0.14 mm/year was returned for the 

 
Figure ‎6-28 Corrosion rate data for Mg and LSM modified Mg surfaces immersed 

up to 7 days in PBS at 37C.  
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lowest laser-beam power of 375 W and highest scan speed of 5400 

mm/minute (Figure ‎6-28). The highest corrosion rate of 2.91±0.3 mm/year 

corresponded to a surface modified at high energy, under conditions of 525 W 

power and 5400 mm/minute scan speed (Figure ‎6-28). Again, indicating that 

the way that energy is dispersed within a surface is important when tailoring 

grain structure, to impart improved corrosion resistance into the near surface 

of Mg. 

 

6.3.2.3 Characterisation of LSM processed Mg surfaces following 

corrosion  

Figure ‎6-29(a-f) illustrates the surface topographies of the as-prepared and 

LSM processed Mg surfaces (600 W; 3600 mm/minute) after immersion 

corrosion testing in PBS at 37C up to 7 days. In general, after removal of the 

corrosion products using chromic acid, the as-polished Mg surfaces exhibited 

a filiform corrosion morphology as well as pitting corrosion, which became 

severe after seven days (Figure ‎6-29(a,c,e)). The surface morphologies of the 

corroded LSM processed Mg surfaces showed that selective dissolution 

occurred in the overlapping regions between laser tracks, whilst the centres 

of the tracks were left relatively unaltered or with superficial dissolution – 

demonstrating that LSM processing had a significant effect on inhibiting the 

onset of corrosion, on the localised scale. It is particularly notable that 

corrosion damage was highly localised along the boundaries of the laser 

tracks after 5 days immersion in PBS (Figure ‎6-29(b,d), arrowed). The 

corrosion patterns of LSM processed surfaces, after 7 days immersion, may 

indicate that corrosion had progressively dissolved the upper modified layer, 

containing refined grains, and reached the HAZ region where LSM processed 

material had large enough grains such that corrosion proceeded in a similar 
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fashion to the bulk, since little difference between the overlapping and laser 

melted regions was observed (Figure ‎6-29(f)).  
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Figure ‎6-29 Corrosion morphologies of: (a,c,e) as-polished; and (b,d,f) LSM 

processed Mg surfaces, in plan view orientation, after immersion corrosion testing 
for 1, 5 and 7 days, respectively, in PBS at 37C.  

 

The long exposure of the LSM processed surfaces to PBS also induced 

localised corrosion at the boarder of the lacquered region, due to the effects 

of crevice corrosion, i.e. penetration of the PBS electrolyte underneath the 

lacquer. It is considered that the covered and exposed surfaces had different 

oxygen levels, leading to an increase in potential difference, in turn allowing 

harmful Cl- ions to move under the lacquered region. Hence, the corrosion 

data reported here is likely to be influenced also by corrosion established at 

the lacquer-Mg interfaces.       
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Figure ‎6-30 presents XRD patterns of the Mg substrate and the LSM 

processed Mg surface after 1 day immersion in PBS at 37C, showing Mg from 

the substrate and recast layer, as well as the Mg(OH)2 surface corrosion 

product. In addition, a series of sharp intense peaks corresponding to 

phosphate components, tentatively attributed to Mg2(PO4)OH and 

Na4Mg(PO4)2, were detected on the LSM processed Mg corroded surfaces.  

 

 
Figure ‎6-30 XRD patterns of as-polished and LSM processed Mg surfaces after 1 

day immersion corrosion testing in PBS at 37C. 
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corrosion resistance of steel and aluminium alloys [338] [339] [340] [341]. 

Hence, LSM treatment can also be applied to Mg to achieve better corrosion 

performance since it does not introduce any difference in composition of the 

irritated area and substrate underneath [211]. The aim of this work was to 

study the influence of laser processing parameters on the corrosion behaviour 

of LSM-Mg. Particularly, the aim was addressed by trying to understand the 

relation between: i) the LSM parameters of laser power and scanning speed; 

ii) microstructure; and iii) surface roughness on the corrosion rate, measured 

by polarization curve and immersion testing.       

   

6.3.3.1 LSM-Mg morphology (microstructural characteristics)  

It is well known from normal methods of casting, rapid cooling and 

solidification that controlling the heat flow process can produce fine and 

amorphous microstructures, as well as homogenous distribution of elements 

[214]. During laser processing, the incident laser radiation creates excited 

electrons which then transfer their energy to phonons. This energy will 

redistribute through lattice vibrations leading to heat conduction into the 

substrate, as atoms move from liquid to solid. The advantages of using a 

defocused laser beam is that it can enhance the diffusion atoms and promote 

the formation of shallow melting pools that provide more homogenous 

microstructures and less material ablation.   

In this work, the effect of LSM treatment on surface topography was 

investigated. The proposing action of surface modification under LSM 

irradiation is shown schematically in Figure ‎6-31.    
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Figure ‎6-31  Schematic diagrames showing the proposing mechanisms of surface 

modification under LSM irradiation: (a) as-polished surface; (b) low energy LSM 

processed surface; and (c) high energy LSM processed surface.   
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Under low energy density of laser irradiation (Figure ‎6-31(b)), the metal 

melts rapidly and flows, leading to shallow melting and surface smoothening. 

The surface roughness can indicate that shallow melting took place on the Mg 

surface under LSM. In case of low laser power (375-450 W), the input energy 

was enough to enhance surface planarisation, by melting polishing marks 

decorating the surface, with surface roughness values reduced to ~ 0.17 m. 

Further increase in laser power (600 W) induced more severe deformation of 

the Mg surface, with obvious attack of grain boundaries (Figure ‎6-20) leading 

to increased surface roughness.  

Surfaces processed under low energy LSM also showed affects to the surface 

morphology, with non-uniform deformation resulting from the shape effect of 

the Gaussian laser beam profile [342]. For example, for a laser beam spot 

size 2 mm, the FWHM of the laser profile was measured from the profile width 

of laser track to be ~ 1.0 mm, so the next track should show ~ 50% 

overlapping. However, the modulation across the areas of interest indicated 

that some areas received lower energy density (overlapping regions) which 

decreased in width with increasing laser power, due to a more homogenous 

distribution of laser power. Further increase in the laser spot size, whilst with 

keeping the hatch spacing around 50%, further affected the surface 

morphology, resulting in a more homogenous distribution of the energy 

density, as no laser tracks were seen on the Mg surfaces (Figure ‎6-22). 

Similar observation were reported by Khalfaoui et al. [218], noting that the 

power density within the laser spot is not homogenous, reaching a maximum 

at the beam centre and decreasing on the periphery. 

In addition to surface topography, the microstructure of the Mg-surface was 

refined by the LSM treatment, with top layer melting and recrystallization 

leading to small grains distributions, mainly on the laser tracks 

(Figure ‎6-31(b)). A comparison between the grain size observed for LSM 
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processing of the Mg surface (Figure ‎6-21) and the original surface (average 

grain size  821 ± 38 m) showed that the surface had undergone some grain 

refinement, with the formation of grains of size ~ 12-43 m (Table ‎6-7). The 

results show that for fixed sample traverse speeds, higher laser power 

increased the level of grain refinement on along the line profile of the laser 

track (Figure ‎6-21) with a general trend in increasing grain size (Figure ‎6-25 

and Table ‎6-7). This is attributed to an increased time in the liquid phase, and 

as a result of melt homogenisation occurring for the case of the high power 

laser modified sample [219]. However, it is noted that there was no 

intermediate zone between the laser melted layer and the Mg matrix, and this 

may be due to rapid heat exchange during the heating and cooling.  Khalfaoui 

et al. [218] argued that the Mg surface absorbs a high quantity of the laser 

energy in an extremely short time (~ 20109
 ns), so that an initial thin layer 

melts, reaching very high temperatures, whilst the rest of the material is still 

cold. Hence, the melted zone is subjected to a very high cooling rate, and 

does not have enough time to form a heat affected zone (HAZ).  

In case of high laser energy processed Mg (Figure ‎6-31(c)), the surface 

experienced a high energy density, enough to decorate the surface with 

typical LSM surface morphologies, i.e. surface rippling in addition to craters 

and MgO particles deposited on the surface. This led to an increase the 

surface roughness as high as Ra ~ 0.51 m. The topography of these surfaces 

revealed that the overlapping regions between two neighbouring laser tracks 

showed planer like surfaces (Figure ‎6-23 (a,c)) which might be due to 

insufficient energy distribution on the periphery of Gaussian laser beam 

distribution [220]. Additionally, during laser irradiation a re-melted process 

on overlapping regions caused solidified areas that acted as heat sinks for 

energy, i.e. the laser beam can melt more Mg during the first scan, than the 

following scans.  
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Evaporation of Mg and the deposition of MgO particles was observed for high 

energy laser processed surfaces (Figure ‎6-31(c)). The rapid increase of 

surface temperature of the irradiated Mg, to a peak temperature of ~ 

4000°C, led to excessive surface boiling (the boiling temperature of Mg is 

1091°C) and superheating [343]. This superheated surface led to boiling and 

evaporation of Mg and the formation of both vapour and liquid, in the form of 

explosive boiling. Guan et al. [343] suggested that the threshold value of 

power density to induce boiling on the Mg surface was in the range of  2.41 × 

108 - 2.15 × 108 W/cm2. However, these values were cited for Mg surfaces 

modified by nanosecond pulsed Nd:YAG laser melting, while in the present 

work, laser melting was performed in continuous wave mode. Hence, it is 

suggested that a power density of 2.1× 104 W/cm2 is enough to induce 

boiling of the Mg surface. MgO particles were formed and re-deposited on the 

Mg surface, due to a reaction of Mg vapour with residual oxygen. Voids were 

also formed under this high power density, which may be due to the 

vaporisation of material at high temperature, causing recoil pressure which 

creates a depression into the liquid and then a hole into the melt pool [344].         

The microstructure of Mg modified under high laser energy contains a well-

defined melt pool, of depth ~ 300 m, with varied grain structure 

(Figure ‎6-31(c)). Under low power density irradiation, the melting velocity will 

be low in compression, with the speed of heat conducted to the substrate, so 

the conduction loss of input energy will be high, leading to a low melting 

depth [345]. At higher power density, the melting velocity is higher than the 

rate of heat loss, caused by conduction. Because of the high thermal 

conductivity, a higher amount of laser energy can be conducted from the Mg 

surface to the liquid/solid interface and used to melt more material, 

increasing the melting depth [345]. 
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In the vicinity of the modified layer, columnar microstructures were found on 

the boundaries of the melt pool (Figure ‎6-23 (c,d)). The preferred growth 

direction is usually in the direction of high thermal conductivity [346], and in 

pure Mg, the preferred growth direction is <0002>. Majumdar et al. [211] 

reported that, after laser surface melting of MEZ-Mg alloy, with a power of 2 

kW and a scan speed of 200 mm/min, the microstructure of HAZ consists of 

fine columnar grains growing epitaxially from the liquid–solid interface.  

Similar observations were made by Padmavathi et al. [213] who found that a 

very narrow cellular layer formed after laser treatment of surface, due to 

rapid variation of thermal gradient and solidification rate. The melt depth 

increases with increasing laser power due to the high energy input, and the 

depth decreases with increasing the scan speed because of the lessened 

interaction time between laser and material [223]. Taltavull et al. [223] 

stated that the cooling rate at the end of HAZ is higher than the top, because 

the Mg matrix acts more efficiently as a heat sink for the melted Mg than the 

atmosphere above the substrate. Conversely, Guan et al. [220] studied the 

LSM of AZ91 alloy and reported that the cooling rate of solidification 

increased from the bottom to the top surface of the modified region, in the 

range 104 - 106 K/s. Hence, the morphology and texture of Mg will change at 

different depths for LSM processed areas.  

Surfaces modified by high energy also show surface cracks. The presence of 

cracks may be attributed to the highest power densities and fast scan rates 

employed at the surface, which induced high input energies combined with 

rapid cooling rates, causing high thermal stress and hence crack formation in 

the laser melted regions [219], which has a deleterious effect on the 

corrosion resistance of LSM modified Mg.   
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6.3.3.2 Corrosion behaviour of LSM irradiated surfaces. 

Microstructural refinement is a factor that can bring some improvement to the 

corrosion resistance of Mg. An analysis of the set of data from electrochemical 

measurement and immersion testing indicated that Tafel extrapolation at 

short immersion times could be used as an indication of the short-term 

corrosion performance of Mg, when in contact with PBS test solution [347]. 

LSM treatment improved the passive behaviour of all Mg surfaces which 

showed a nobler trend of OCP and Ecorr values up to 207 mV after 1 h, due to 

a more homogenous passivation layer. Abbas et al. [209] also reported that 

the corrosion potentials of AZ31, AZ61 and WE43 alloys were increased by 

LSM by up to 50 mV after 24 h. Guan et al. [210] noticed that the corrosion 

potential Ecorr for LSM treated AZ91D alloy in modified-simulated body fluid 

(m-SPF) at 37C was shifted to less negative values (from -1605 to -1412 

mV) than that of the as-received alloy (-1725 mV), indicating less 

susceptibility to corrosion. Nobler corrosion potential was also reported by 

Khalfaoui et al. [218] who noted that Ecorr of laser-treated ZE41 alloy 

increased up to 117 mV after 24 h immersion in 0.5 M NaCl.     

The nature of the laser process strongly affects the corrosion rate of the 

modified surface, which is in agreement with Taltavull et al. [347]. In general, 

the corrosion rates of low energy laser processed surfaces were less or within 

the range of original values (0.12 mm/year). In particular, the surface 

uniformly modified by a scan speed of 5400 mm/minute and spot size 3 mm 

had a lower energy density distributed on the Mg surface and showed a 

significantly lower corrosion rate (Figure ‎6-27). The corrosion rate 

significantly increased with increasing laser energy, which may due to the 

craters and cracks induced in the modified layer, which accounts for the 

increased tendency of Mg surface towards corrosion initiation. To eliminate 

the role played by surface defects, the high energy processed surfaces were 
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grounded and the outer zone of the laser treated surfaces was removed, 

leaving a smooth surface. Electrochemical measurements indicated a high 

displacement in the polarisation curve (Figure ‎6-26(e)) and significant 

decrease in corrosion rate from 0.86mm/year to 0.21 mm/year (Table ‎6-8).  

Long-term observation of corrosion performance of LSM processed Mg may 

not significantly improve, under immersion tests, and some treatment 

parameters such as the high laser power used suggests an increase in the 

corrosion rate. The proposed corrosion mechanism under immersion testing is 

schematically illustrated in Figure ‎6-32(a,b). 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 
Figure ‎6-32 Schematic illustration of corrosion mechanism of LSM Mg surface: (a) 

Low energy LSM processed surface; and (b) high energy LSM processed surface. 
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As mentioned previously, the passivation layer of Mg consists of a hydroxide 

film Mg(OH)2 which usually covers the Mg surface, due to the dissolution of 

Mg (Figure ‎6-32(a)). Under LSM treatment, the grain refinement will increase 

the grain boundary area, and hence decrease the anode to cathode area ratio 

[211] which help to improve the passivation trend for the modified surface 

(Figure ‎6-32(a)). However, the presence of chloride ions in the corrosive 

media can enhance the dissolution of Mg(OH)2 to form soluble MgCl2 at the 

metal-solution interface. This damage to the protective film results in a fresh 

Mg surface exposed to the solution, which facilitates new anodic sites for 

further dissolution. This local attack causes the formation of pits, which 

rapidly propagate on the surface. From the study of corroded LSM surfaces 

(Figure ‎6-29), it is evident that the rate of pit formation, especially on laser 

track areas with refined grains, was slower than that for the as-prepared Mg 

surface. Majumdar et al. [211] claim that slow pit formation may be due to 

the slower dissolution of hydroxide film, which is more stable because of the 

fine grain underneath. It is suggested that the modified layer on the LSM 

processed surface eliminates filiform corrosion, associated with as-prepared 

corroded Mg, with just a smaller number of small isolated pits 

(Figure ‎6-29(b)), which then grow and inter-connect with each other, leading 

to more uniform dissolution, as also reported by Majumdar et al. [211]. 

Surfaces processed under high laser energy corroded faster, which may be 

due to severe deformation, i.e. craters, roughness and oxidation 

(Figure ‎6-32(b)). Indeed, the increase in surface roughness suggests a higher 

surface area exposed to the corrosive environment and hence faster 

dissolution, in addition to difficulty of formation continuous passive layer 

[336]. Furthermore, the laser melting treatment usually produces tensile 

stresses in the modified region, due to volume contraction in the melt pool 
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during rapid solidification and subsequent cooling [214]. Guan et al. [210] 

indicated that with increasing laser power the temperature gradient in the 

molten layer increases, leading to large thermal tensile stresses and hence 

cracks and degrade of the corrosion resistance of the modified surface [347]. 

This trend is compared with that of AZ91D and AM60B  alloys, observed by 

Dubé et al. [214], who noted a worsening corrosion resistance with higher 

incident power densities, under test conditions of 5% NaCl solutions, 

saturated with Mg(OH)2, conducted for 8 days at 25°C, even though grain 

refinement had been achieved after laser treatment. Banerjee et al. [219] 

[221] also reported insignificant improvement in the corrosion resistance of 

ZE41A alloy, melted by a low scan laser rate, while a worsening corrosion rate 

was recorded for faster scan rate conditions. They attributed this to a similar 

corrosion mechanism at different interfaces, i.e. the corrosion product 

film/solution interface and the metal/corrosion product film interface.  

After a week of immersion, most of the LSM samples showed corrosion rates 

similar to those of as-prepared surface. This indicates the corrosion rates 

tended to stabilize under longer immersion times and return to their origin 

values, due to the underneath grains having larger size, so corrosion 

processed in a similar trend to bulk Mg.  

Even though there was no significant variation in the corrosion rate of LSM 

modified surface compared to that of as-prepared surface, the aspect of Mg 

corroded surfaces (Figure ‎6-29 (b,d)) showed that selective dissolution 

occurred in overlapping regions, while the centre of laser tracks was left 

unaltered. It should be noted that refined grains formed on the laser tracks 

(Figure ‎6-20 and Figure ‎6-21), whereas coarser Mg grains formed at 

overlapping regions. Hence, it is more likely that the overall corrosion 

resistance of LSM modified surface was affected by this variation in grain size 
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distribution across the surface, leading to corrosion in similar fashion to large 

grains [210]. This corrosion pattern is frequently observed after LSM 

treatment, in which localised corrosion started at overlapping regions 

between the melt pools [348] [349]. This result is opposite to the observation 

made by Dubé et al. [214] who found that AM60B treated by pulsed Nd:YAG 

laser suffered severe dissolution within the centre of melt pools, whilst 

superficial corrosion was reported at the interfaces between the melt pools.  

 

6.3.3.3 Recommendations for process control 

 

Control of the corrosion rate of Mg in human body fluid requires the 

development of special corrosion properties. Laser surface melting could be a 

promising way to further explore these possibilities. Even though a wide 

range of parameters were covered in this study, the results can be indicative 

of how to establish optimum conditions for superior corrosion resistance. 

Over-processing LSM Mg surfaces can lead to Mg evaporation, crater 

formation, uneven surfaces and cracking. Hence, it is recommended that low 

laser power should be beneficial, to approach the optimum range to give 

homogenous and defect free microstructures, which provide for controlled 

corrosion rates with desired melting depths.   

The LSM–Mg processing results indicate that the formation of a homogeneous 

microstructure comprising both the central region of the laser tracks and the 

overlapping regions is essential, in order to achieve a higher corrosion 

resistance surface. Although this work concerned a multi-track study, an 

initial single track processing would be beneficial, to find out the appropriate 

hatch spacing, depending on the actual track width. 
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6.3.4  Summary 

The effect of laser surface melting on surface topography and corrosion 

performance of Mg has been investigated as a function of scanning speed, 

laser power and spot size. The starting material showed micro-protrusions as 

deep as 1 µm due to the mechanical polishing process.     

Under low energy laser irradiation, Mg surfaces experienced rapid melting, 

causing surface smoothening. Non-uniform coverage of Mg by laser irradiation 

due to the Gaussian shape of the laser beam profile resulted in grain 

refinement centred along the laser beam tracks and coarser grain decorates 

the overlapping regions. More uniform surface processing was achieved by 

increasing the laser beam spot size.  

Under high energy LSM processing, the Mg surfaces showed a conventional 

laser melting rippled pattern, craters, cracks and re-deposition of MgO 

particles, all of which act to increase the surface roughness.  

The corrosion performance of laser processed surfaces initially improved, in 

terms of increase to the onset of corrosion, under potentiondynamic testing, 

which may be due to the rapid formation of the passivation layer. Low energy 

LSM uniformly processed surfaces generally showed corrosion rates lower 

than the as-prepared surface, whereas high energy LSM processed surfaces 

presented high corrosion rates, due to inclusions such as craters and cracks 

within the modified layer.    

Corrosion performance under immersion testing for different times indicates 

that the corrosion rate of LSM processed surfaces to be close to the original 

values, due to non-uniform modification and mixed fine and coarser grains. 

However, the visual observation of LSM processed Mg surfaces revealed 

refined grained, laser track regions, able to resist corrosion for longer times 
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than the coarser grains. This indicates that laser treatment can be a practical 

method to improve the surface properties and corrosion resistance of Mg.           
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7.  CHAPTER 7 General discussion  

7.1 Introduction  

The thesis has been structured according to the three different strategies 

used to appraise the corrosion of Mg in physiological media. Firstly, novel Mg- 

minitubes for stent applications were produced by PVD. The minitubes were 

subjected to post-deposition annealing processes, in order to achieve refined, 

equiaxed grains, but was limited due to interface oxidation between the 

sequentially deposited Mg layers and the stabilisation of elongated grains. 

Secondly, Al/Al-H and a-Si:H coatings on surfaces of coarse grained, bulk Mg 

were deposited using PVD, in an Ar/H2 environment. The Al coatings showed 

partial conversion into alumina, but were and more prone to dissolution due 

to coating delamination and cracking, whilst a-Si:H coatings was more 

promising, providing for improved corrosion resistance of the Mg. Thirdly, the 

near surface modification techniques of electron beam (EB) or laser surface 

modification (LSM) were applied to the Mg surface, in order to achieved 

refined microstructure capable of developing a more continuous passivation 

layer. This was achieved, but limited for the case of over-processed surfaces.  

Although the development of modern manufacturing methods for Mg, to 

satisfy industry demands, has led to the production of stents with wall 

thicknesses of ~ 100 m [121], the grain structure strongly affects the 

structural and functional properties of a material. In this context, there is 

need to appraise the effects of grain refinement and surface modification or 

coating on the corrosion performance of Mg stents.  

Hence, the objective of this Chapter is to review the relationship between 

microstructure, i.e. grain refinement and homogeneity, and corrosion 

performance for PVD coated and EB or LSM Mg, studied in the present work. 

The effects of limitations of the techniques used are also considered. 
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Comparison with literature regarding corrosion performance is briefly 

mentioned.            

 

7.2 Grain refinement and corrosion kinetics 

In this work, it has been shown that surface modification, e.g. coating or 

grain refinement treatments; affect the corrosion behaviour of Mg in the 

physiological environment. A summary of the effects of different modification 

processes on corrosion kinetics is illustrated schematically in Figure ‎7-1.    

 

Figure ‎7-1 Schematic diagram summarising the effects of surface modification 

processes on the corrosion kinetics of pure Mg 

 

In regard to corrosion potential measured by polarization tests, it is clear that 

the onset of corrosion was offset by PVD coatings of Al/Al-H and a-Si:H. 

Coating materials of Al and Si have a standard potential more noble than Mg, 

so that the overall potential of the coating/Mg system shifts positively when in 

contact with PBS (Figure 5-9 and Figure 5-20). In the case of Mg stents, the 
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corrosion potential of annealed Mg-minitubes was higher than that of as-

deposited Mg-minitube. This was attributed to the enhanced oxidation of 

columnar microstructure, allowing more resistance to PBS to penetrate 

through the grains and hence decrease the surface area exposed to 

electrolyte. The passivation behaviour, enhanced by grain refinement, could 

also be promoted for Mg surfaces subjected to EB or LSM. An increase in the 

corrosion potential Ecorr, in the early stages of processing (Figure 6-13 and 

Figure 6-26), was most likely related to activation of the passivation layer of 

the refined Mg surface. Nevertheless, the more reactive surface which unable 

to build up a passivation layer, such as in Mg minitube annealed at 550C 

(Figure 4-19), exhibited lower corrosion potential Ecorr. This indicates that the 

modification of the reactivity between Mg ions and ion species in solution 

resulted in a change of ion arrangement across the surface/solution interface 

during the formation of the passivation layer, and hence a change in the 

corrosion potential of the Mg surface. 

 

Even though Ecorr provides insight into the build-up of the protective 

passivation layer, anodic reaction kinetic presented in polarization curves for 

the different modification process provides more direct insight into the 

corrosion rate. The results from this study suggest that the corrosion rate can 

vary for Mg, depending on the characteristics of the grain structure, as 

influenced by the processing applied.  

The quality (homogeneity) of the protective layer / coating can dramatically 

affect the corrosion performance of the Mg surface. The anodic dissolution 

and hence the corrosion rates recorded for the applied Al/Al-H coatings on Mg 

were higher than those for the unprotected surface. This was attributed to the 

presence of cracks and pinholes (Figure 5-2 and Figure 5-3) which enhanced 

the formation of galvanic cells between the coating material and the Mg 
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underneath. However, improvements in corrosion resistance were achieved 

for the case of a-Si:H coatings, due to the formation of denser, more defect 

free coatings (Figure 5-15 and Figure 5-22).       

Alterations in grain size are related directly to the anodic corrosion kinetic, 

and can act to lower the overall corrosion rate through the development of a 

more continuous, uniform and protective oxide/hydroxide layer on the Mg 

surface during polarization. It can be seen from the polarization curves for the 

LSM/EB modification process, LSM surfaces significantly reduced anodic 

kinetics (Figure 6-26). This was also shown in the case of EB modified Mg 

surfaces where the polarisation curves showed a decrease in anodic kinetics 

with a shift of the anodic branch to the left (Figure 6-13). However, the 

evolution of hydrogen, i.e. the cathodic reaction, was also increased leading 

to relatively higher corrosion rate. Ralston et al. [115] reported that grain 

refinement for pure metals can control the anodic reaction rate, but has little 

effect on the cathodic reaction rate which depends more on electronic 

conduction than ionic conduction.  

However, it can be noted that the effectiveness of near surface modification 

processes on Mg long-term corrosion performance was limited. This was due 

to microstructural homogenisation of the modified layer might not be 

achieved, which leaves the Mg surface with a mixture of anodic and cathodic 

sites, depending on the size and orientation of the grains. This means the 

development of corroded areas of coarser grains adjacent to non-corroded 

regions of fine grains, so galvanic cell activity may cause an acceleration of 

the overall corrosion rate. This notably was shown for the LSM modified 

surfaces (Figure 6-29), where the dissolution of Mg occurred preferentially 

within areas received low input energy, being insufficient to enhance the 

homogenous re-crystallisation of the surface, compared to the homogenous 

grains beneath the laser tracks. Similarly, surfaces modified by EB, which 
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shown a mixed topography of smooth and wavy features (Figure 6-4), 

resulted from the non-uniform deposition of energy.  

 

It is noted that Mg surfaces with high corrosion rate exhibited more noble Ecorr 

values, which might not be expected from a simple consideration of the 

microstructure-corrosion relationship. When Ecorr has a value less than the 

pitting potential Ept, a passivation layer can build up easily, for a longer 

period, providing for better protection of the Mg surface, and reducing the 

anodic dissolution of Mg. However, when the potential reaches the pitting 

potential, the passivation layer breaks down and the dissolution of Mg is 

enhanced. Song et al. [84] stated that a passivation layer covers the sample 

surface when the applied potential is more negative than the critical potential 

Ept, which can be ~ 15 mV more negative than the corrosion potential Ecorr. 

Above Ept the surface is partially protected by the surface film and its surface 

coverage declines with a more positive applied potential. Hence, the corrosion 

resistance of a surface decreases due to a partial protective surface film.    

 

                              

7.3 Technical limitations 

It is worth noting that the corrosion rates measured by polarization testing 

are lower than those measured by immersion testing, which is related to the 

conditions used for each test. Corrosion rates measured by immersion reflect 

the dissolution over the period of the test time (1-7 days). However, in 

electrochemical testing, the measurement is under an applied potential, 

straight after one-hour immersion in solution. Hence, it is estimated that the 

corrosion rate after a long period, over one day for instance, becomes more 

continuous during this time, whereas a lower corrosion rate can be present 
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during the first hour, as measured by Tafel extrapolation [88]. Accordingly, 

the short-term corrosion test data differs from the long-term tests.  Song and 

Atrens [350] and Shi et al. [88] reported that it is typical to obtain different 

corrosion rates from Tafel extrapolation and immersion testing for Mg and 

Mg-alloys, for the following reasons: i) There may be more than one cathodic 

reaction involved in the cathodic branch of the polarisation curve; ii) The 

corroded area during solution immersion is different from that proceeding 

under the polarisation curve; and (iii) The surface could be different and thus 

the electrochemical reactions are different during immersion testing and 

measurement of the polarisation curve [88]. 

Furthermore, due to the limitation of Scherrer’s equation to determine the 

grain size for Mg-minitube, and LSM and EB processed Mg, there was no 

correlation or a clear dependence trend for corrosion properties and grain 

size, as measured by these two independent processes. Nevertheless, there 

was a trend of grain size reduction, for each modification process in isolation. 

 

7.4 Comparison with literature  

Comparing the findings of this work with other studies, it is noted that Zhao 

et al. [351] studied the corrosion of pure Mg in 0.1 M NaCl solution, using 

Tafel extrapolation. The corrosion rates from polarisation data, Pi = 0.21-0.3 

mm/year were in agreement, in magnitude, with some of the LSM data 

presented here. However, their work was performed using NaCl solution, 

which does not contain Ca and P ions that enhance the formation of HA, as 

another passive layer. An experiment by El-Taib Heakal et al. [352] using 

PBS, yielded a corrosion rate of 0.88 mm/year for pure Mg, again using Tafel 

polarization,  which was much higher than the values measured in the 

present work. These high values may be attributed to long periods of 
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exposure time of Mg in PBS, for 24 h, which allowed the Mg to corrode before 

proceeding with the polarization measurements. Xue et al. [132] reported on 

the corrosion of pure Mg in PBS for 14 days, and the corrosion rate of 9.04 

mm/year measured was much higher than that measured in the present 

work, and again may be attributed to the longer immersion time. However, 

their polarization tests showed a degradation rate of 0.09 mm/year which is 

in good agreement with the results of the present study.      

Witte et al. [28] reported on the in vivo degradation of different Mg-alloys 

(including AZ31, AZ91, WE43 and LAE442), implanted as 1.5  2.00 mm rods 

intramedullary into female guinea pigs’ femur. They reported the rod area 

after 6 and 18 weeks’ implant duration and found that the corrosion rates 

slightly increased with time. They also suggested that the participation of 

calcium phosphate and other corrosion products such as MgO and Mg(OH)2 

formed a complex layer on the Mg implants, which acted to slow down the 

corrosion process, being the same as the corrosion products found in the 

present study [53]. A similar study by Xu et al. [353] reported on the 

corrosion of MgMnZn Mg-rods implanted into the femora of rats. They 

indicated that 10–17% of the MgMnZn implant had degraded after 9 weeks, 

while after 18 weeks’ implantation, about 54% of the MgMnZn-alloy had 

degraded. They analysed the degradation layer and found that it was mainly 

composed of Mg, Ca, P, O, and C, but the chemical composition was not 

homogeneous throughout the whole layer. This observation is consistent with 

the mixed corrosion layer products reported for the Mg surfaces studied here.  

In short, the in vitro study of the corrosion rate throughout this thesis 

measured by either polarization or immersion testing and their corresponding 

corrosion products formed during the Mg dissolution can be considered 

useable to indicate the degradation behaviour for pure Mg in the physiological 

environment.   
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7.5 Summary and recommendations  

The main aspects concerning the corrosion performance of pure Mg in PBS 

solution and their relation to surface coating and grain refinement from 

surface modification have been addressed. Mg-minitubes produced by PVD 

and near surface modification by EB and LSM processing showed that the 

development of fine-grained Mg can affect the electrochemical response of 

corroded Mg. The corrosion potential shows that the onset of corrosion may 

moderated by the rapid development of a passivation layer, enhanced by an 

increase in grain boundary density. The passivation layer can break easily 

when the corrosion potential reaches the pitting potential, which enhances the 

dissolution of Mg in PBS.  

The high corrosion rate of Al/Al-H coatings was related to the quality of the 

coatings, i.e. being strongly affected by pin-holes and cracks, whereas slow 

corrosion for annealed Mg minitubes was related to oxidation of Mg columnar 

grains. The EB and LSM processing can bring improvements to the initial 

corrosion rate, due to a reduction in anodic reaction, but a non-homogenous 

distribution of refined Mg grains and surface topography can affect the overall 

corrosion performance.  

The corrosion rate as measured by immersion testing was higher than that 

determined by potentiodynamic testing, due to the time dependence of 

dissolution of Mg over the time period of the testing.  

In short, the corrosion performance of Mg may be modified by changing the 

microstructure of the near surface, without changing the Mg composition. This 

conclusion comes from the electrochemical response of Mg, which can be 

varied and controlled by microstructural variation. Hence, it is recommended 
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that the use of microstructural processes to refine pure Mg is beneficial; in 

order to understand and control factors which can alter relative anodic and 

cathodic activities in order to further improve corrosion resistance. 

Furthermore, grain boundaries are areas of high energy which can lead to the 

formation of galvanic couples between cathodic interior grains and anodic 

grain boundaries, which act to promote high corrosion rates. However, it can 

be expected that amorphous or very small grain sized Mg can have low 

corrosion rates in an alkaline environment by promoting surface passivation, 

in comparison with coarse polycrystalline Mg grains which show a 

discontinuous passivation layer. Further protection of a Mg surface may be 

achieved by the application of a dense, crack-free coating, capable of 

withstanding aggressive ions in physiological media.   

The corrosion rate evaluated by Tafel extrapolation from polarisation curves 

did not agree with the corrosion rates evaluated from weight loss 

measurements. Hence, when using Tafel extrapolation to explain 

electrochemical corrosion of Mg, it is recommended strongly that the research 

should be complemented by the use of other measurement methods, e.g. 

weight loss, hydrogen evolution, and rate of Mg2+
 ion dissolution into media. 
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8 CHAPTER 8 Conclusions and future 

work 

This Chapter provides the general conclusions drawn, based on this 

investigation into the use of Mg as a degradable stent. The second section 

suggests aspects that may need further investigation, extending from this 

research.        

8.1 Conclusions  

The degradation mechanisms of pure Mg in the physiological environment 

have been investigated. An appraisal of Mg surfaces, before and after 

corrosion processing, using complementary topographical, structural and 

chemical characterisation techniques, has led to detailed descriptions of the 

corrosion mechanisms of Mg, following different surface modification 

techniques.  

In Chapter 4, an initial feasibility study of a novel Mg-stent, fabricated by the 

radio frequency magnetron sputtering PVD technique was presented. The as-

deposited Mg minitubes, with a 1.2 mm inner diameter, were formed from the 

deposition of 10 sequential Mg layers, to give a total wall thickness of 99.6 ± 

0.5 m. The as-deposited minitubes developed a porous columnar structure, 

with the suggestion of some preferred orientation along the c-axis. The 

external surface adopted a rough surface, with voids and cracks, while the 

internal surface exhibited wrinkles and folds, reflecting the templating 

process. The annealing of Mg-minitubes under ambient gas up to 600C 

resulted in microstructural densification and the initiation of some grain 

refinement, with hardness maximised at 52.0 Hv upon annealing at 500C. 

However, full recrystallization at elevated temperature was not achieved, 
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being attributed to the inhibiting effect of oxidation at the Mg layer interfaces.  

Further, a less brittle microstructure developed by increasing the annealing 

temperature. The corrosion performance of the annealed Mg-minitubes 

generally exhibited nobler potential, compared to the as-deposited minitubes, 

along with improved onset of corrosion. Further, a reduction in the rate of 

corrosion became more pronounced with increasing annealing temperature, 

being attributed to the microstructural enhancement effects of densification 

and grain refinement, combined with Mg-minitube oxidation. The best 

corrosion performance of these grain refined Mg minitubes, annealed at 

550C, was close to that of the commercial prototype Mg:Dy alloy stent. 

Typical corrosion layer reaction products, consists of Mg(OH)2 and (PO4)-

components, developed on the Mg:Dy stent struts and Mg minitube surfaces.  

In Chapter 5, the application of the magnetron sputtering PVD technique for 

the purpose of applying a physical barrier layer, facilitated the development 

of biocompatible Al- and Si-based coatings on Mg. In case of Al deposited in 

the presence of Ar or Ar/H2, the coatings were nanostructured crystalline, 

with thicknesses depending on the conditions applied. The Al and Al-H 

coatings followed the Mg surface profile resulting from substrate preparation, 

with the suggestion that the presence of H2 acted to restrict the development 

of Al-Mg alloy and increase the proportion of spontaneous oxide layer 

formation. Heat treatment in open air at 300C prompted the partial oxidation 

and growth of Al2O3, whilst growth at an elevated temperature of 450C was 

dominated by MgO with strain at the coating/substrate interface leading to 

coating delamination. As-deposited and heat-treated Al and Al-H coated Mg in 

PBS showed improved corrosion performance, in the form of resistance to the 

onset of corrosion, but then more rapid corrosion rates once corrosion 

became established. The Al/Al-H coated Mg surfaces in PBS formed Al(OH)3 

and Mg(OH)2 corrosion products. Pinholes, cracks and particles contamination 
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within the Al/Al-H coatings provided anodic sites for exposed Mg reaction with 

PBS and hence acted to decrease the corrosion resistance of the coated 

surfaces.  

In the case of Si-coatings, the as-deposited coating was a dense, crack free 

amorphous a-Si:H layer of thickness ~ 1 m. FTIR and XPS analyses provided 

identification of the coating as SiH2 , with some SiOx due to the presence of 

residual oxygen in chamber during deposition. The corrosion resistance of a-

Si-H coated Mg improved notably in contact with PBS, in both 

potentiodynamic and immersion testing, indicating the ability of the a-Si:H 

coating to isolate the Mg surface from test solution. The proposed corrosion 

mechanism involved the formation of silanol Si-OH groups, which promoted 

the formation of negatively charged Si-O-, leading to the precipitation of 

phosphate and carbonate species as additional coating protection.      

In Chapter 6, the effect of rapid thermal processing techniques on the 

corrosion resistance of Mg surfaces was investigated. For Mg modified by 

LAEB, surfaces treated by low energy EB irradiation experienced slight 

remelting, no deeper than the depth of the polishing marks, leading to slight 

improvement in surface roughness, whilst an increase in energy of the EB led 

to selective ablation, along with delineation of grain boundaries and the 

formation of shallow pits. In particular, surfaces treated (over-processed) by 

high energy EB showed the effects of severe ablation, with cracks and wavy 

features, along with the re-deposition of MgO decorating the periphery. 

Craters of varied diameter covered the Mg surface, due to localised melting 

and eruption of the sublayer.  

The corrosion performance of EB irradiated surfaces showed improvements to 

the onset of corrosion, under potentiondynamic testing, due to rapid 

passivation layer formation. Low energy EB processed surfaces showed 

corrosion rates slightly lower or within the range of the as-polished surfaces, 
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with EB surfaces treated by one pulsed at 25 kV showing the best corrosion 

rate of 0.08 ± 0.01 mm/year. Long corrosion performance under immersion 

testing in PBS showed improved corrosion resistance during the first day of 

immersion and then increased to be within the original values of bulk Mg due 

to dissolution of the modified layer. Over-processed surfaces by high energy 

EB irradiation showed high corrosion rates, under both potentiodynamic and 

immersion testing, due to a mixture of topography, craters, cracks and other 

inclusions within the modified surface, which accounts for the formation of a 

discontinuous passivation layer.   

For Mg surfaces modified by LSM; under low energy LSM processing, shallow 

melting caused surface smoothening and grain refinement at the centre of the 

laser track, resulting from the Gaussian profile of the laser beam. An increase 

in laser spot size provided more uniform surface processing and a 

disappearance of the laser tracks. Under high energy LSM processing, a 

conventional laser melting rippled pattern formed, along with craters, cracks 

and the re-deposition of MgO, causing an increase in surface roughness. The 

corrosion performance of laser processed surfaces showed improved for the 

onset of corrosion under potentiondynamic testing. Low energy LSM uniformly 

processed surfaces generally showed corrosion rates lower than as-prepared 

surfaces, with the surface processed under 375 W and scanning speed of 

4500 mm/minute showing the lowest corrosion rate of 0.04±0.02 mm/year.   

Conversely, high energy LSM processed surfaces showed high corrosion rates. 

Corrosion performance under immersion testing showed that LSM processed 

surfaces had corrosion rates close to the original values, due to the non-

uniform modification of mixed refined and coarse grains. In particular, visual 

observation of the LSM-processed Mg surfaces revealed that refined grains 

located on the laser tracks were able to resist the dissolution of Mg for a 

longer time, than the coarser grains located along overlapping regions.            



Chapter 8 Conclusions and future work 

271 
 

In Chapter 7, the effect of grain refinement processing and coating quality on 

the corrosion performance of Mg was addressed. Generally, Mg minitubes, 

Al/Al-H/Si-H coatings and EB/LSM processing all acted to improve the onset 

of corrosion potential Ecorr through enhanced passivation behaviour. Grain 

refinement processing can affect the anodic kinetics by slowing down the 

anodic reaction and the dissolution of Mg, but had little effect on hydrogen 

evolution.   

 

8.2 Recommendations for future work    

This project covered several different strategies for the modification and 

surface protection of Mg, but much more work is needed to understanding 

fully and control the corrosion mechanisms of Mg.  

Following the demonstration of the sequential deposition of Mg layers, 

improvements to the deposition process are required. The use of small Mg 

targets required the deposition of ~10 m thick Mg per run, but removal of 

the sample stage from the chamber allowed an oxide layer to build up on the 

freshly deposited Mg. This deposition strategy leads to weaker structures at 

the layer interfaces and longer processing times which would not be ideal for 

industry. The use of larger targets to deposit single layers of the desired 

thickness would be beneficial.  

The Mg-minitubes manufactured during this study were brittle due to their 

columnar structures, and annealing approaches to improve the mechanical 

properties of these Mg minitubes were investigated. Even though the post 

deposition treatment assisted in partial refinement of the structure, an 

investigation into the effect of deposition parameters, by change the 

deposition pressure and/or substrate temperature on the Mg microstructure 

would be beneficial. Alternatively, the use of pre-alloyed targets with suitable 
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elements to enhance the ductility of Mg could be explored. Further, structures 

with multi-layer compositional variations, containing degradable or non-

degradable elements, could allow for modulated corrosion profiles.  

The Mg stents produced by PVD were in the form of minitubes and not in the 

final shape for a commercial device. PVD techniques can enable the design of 

more complex, three dimensional patterned devices, when combined with 3D 

lithography or laser patterning.   

This study has shown that the coating of Mg by a suitable barrier layer 

material is one important step, in order to protect the Mg surface from 

interaction with electrolyte. Although the focus was on a single layer system, 

multilayer biocompatible coatings require attention as well. Identifying an 

optimal coating system for commercial Mg stents or minitubes would be 

beneficial for extend the device lifetime.     

The current study has targeted some first steps, in understanding the 

response of Mg to near surface modification strategies by rapid thermal 

processing. Despite the range of the parameters covered for both LSM and EB 

processing, more test variables can be investigated, especially for low energy 

density conditions which show promising corrosion resistance behaviour. A 

combination between the two techniques, i.e. LSM and EB could also be 

addressed to improve the corrosion performance of Mg.  

The literature contains many studies on the use of different physiological 

solutions. In this research, two solutions was targeted, with the conclusion 

that the concentration of ions at the Mg/PBS interface was affected by the 

presence of Ca ions, which acted to enhance the performance of the 

passivation layer. Hence, it would be useful to study the effect of different 

ions in solution on the corrosion performance of Mg, through detailed 

investigation using a range of test solutions. In particular, in vitro studies 
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may assist in the characterisation of materials and their comparison in terms 

of functional properties, in order to progress materials for use in vivo.    

Finally, this study was concerned with the use of pure Mg and surface 

processing / grain refinement and coating strategies towards the development 

of stents.  These insights could be translated to the development of new 

biocompatible Mg-alloys, in order to enhance both processability and 

corrosion performance.       
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