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Abstract 
 

Magnesium alloys are promising candidates for application in the development of new 

bioresorbable medical devices. Magnesium alloys are known to be safe in vivo and degrade 

within suitable time frames for a range of bioresorbable medical devices. Through selective 

alloying and processing the mechanical properties of magnesium can be tailored to suit specific 

device requirements. Bioresorbable vascular scaffolds (BVS) are one such device where 

magnesium alloys are being applied. BVS offer the potential to revolutionise the treatment of 

arterial disease through the removal of the long-term risks associated with current treatments. 

Recent developments in BVS technology have considered the use of a range of materials with 

magnesium alloys being one of the most promising material candidates for use in this new 

technology. One of the limiting factors of magnesium alloys for application in BVS technology is 

their relative lack of ductility, meaning new alloys must be developed. 

In this work two Mg-4Li-xY (x = 0.5 and 2%) alloy wires are investigated for application in a new 

wire form balloon expandable BVS device. The two alloys are supplied cold drawn to a diameter 

of 125μm. Firstly, a series of thermal treatments are applied to maximise the ductility of each 

alloy wire. It is found that ductility is maximised soon after complete recrystallisation and 

deteriorates during prolonged annealing through grain coarsening in the Mg-4Li-0.5Y alloy wire 

and increased precipitation of a Mg24Y5 phase in both alloys. Both alloy wires are shown to be 

capable of achieving tensile elongation to failure of ≈20% and survive high idealised bending 

strains (>40%). Microstructural investigation revealed that recrystallisation is initiated, first, 

from regions closest to the surface of the wire and progresses inwards as the annealing time is 

prolonged. Following annealing for maximum elongation to failure both alloy wires developed a 

transverse basal texture. However, the increased Y content in the Mg-4Li-2Y alloy wire resulted 

in a weaker basal texture developing during annealing. Both alloy wires were shown to exhibit 

relatively high ductility, indicating they are both suitable candidates for application in BVS 

technology.  

Both alloy wires were applied in the design of the novel wire form BVS under investigation and 

the processing routes applied during manufacture were investigated to optimise the mechanical 

performance of the device. Devices manufactured from the Mg-4Li-0.5Y alloy wire could survive 

over expansion of 1mm beyond its nominal diameter of 3mm and had a radial force at its 

nominal diameter >1N/mm. Devices manufactured from the Mg-4Li-2Y alloy wire had a radial 
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force >1N/mm at its nominal diameter but inconsistent failure of the device occurred during 

1mm over expansion.  These failures initiate from the internal diameter of the new device’s 

novel wave form geometry. An increase in number of secondary phase particles in the Mg-4Li-

2Y device is expected to contribute to these fractures with evidence found of cracks initiating 

adjacent to these particles. Further, the forming route and subsequent annealing process 

applied during the manufacture of the novel device, results in a split in texture developing 

through the device.  Along the inner diameter of the wave form, deformation is dominated by 

tensile twinning, resulting in the recrystallised microstructure being dominated by new grains 

nucleated from these twins. Consequently, along the inner diameter of the wave form, the 

grains are aligned with their c-axis parallel to the expected loading direction during device 

expansion. This will limit the activation of prismatic slip which likely contributes to the failure of 

the devices investigated.  

Application of the processing routes developed within this work have resulted in enhanced 

mechanical performance of the novel BVS device under investigation. Devices manufactured 

from the Mg-4Li-0.5Y alloy exhibited high radial force (>1N/mm) and repeatable over expansion, 

up to 1mm beyond its nominal diameter. These advancements have resulted in the device 

having comparable performance to competitors, allowing it to progress to the next stages of 

development.  

The methodologies developed as part of this work to characterise and investigate the devices 

identified several potential avenues for continued device/alloy development. Consequently, 

several routes for continued research are identified that will aid in improving the performance 

of the Mg-4Li-0.5Y devices. Further, routes to address the sources of failure in the Mg-4Li-2Y are 

identified. If resolved, it may lead to these devices outperforming the Mg-4Li-0.5Y devices, 

further advancing this technology towards being applied in the clinical setting to improve the 

quality of life of patients.   
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Chapter 1: Introduction 

1.1 Arterial Disease and Current Treatments 

Cardiovascular diseases (CVD) are the leading cause of death globally with 18.6 million CVD 

deaths reported in 2019. The global burden of CVD is growing, particularly in developing 

countries where the rates of smoking and obesity are increasing, with the global number of CVD 

cases almost doubling from 1990 (271 million) to 2019 (523 million).1 A more recent study, from 

2022, demonstrates this trend is expected to continue with rates of ischemic heart disease, 

heart failure and stroke predicted to increase by over 30% from 2025 to 2060 with the rates of 

myocardial infraction expected to increase by 16.9% over the same period in the USA.2 Not only 

is CVD the leading cause of death globally, it also severely limits patients’ quality of life and puts 

significant economic pressure on governments worldwide. In 2015, the USA spent 

approximately $126 billion on treatments for atherosclerosis related CVD and this is expected 

to rise to over $300 billion by 2035.3 Preventative measures combined with new and improved 

treatments are vital in reducing deaths, improving patients’ quality of life, and reducing the 

economic burden on governments.   

CVD is a broad term that is used to describe all diseases that affect the vascular system and 

include coronary artery disease (CAD), cerebrovascular disease, and peripheral artery disease 

(PAD). Atherosclerosis is the most common underlying cause of all CVD.4 Atherosclerosis is a 

chronic inflammatory disease that progresses overtime and the earliest, visible, stage of 

atherosclerosis, the “fatty streak”, can present as early as childhood. The fatty streak is 

commonly referred to as the first stage of atherosclerosis and is caused by the buildup of lipid 

laden foam cells in the intima.5-7 Fatty streaks can develop in any artery however, it is known 

that these lesions develop more frequently in areas of the arterial system with non-uniform 

blood flow such as at bifurcation points. Sites that induce non-uniform blood flow reduce the 

shear stress acting on the arterial walls and increase turbulence which can increase the 

inflammation response of the arteries. Constant exposure of the endothelium to uniform shear 

flow is anti-inflammatory as the constant mechanical forces detected by the cells can be 

converted into biochemical signals that prevent inflammation.8, 9 Fatty streaks have been 

identified in the aorta in the first decade of life, coronary arteries in the second and cerebral 

arteries in the third, though these very rarely result in significant clinical events. Some fatty 

streaks developed in children can regress whilst some can progress overtime into more 
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complicated lesions that can pose significant clinical risk in later life.7, 10 Overtime the fatty streak 

can develop into a “fibrous lesion” through the progressive deposition of lipids and smooth 

muscle cells. These fibrous lesions tend to form with a “fibrous cap” of smooth muscle cells that 

encapsulates a core made up of necrotic tissue and lipids. Fibrous lesions pose a significant risk 

as they can grow into the lumen of the artery, restricting blood flow, and can begin to damage 

the arterial wall. It is possible for these lesions to grow so large that they fully occlude the artery, 

blocking blood flow to the major organs and tissue. However, it is more likely that they rupture 

causing a blood clot, or thrombus, to form that can fully occlude the artery.11  

Early intervention is preferable in the case of atherosclerosis with treatment options varying 

from improving diet, exercise, and non-invasive use of drugs to slow progression of the disease, 

or even reverse it. If a patient exhibits more severe symptoms, or has suffered a blockage, often 

non-invasive treatments are not sufficient and, in these cases, the most common treatment 

protocol is percutaneous coronary intervention (PCI).12, 13 PCI widens the narrowed or blocked 

artery using a balloon catheter that is fed through the artery to the site of blockage (stenosis) 

and inflated against the arterial wall, widening the artery. Commonly a metallic stent is placed 

on the balloon and is expanded against the artery wall to provide support to the diseased artery 

once the balloon is removed. The development of PCI treatments has resulted in improved 

patient outcomes for those suffering from CVD but development of current technologies are still 

required to further improve long-term patient outcomes.13 

 

1.1.1 Treatment of CVD  

The treatment of CVD was transformed by the development of PCI in 1977 and since has 

undergone three key revolutions over the past 40 years. In 1977 Dr Andreas Grüntzig performed 

the first balloon angioplasty (now referred to as plain old balloon angioplasty or POBA) on a 

coronary artery by using a pressurised balloon fixed to a catheter tip to widen the stenosed 

artery.14 POBA revolutionised the treatment of CVD, however was not without its limitations, 

largely caused by elastic recoil (whereby the artery recoils to its stenosed diameter or fully 

collapses). In 5-10% of patients elastic recoil of the artery occurred immediately (within hours) 

after the procedure, resulting in acute myocardial infraction that requires immediate 

intervention through bypass surgery.13, 15 6 months post treatment with POBA, restenosis 

(renarrowing of the artery) occurred in approximately 30% of patients. In the case of restenosis, 

repeat POBA could be used to widen the artery.13 The issues associated with POBA led to the 
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second revolution in the treatment of CVD through development of the bare metal stent (BMS). 

These devices were introduced to reduce the rates of elastic recoil and restenosis through 

implanting a metallic mesh that would provide continued support to the artery, opposing vessel 

recoil.15  

The self-expanding Wallstent (Schneider AG) was the first BMS developed and was first 

implanted in a coronary artery in 1986 by Sigwart et al.16 The stent was manufactured from 

stainless steel and used a “catheter sheath” type deployment system. The device was placed on 

an inner shaft and constrained by an outer sheath. Once the outer sheath was removed the 

stent self-expanded against the artery wall. The Wallstent stent provided, continued, support to 

the artery and reduced complications caused by immediate elastic recoil however restenosis of 

the stented region remained an issue with this device.16, 17 The self-expanding design of the  

Wallstent meant the complex nature of its deployment procedure restricted its application in 

the clinical setting, and it 1991 it was pulled from the market. Despite this, the self-expanding 

stent design has since been refined and today many self-expanding devices are available on the 

market (including a new and refined Wallstent design).15, 18 The issues with deployment of self-

expanding stents meant that balloon expandable stents were developed, with the first balloon 

expandable stent, the Palmaz Schatz, being approved by the FDA in 1987.13 Deployment of 

balloon expandable stents involves first mounting the device on a balloon tipped catheter, which 

is then delivered through the artery to the site of stenosis. The balloon and stent system are 

then expanded against the artery wall widening the artery. Finally, the balloon is deflated and 

removed from the artery, leaving behind the expanded stent supporting the vessel wall. 

Following the development of Palmaz-Schatz BMS several other BMS were brought to market, 

however the Palmaz-Schatz remained one of the most widely used BMS in the 1990’s. The 

introduction of BMS devices did reduce the rates of acute elastic recoil associated with POBA, 

however they introduced other limitations. The interaction between the permanent metallic 

device and the vessel walls saw relatively high rates stent thrombosis (ST) and in-stent restenosis 

(ISR). Despite the complications of ISR and ST, BMS began to replace POBA in the treatment of 

lesions in the coronary arteries. The third and final revolution in the treatment of atherosclerosis 

came in the development of drug eluting stents (DES) designed to reduce the rates of ST and 

ISR.13 

DES were first introduced with the aim of reducing the rates of ISR seen in patients treated with 

BMS, through incorporating anti-inflammatory, anti-proliferative, and anti-restenosis drugs to 

tackle the foreign body response seen when implanting BMS. The Cypher (Cordis/Johnson & 
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Johnson) was the first DES introduced in 2002. The Cypher device was manufactured from 

stainless steel, with 132µm thick struts and had 12.6µm thick layer of permanent polymer 

coating that controlled the release of Sirolimus drug with anti-proliferation and 

immunosuppressant properties.19 Following the approval of the Cypher device the Taxus 

(Boston Scientific) DES was approved for use, also manufactured from stainless steel. These 

devices are generally referred to as first-generation DES. The introduction of these first-

generation DES reduced the risk of restenosis as shown by the 5-year rate of target vessel 

revascularisation decreasing from 30.1% to 15.2% in a pooled analysis of 4 randomised trials of 

coronary arteries treated with BMS and cypher DES respectively.20  Despite the improved rates 

of target vessel revascularisation in first-generation DES they introduced the risk of late stent 

thrombosis (LST), defined as thrombosis occurring 30 days post procedure. Once the anti-

proliferation drug coating was depleted, the interaction between the permanent polymer 

coating and vessel walls increased the risk of LST through increased inflammation and late stent 

mallapositon. Therefore, first-generation DES did decrease rates of ISR associated with BMS, 

however they introduced the risk of more long term complications owing to their permanent 

polymer coating.21 This led to the development of second-generation DES which sought to 

combine the benefits of BMS and first-generation DES. 

Second-generation DES improved upon first-generation devices through updated geometry, 

reduced strut thickness, new drugs and improved polymer coatings. First-generation devices 

were manufactured from stainless steel and had strut thicknesses of 130–140μm. Second-

generation DES began to use stronger, cobalt-chromium and platinum-chromium alloys, 

meaning the strut size could be reduced whilst maintaining similar radial force to first-

generation DES.  Today, DES are available with strut thicknesses <70μm, which improves device 

deliverability and reduces vessel injury.22 Further, current DES use bioresorbable polymers to 

incorporate the anti-proliferative drugs on the devices, meaning that once the drugs have been 

fully released into the system the polymer coating is fully absorbed by the body, removing any 

adverse effects associated with the permanent coating of first-generation DES. The design 

improvements of second-generation DES led to vast improvements in patient outcomes 

compared to BMS and first-generation DES.15, 19, 23 Early second-generation DES reduced the 

rates of restenosis, ST and death compared to first-generation devices in the treatment of CAD, 

with a large scale study showing a reduction of 38%, 43% and 23% in the above risk factors 

respectively over a two year period.24 The success in patient outcomes from the development 

of DES is clear, however the success of DES in the treatment of CAD has not been carried over 



 

5 
 

to the entire arterial system. One such indication is the treatment of PAD where the complex 

lesions coupled with increased biomechanical loading make treatment with DES challenging.25, 

26 

1.1.2 Treatment of Peripheral Artery Disease  

PAD most commonly refers to atherosclerotic lesions developing in the legs. After CAD and 

stroke, lower extremity PAD is the third most prevalent cause of atherosclerotic morbidity and 

affects more than 230 million people worldwide.27, 28 Lower extremity PAD is most commonly 

caused by atherosclerotic lesions developing and occluding the arteries. PAD is therefore a 

progressive disease and at first patients may be asymptomatic. Progression of the disease can 

lead to intermittent claudication (pain during exercise that subsides with rest), rest pain and in 

severe cases necrosis and gangrene (tissue loss) which may result in limb loss if not treated 

appropriately.29  

Though current treatments, such as DES, are effective for treating CAD there is still a clinically 

unmet need in treating PAD, particularly treating arteries “below the knee” (BTK). The arteries 

in the legs can be defined as BTK or “above the knee” (ATK). The femoral arteries (common, 

superficial and deep femoral arteries) ATK are generally larger in diameter (approximately 7-

9mm in healthy patients) compared to the arteries (peroneal, anterior tibial and posterior tibial 

arteries) BTK which are approximately 3-5mm in diameter in healthy patients.30, 31 Artery size, 

however, is patient specific and depends on age, sex and health, whilst measuring the diameter 

of arteries is complex and results can vary depending on the measurement techniques used.32 

The size of the arteries BTK are similar to that of the coronary system, however the lesions that 

develop BTK are often more challenging to treat as they are generally longer, more calcified and 

are exposed to increased biomechanical loading.25 Owing to these challenges the success of 

treating coronary artery disease with DES has not been replicated in arteries BTK, with the 

permanent devices causing increased inflammation and risk of late stent thrombosis.33 Use of 

DES for the treatment of arteries BTK has been shown to have improved patient outcomes over 

alternative interventions up to 12 months but no superiority beyond 12 months.26 The long-term 

effects of this were revealed in a long-term randomised control trial (PADI) which showed very 

high 10-year mortality rates for patients treated with DES and alternative catheter-based 

interventions BTK (80.8% and 78.1% respectively).34  
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1.1.3 Future Treatment Perspectives for PAD 

With PAD disease remaining the third most common cause of atherosclerotic morbidity, the 

need to develop suitable treatments to improve patients’ quality of life is clear. As with all CVD, 

the best treatment for PAD is early diagnosis and changes in lifestyle to slow, and in some cases 

reverse, progression of the disease. However, in many cases intervention is required. As 

mentioned previously DES have shown appropriate short-term outcomes but are associated 

with long-term complications, owing to the complex lesions, and increased biomechanical 

loading leading to failure of the devices. Consequently, there are no DES approved for use in 

arteries BTK, although off label usage of coronary devices BTK is common in the treatment of 

short lessions.25  

In many instances where the use of DES to treat arteries BTK is not possible, PCI is performed 

with POBA or drug coated balloons (DCB). POBA of BTK arteries has been commonly applied as 

it allows for revasularisation of the artery without the need for implantation of a permanent 

DES, that can lead to long-term complications. However, high rates of restenosis (up to 70%) 

have been reported in the treatment of BTK arteries with POBA.35 DCB were developed with the 

aim of reducing late restenosis. DCB are balloon catheters that are coated with antiproliferative 

drugs that are delivered to the artery walls during expansion. DCB aim to reduce the rates of 

restenosis through the delivery of these drugs.36 DCB have shown promising results, in particular 

more recent DCBs that incorporate alternative drug coatings to those used in early devices.37 

However, limitations persist with both POBA and DCB, associated with the lack of continued 

vessel support post revascularisation. Another additional complication is that during POBA and 

DCB procedures, dissection of the artery wall is common. A dissection is effectively a tear in the 

vessel wall. Some level of dissection is unavoidable during balloon angioplasty. However, the 

severity of dissections varies and in some cases the tear can protrude into the vessel lumen and 

impede blood flow. In these cases, “bailout stenting” (where a stent is implanted to restore 

regular blood flow) is commonly required. The rate of bailout stenting varies across studies but 

is not insignificant, with one study showing the rate of bailout stenting being as high as 32%.38 

Currently no FDA approved permanent stents are approved for use in BTK arteries however, off-

label use of coronary stents in the treatment of BTK arteries is common.39 

The Phillips, Tack Endovascular System is a stent like device that has been approved by the FDA 

for treatment of dissections in arteries BTK.40 Manufactured from Nitinol, the Tack Endovascular 

System is a short (6mm), self-expanding the device that is deployed at the site of a dissection 

following angioplasty to provide continued support to the vessel. The device was granted FDA 
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approval following the TOBA II study which investigated the use of the Tack device to treat 

dissections in the superficial femoral or proximal popliteal arteries following angioplasty. The 

Tack device has been shown to have promising outcomes in the treatment of dissections, 

however risk will still remain with a permanent foreign body in the treatment of arteries BTK.39, 

40  Therefore, there remains a clinical need to provide continued vessel support post angioplasty 

of longer more complex lesions in BTK arteries. One such solution proposed is bioresorbable 

vascular scaffolds (BVS). 

BVS are temporary devices that seek to provide effective support to the artery for the first 6-12 

months post deployment before being fully absorbed. In order to develop suitable BVS devices 

new materials must be considered for their manufacture. These materials include bioresorbable 

polymers and metals, greater detail will be provided on these in Chapter 2. As DES have been 

shown to have improved outcomes over the first 12 months post implantation to other 

interventions it is thought that successful development of BVS devices will mimic these 

improved outcomes over the first 12 months, and remove the long-term complication post 12 

months.26, 41  

As well as improving the outcomes for patients with PAD, BVS technology offers the potential to 

revolutionise the treatment of all CVD. Firstly, long-term complications persist with the 

implantation of DES in all arteries. Although the treatment of CAD with DES has greatly improved 

with the development of DES, long-term complications persist owing to the foreign body 

response associated with permanent implants. BVS devices offer the potential to eradicate these 

complications in the treatment of all arteries with stent/scaffold technology.41, 42 Further, 

paediatric patients who suffer from congenital heart disease are often treated with small DES. 

As the patients age, they outgrow these devices and invasive follow-up surgery is required to 

remove these devices. BVS technology offers the potential to treat paediatric patients with a 

device that will be fully absorbed before their arteries begin to outgrow the device, removing 

the need for repeat intervention in the early stages of life.43, 44 A needs analysis survey in 2016 

of 68 cardiologists in 8 countries found that 41% ranked BVS devices as their first choice of new 

devices for use in congenital interventions.45 The advantages of BVS technology are clear and 

successful development of a BVS device offers the potential to revolutionise the treatment of 

CVD. The primary challenge of BVS development centres around material selection. As the 

devices must be safely absorbed by the body the range of suitable materials is limited. This work 

investigates the suitability of two new Mg-Li-Y alloy wires for the application in BVS technology 

from the perspective of their mechanical properties.  
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1.2 Project Scope 

BVS offer the potential to improve clinical outcomes when treating arterial disease relative to 

current DES due to elimination of permanent implantation of a foreign body.  However, there 

remains several challenges facing the development of these devices. The primary challenge is 

the selection of a biocompatible material that can be safely absorbed by the body over an 

appropriate timeframe that also has sufficient mechanical properties to allow the BVS device to 

be capable of safely being deployed in the artery and provide sufficient support to the diseased 

vessel.  

The focus of this thesis is to investigate the suitability of two Mg–4Li–xY (x = 0.5 and 2.0wt%) 

alloy wires in the manufacture of a novel wire form BVS device. The BVS device under 

investigation is initially planned to target the treatment of PAD, meaning it is designed with a 

nominal diameter of 3mm. The primary purpose for targeting this indication is the current lack 

of appropriate treatment options available. The benefits of BVS devices compared to current 

technologies in the treatment of PAD are clear, meaning successful development of a BVS device 

will have a great impact on the quality of life of millions of patients globally. However, owing to 

the similar size of arteries BTK and in the coronary system these devices have the potential to 

be applied in the treatment of additional indications. With one of the major limitations of the 

materials available for application in BVS technology being their relative lack of ductility the 

focus will be on, first, optimising a thermal processing route for the two alloys in order to 

maximise ductility. The microstructure of both alloys is investigated to understand how the 

increased Y content affects the texture, grain size and secondary phase particle distribution. The 

two alloys are thereafter applied in the manufacture of a new wire form BVS device, where the 

processing parameters will be optimised to maximise the expansion range of the device. 

Conclusions are drawn on how varying the Y content influences the microstructure and 

mechanical properties of the alloy wires and how both alloys behave when applied in the final 

device. Final recommendations are summarised on future device design modifications based on 

both alloying content and device processing.  
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Chapter 2: Literature Review 

2.1 Current Status of BVS Devices 

There are currently no BVS devices widely applied in the clinical setting, though there is a 

growing level of research into BVS devices as the potential benefits are clear. BVS devices are 

generally manufactured from bioresorbable polymers or metals and as such can be categorised 

as polymeric or metallic based BVS devices.46 The bulk of the research on BVS devices has 

centred on polymeric devices, with the first FDA approved device being the polymer based 

Absorb (Abbott Vascular).47 However, owing to many deficiencies associated with polymeric 

devices, metallic based devices, primarily manufactured from Mg alloys, have gained increased 

attention, such as the Magmaris/Dreams (Biotronik) device(s), manufactured from Mg alloys.48 

This section briefly summarises the most relevant bioresorbable materials being applied in BVS 

technology and discusses their application in devices currently under development.  

2.1.1 Polymer BVS 

The major body of research into BVS devices has centred on the use of bioresorbable polymers, 

as they have been applied in resorbable medical devices since the end of the 1960s, in the 

development of resorbable sutures and as such are known to be safe in vivo.49 50 There are a 

range of bioresorbable polymers available with varying mechanical and corrosion properties. 

The properties of the most widely used bioresorbable polymers are summarised in Table 2-1 

alongside the properties for the Mg alloy, WE43, stainless steel (SS 316L) and cobalt chromium 

(Co-Cr).51 As can be seen from Table 2-1 the majority of the polymers have relatively low strength 

and ductility relative to the comparative metals. Considering the application of polymers in BVS 

technology, their low strength results in thick strut geometries being required to provide 

sufficient strength to the device, whilst their low ductility limits the expansion range of devices. 

Table 2-1 does show that high ductility polymers are available (e.g. PCL), however these 

polymers do not have the required strength to be considered for application in BVS 

technologies.51-53 Currently the main polymer being applied in BVS devices under development 

is poly-l-lactic acid (PLLA). PLLA is a semi crystalline polymer that degrades into water and carbon 

dioxide within approximately 2-3 years in vivo.53  
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The polymer based Absorb scaffold, manufactured by Abbott Vascular from PLLA, was approved 

for use by the FDA in 2016.54 The Absorb device had a strut thickness of 156µm and was designed 

to treat arteries between 2.5 and 3.75mm in diameter. Early, controlled, studies (Absorb I, 

cohort A and B) of the Absorb device showed promising results where scaffold thrombosis did 

not occur in any patient after 5 years and the rate of major adverse cardiac events (MACE) were 

low.55, 56 However, as increased clinical data became available, the rates of target lesion failure  

(TLF) in patients treated with the Absorb device were considerably higher than in patients 

treated with DES. TLF encompasses patients who suffered cardiac death, myocardial infraction 

or required revascularisation of the target lesion.53 A meta-analysis of seven randomised trials 

(5583 patients in total) revealed that the rates of device thrombosis was increased in those 

 

Table 2-1: Summary of most widely applied bioresorbable polymers with reference to metals used in stent 
technology51 

Polymer Tg (°C) Tm (°C) Modulus 

(GPa) 

Strength 

(MPa) 

Elongation 

at break 

(%) 

Degradation 

(months) 

PLA 60 180–190 2–4 65 2–6 18–30 

PDLLA 55 Amorph. 1–3.5 40 1–2 3–4 

PLLA 60–65 175 2–4 60–70 2–6 > 24 

PDLGA 

(50/50) 

45 Amorph. 1–4.3 45 1–4 1–2 

PLGA 

(82/12) 

50 135–145 3.3–3.5 65 2–6 12–18 

PCL − 54 55–60 0.34–0.36 23 > 4000 24–36 

PLA/PCL 

(70/30) 

20 100–125 0.02–0.04 2–4.5 > 100 12–24 

WE43 

(Mg alloy) 

N.A 540–640 40–50 220–330 2–20 ~ 12 

SS 316L N.A 1371–

1399 

193 668 40 Biostable 

Co-Cr N.A ~ 1454 210–235 > 1000 40 Biostable 
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treated with the Absorb device compared to DES (2.3 vs 0.7%).57 Results from these more long 

term follow up trials caused Abbot to pull the Absorb device from the market in 2017.58  

A five-year follow up study of the Absorb III trial did however provide an indication of the 

benefits of BVS technology.59 This study revealed that the rates of adverse events between the 

Absorb scaffold were increased over the full five-year follow up period compared to the DES 

group. However, following complete resorption of the Absorb device (after 3 years) the rates of 

adverse events were reduced compared to those treated with DES.59 This finding provides an 

indication that should a BVS be developed that can mimic (or exceed) the performance of DES 

until complete degradation, the long-term risks associated with permanent DES can be lessened 

or potentially removed completely.  

The poor performance of the Absorb scaffold was attributed to limitations in both mechanical 

performance and degradation rate.60 In order to match the radial strength of comparable DES 

at the time of development the Absorb scaffold was required to have significantly increased 

strut thickness (156µm compared to the Xience DES  which had 88µm thick struts).51 Further the 

poor ductility of PLLA resulted in limited expansion capabilities of the Absorb device meaning 

device failure and mallaposition occurred during deployment. Despite the poor performance of 

the Absorb device, there remains a number of polymer based (primarily manufactured from a 

PLLA backbone) devices currently under development, all of which are attempting to develop 

BVS devices with reduced strut thickness compared to the Absorb device.51, 60 

2.1.2 Metallic BVS 

BVS devices manufactured from bioresorbable metals are being developed as, compared to 

polymers, their mechanical properties are more similar to that of permanent metallic stents.61 

The three main metals being considered for use in bioresorbable medical implants are, Fe, Zn, 

and Mg.62 Fe alloys were one of the first bioresorbable metals to be investigated for use in 

resorbable devices. The main attraction of Fe alloys is their high strength (similar to that of 

stainless steels) however the limiting factor of Fe alloys is their slow degradation rate.62 Peuster 

et al.63 revealed that the in vivo degradation rate of a pure Fe scaffold with 100-120µm thick 

struts was much slower in vivo compared to in vitro tests. The authors concluded that further 

work was required to accelerate the degradation rate of Fe based devices in vivo.63 A long-term 

in vivo study by Zheng et al.64 investigated the performance of a nitrided Fe scaffold with 70μm 

thick struts over several time points over the first year as well as at 7-years post implantation in 
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a porcine model. The authors  found that the device had acceptable biocompatibility and that 

the struts were nearly completely absorbed after 7 years but some degradation product 

remained 7 years post implantation.64 Researchers have investigated improving the degradation 

rate through alloying (primarily with Mn) and developing new porous Fe alloys, for a range of 

bioresorbable devices.65, 66 Research into Fe based biomaterials continues but there remains 

questions over how to best improve the issues associated with the slow degradation rate.67  

Mg alloys are perhaps the most researched biomaterial owing to their more appropriate 

degradation rates (compared to Fe) and suitable mechanical properties. As such the only 

metallic BVS that has gained CE approval (Magmaris) is manufactured from an Mg alloy (WE43). 

Pure Mg wires were first used as a biomaterial in 1878 when Dr Edward C. Huse used Mg wires 

as ligatures to stop the bleeding of vessels. Huse’s early success led to the application of Mg (and 

Mg alloys) in a range of procedures over the proceeding years. However, the rapid degradation 

of Mg alloys coupled with their relatively limited ductility meant  these developments had 

limited success.68 However, in recent years interest in Mg as potential biomaterial has had a 

resurgence with a range of Mg based devices being proposed, including BVS.68, 69 In order to 

improve the corrosion rate and mechanical properties, appropriate alloys must be developed. 

Much research has gone into developing such alloys, including alloying with Al, Zn, Ca, Li, and 

rare earth (RE) elements.70, 71 Several new alloys have been developed that improve the 

properties of Mg alloys, though perhaps the most significant (in terms of bioresorbable alloys) 

is WE43 that was originally developed for use in high strength and high temperature 

applications. More recently, however, WE43 was used in the design and manufacture of the 

Magmaris device.72 More detail on this device is provided in Section 2.1.3 but it is the only 

metallic based BVS to gain CE approval. Despite some success in the application of Mg alloys in 

BVS technology challenges persist in developing new alloys and processing routes to unlock the 

full potential of Mg based BVS devices.  

Zn based biomaterials are an alternative to the more widely researched Fe and Mg alloys, as 

they have more moderate corrosion rates. Compared to Fe and Mg the literature concerning Zn 

as a biomaterial is somewhat limited though various reviews have summarised its application in 

detail.73-77 Zn has a faster corrosion rate than Fe but slower rate than Mg. Zn alloys also offer 

relatively impressive mechanical properties with similar strength and increased ductility 

compared to Mg alloys. One concerning factor is the aging effect observed in various Zn alloys, 

resulting in strengthening and a reduction in ductility overtime.75, 78 Jin et al.79 Demonstrated 
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this aging effect in a ZnMg alloy wire with a diameter of 250µm developed for application in 

bioresorbable devices. The authors performed tensile tests on the alloy wire within 2-3hours of 

drawing to its final diameter and then following storage for 1, 9 and 365days at room 

temperature. The results from this study are shown in Figure 2.1. After 9days the wires 

elongation to failure was reduced by ≈50%, whilst the yield strength (YS) was increased by ≈50%. 

The authors suggest this aging effect may be caused by the precipitation of Mg2Zn11 particles 

overtime.79 Although aging has been observed in Zn alloys, much of the research has been 

conducted on industrial alloys, meaning new Zn based alloys developed for bioresorbable 

application may not suffer from room temperature aging. However, considerable attention 

should be given to this effect when designing new alloys for application in BVS technology as the 

shelf life of products must be considered.78 

Drelich et al.80  investigated the suitability of Zn for use in BVS technology through implanting 

250µm diameter pure Zn wires into the abdominal aorta of rats. The results showed that the 

wires exhibited uniform corrosion and a reduction in cross-sectional area of 65% at 20 months 

with no local toxicity. Consequently the authors proposed that Zn is a suitable candidate 

material for use in BVS technology as it can degrade safely and uniformly within 1-2years.80 

Though Zn offers more moderate corrosion rates it generally has lower strength compared to Fe 

and Mg alloys. As cast pure Zn has both low strength and ductility (tensile strength 18MPa and 

elongation to failure of 0.32%). Alloying with Cu, Ag, Mg, Al, Li, Sr and Ca can be used to improve 

the mechanical properties of pure Zn, making Zn alloys more suitable for use in bioresorbable 

Figure 2.1: Aging response of ZnMg alloy wires79 
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devices.81 Hehrlein et al.82 deployed BVS devices with a nominal diameter of 6mm manufactured 

from a Zn-3Ag alloy in a porcine model. The authors compared the mechanical properties of the 

Zn-3Ag alloy (YS of 130–145MPa, ultimate tensile stress, UTS, of 240–260MPa and elongation to 

failure of 70–135%) to alternative Mg based biomaterial, WE43. Compared to WE43 the Zn-3Ag 

alloy had slightly decreased strength (≈20-40MPa, lower UTS) but improved ductility, which may 

offer great advantages in BVS designs.82 The research of Zn based alloys is promising but further 

research is required to characterise the alloys response  in vivo and to investigate the aging of 

new bioresorbable Zn alloys at room temperature.  

Fe, Mg and Zn alloys all have potential for application in bioresorbable medical device 

technology, but the current trend in metallic BVS development is focussed most on Mg alloys. 

Mg alloys exhibit impressive mechanical properties, are safe in vivo and offer appropriate 

degradation rates that can be tailored through alloying and the incorporation of protective 

coatings.  

2.1.3 Magmaris 

In 2005 Biotronik began testing the first iteration of their Mg based BVS device, the AMS1, for 

the treatment of PAD.83 Their device was manufactured from the Mg alloy WE43, without a 

polymer or drug coating. They also tested the device in the treatment of paediatric patients with 

aortic and pulmonary artery disease.84, 85 These, controlled, trials demonstrated promising 

results and identified several limitations that required further device refinement to address. The 

device underwent several iterations, where the alloy was refined along with the geometry of the 

device and a drug eluting polymer coating added. Through these iterations the device finally 

evolved into the Magmaris device, which was the first Mg based BVS to gain CE approval.86 

The Magmaris device was manufactured through the laser cutting of a WE43 hypotube followed 

by electropolishing. The electropolished struts had a thickness of 150x150µm (for devices with 

a nominal diameter of 3 and 3.5mm) and incorporated a 7µm thick sirolimus eluting PLLA 

coating. The device was designed to have a scaffolding time of 12 months and could be safely 

expanded up to a maximum of 0.6mm above the nominal diameter.86, 87 The first-in-man clinical 

trial, Biosolve-II, saw 125 Magmaris devices implanted in 121 patients with stable or unstable 

angina. 6 month follow up results of the patient cohort were promising, with no definite or 

probable scaffold thrombosis observed, whilst the rate of TLF was low (3%). The study did note 

that as a first-in-man study the patients were selected based on having “straightforward de-
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novo lesions”. Consequently, the promising 6 month results in this study could not be 

extrapolated to more complex lesions.88 A secondary controlled study on the Magmaris device, 

Biosolve-III, also output favourable results for the Magmaris device when compared to 

competing polymer based devices where the rates of TLF were reduced.48 Despite the promise 

of the Magmaris device in these trials, limitations in device performance begun to emerge as 

continued clinical data was gathered.  

One of the first issues identified with the Magmaris device was the that it was not being 

completely absorbed. After the initial 12 months, up to 95% of the Mg was resorbed however, 

a calcium phosphate corrosion product remained. The presence of this calcium phosphate 

corrosion product was not shown to cause adverse effects, but the long-term biological response 

is unknown.86, 89, 90 However, more concerning issues associated with unexpected, early scaffold 

collapse became apparent as the Magamris device was more widely applied in the clinical 

setting. Gutiérrez-Barrios et al.91 investigated the outcome of 90 patients with acute coronary 

syndrome treated with the Magmaris device at 18 and 24 months. 30% of patients imaged with 

optical coherence tomography (OCT) from this study (14/46) had suffered from ISR which was 

attributed to early scaffold collapse in the majority of cases (10/14). The cause of this early 

scaffold collapse was attributed to rapid loss of radial force of the device.91 Consequently, the 

Magmaris device was only recommended in patients with simple lesions with low calcification. 

As result of these findings Biotronik refined their device and developed a new iteration, the 

Dreams 3G scaffold. Detailed design information is limited, but the new device has increased 

radial strength and reduced strut thickness (117x150µm for devices with a nominal diameter of 

3 and 3.5mm). This is achieved, in part, through application of their new BIOMag alloy (6.25wt% 

Al with the balance Mg). A pre-clinical study showed the device provided support to the vessel 

walls in a porcine model for 3-6 months.92-94 6 and  12 month data is currently available from the 

first-in-man study of the new Dreams 3G device.93, 94 A total of 116 patients with coronary artery 

lesions were selected for the study. The early (6 and 12 month) data have shown that the rates 

of TLF remain low, as in the Magmaris device, whilst the rates of late lumen loss are much 

improved. From this controlled trial it suggests hope that the new design with new alloy 

composition has improved the device’s performance, allowing it to compete with current DES.93, 

94 However, much more testing is required to truly assess the efficacy of this new device, though 

early results suggest that the improved alloy composition has allowed this new device to more 

appropriately treat CVD, providing future hope to the industry as a whole.   
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2.2 Deformation of Magnesium 

One of the key limitations of applying Mg alloys in BVS technology is their relatively poor 

mechanical properties which is primarily attributed to the lack of easily activated deformation 

modes at room temperature.  

2.2.1 Slip 

Pure Mg often exhibits relatively poor ductility and anisotropic properties, which is largely 

caused by its hexagonal close packed (HCP) crystal structure limiting the number of easily 

activated slip systems at room temperature. In HCP materials slip activates along the basal 〈a〉, 

prismatic 〈a〉, first-order pyramidal 〈a〉, and second-order pyramidal 〈c+a〉 slip planes as shown 

in Figure 2.2.95 Slip is activated on these planes when the stress acting on them in the slip 

direction reaches some critical value, defined as the critically resolved shear stress (CRSS).96 

Basal slip is the most easily activated slip system in Mg as it has a CRSS at room temperature 

(0.5-1MPa). Prismatic and pyramidal slip have higher CRSS (≈40 and 80MPa respectively) at 

room temperature.97 The high CRSS of prismatic and pyramidal slip means basal slip dominates 

during deformation of Mg. Basal slip only provides two independent slip systems both acting in 

the 〈a〉 direction, meaning it alone does not satisfy the von-Mises criterion for a ductile 

material.96 The von-Mises criterion states that at least five independent slip systems are required 

for a material to undergo arbitrary deformation. The basis behind the requirements of this 

criterion is that arbitrary deformation involves 6 strains. However, during deformation, the total 

volume remains constant, meaning that a constraint is applied, resulting in 5 independent 

strains being required to accommodate arbitrary deformation. These can be accommodated 

through 5 independent slip systems.98 The large difference in CRSS of the slip systems meant it 

was originally thought that only basal slip would be active during deformation. However, 

elongations to failure of 5-30% (depending on grain size and texture) are achievable in Mg and 

its alloys which would not be possible if only basal slip were active.96 Despite the high CRSS of 

Figure 2.2: Slip and twinning systems in Mg95 
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prismatic and pyramidal slip determined through single crystal studies, in order to explain the, 

relatively, high ductility of Mg polycrystals these slip systems must be active. During deformation 

of Mg, grains well aligned for basal slip can be constrained by surrounding grains, that are not 

well aligned for basal slip, leading to the build-up of high, incompatibility stresses at the grain 

boundaries. These incompatibility stresses can be sufficient to activate non-basal slip as they 

can be up to five times that of the applied stress.99, 100 101  

The dominate slip system can also be affected by the inter planar spacing. In HCP metals, such 

as Zr and Ti, prismatic slip is the dominate slip system. The Peierls-Nabarro stress defines the 

minimum shear stress required for dislocation motion and decreases with increased planar 

spacing. In Zr and Ti, the c/a axis ratio is reduced, compared to Mg, meaning the spacing 

between the basal planes is reduced relative to the spacing of the prismatic planes. This 

reduction of the c/a axis ratio results in prismatic slip becoming the dominate slip system in 

these metals.102 Reducing the c/a axis ratio of the Mg HCP crystal structure through appropriate 

alloying can be used to improve ductility through increasing activation of prismatic slip. One 

example of this is seen in MgLi alloys. When low levels (<5.5wt%) of Li are alloyed with Mg the 

Li remains in solution and reduces the interplanar spacing of the basal planes, causing the c/a 

axis to reduce. This results in improved ductility of these alloys through increased activation of 

prismatic slip.103 When alloyed above 5.5wt% a Li rich phase forms with a BCC structure which 

further improves the ductility of the alloy though at the expense of strength and corrosion 

resistance which both decrease with the formation of this phase.48 Experimentally alloying with 

Li has been shown to also increase the activation of pyramidal slip which is vital in 

accommodating strains along the c-axis. The mechanisms behind the increased activation of 

pyramidal slip are unclear and cannot be explained by the reduced c/a axis ratio.104, 105 

2.2.2 Twinning 

Due to the lack of easily activated slip systems at room temperature, twinning plays an 

important role in the deformation of Mg alloys, particularly tensile twinning. Deformation twins 

form when a crystal shears along a plane (mirror plane), resulting in “twinned” and “un-twinned” 

regions forming. The twinned region is a mirror image of the un-twinned region, sheared at a 

specific angle (defined by the twinning mode) about the mirror plane. Twinning, unlike slip, only 

operates in one direction meaning its activation depends upon the straining direction of the 

grain. In Mg alloys, tension and compression twins are activated when the c-axis of the HCP 

crystal structure is strained in tension and compression respectively. Tensile twinning commonly 
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occurs on the {101̅2} plane and compression twinning on the {101̅1} plane.106 Tension twinning 

is the dominant twinning mode in Mg and after basal slip it is the second most readily activated 

deformation mode with a CRSS of approximately 2MPa in single crystal studies. Compression 

twinning has a much higher CRSS (100MPa) and as such is less readily activated.107 Both tensile 

and compressive twinning result in a reorientation of the grain about the twin plane, the angle 

of this reorientation is consistent for each twin mode. {101̅2} twins result in a reorientation of 

the basal pole by 86° whereas {101̅1} twins result in a reorientation of 56°.108 

As mentioned, twinning is directional, however if a heavily twinned microstructure is deformed 

through reverse loading, tensile and compressive twins have been shown to reverse, termed 

detwinning.  Jäger et al.109 investigated the detwinning effect during bending of pure Mg wires 

with a diameter of 250µm. The nature of deformation through bending results in a varying stress 

state developing through the sample with compression along the inner diameter (ID) and 

tension on the outer diameter (OD) of the bend, this stress state is of course reversed if the wire 

is straightened and bent in the opposite direction. Owing to the typical basal texture developed 

in Mg wires the majority of grains were aligned with their c-axis perpendicular to the drawing 

direction (DD). Therefore, during compressive loading (in the DD), tensile twinning is preferred 

and vice versa. Jäger et al.109 first showed that during progressive bending around smaller 

diameters tensile twining was activated along the ID of the bend and the activation of tensile 

twinning was increased as the bend diameter decreased. The authors also investigated the 

deformation during a single cycle of reverse loading through bending the wire around a 1.5mm 

radius, straightening and reverse bending around a 1.5mm radius. During this loading cycle 

tensile twinning was observed along the ID of the bend, upon straightening “detwinning” was 

observed in this region and upon reverse bending tensile twins were developed on other side of 

the wire as it underwent compressive loading, Figure 2.3. In order to accommodate the 

deformation twins during bending, slip is activated resulting in a build-up of dislocations that do 

not exhibit the same reversibility as the twins upon reverse loading. Thus, during repeated 

bending there is a build-up of dislocations and residual twins (though detwinning can occur, not 

all deformation twins will de-twin and as such can be termed residual twins) during repeated 

bending cycles that contributes to a loss of mechanical integrity. To demonstrate this Jäger et 

al.109 performed repeated bending (5 cycles) on the wire and visualised the microstructure with 

kernel average miss orientation (KAM) mapping, Figure 2.4. From Figure 2.4 it can be seen that 

following the 5 cycles of loading a clear band of stress concentration develops through the wire 

that is caused through the progressive build-up of dislocations and residual twins. The build-up 
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of dislocations and residual twins will act as potential sites for crack initiation during fatigue 

testing.109 

2.2.3 Shear Band Formation 

Shear bands are bands of high localised strain that are often developed during forming.  Shear 

bands are typically associated with strain localisation initiating along compression and double 

twins. Compression and double twins result in a reorientation of the grain that offers a softer 

orientation for basal slip. Consequently, basal slip can be readily activated resulting in a build-

up of internal strain within the shear band that, unlike the twin boundary, can extend through 

multiple grains. 108, 110  Owing to the high concentration of internal strain within shear bands they 

Figure 2.3: A wire bent around a radius of 1.5 mm (a), then straightened (SW) (b) and consequently bent again 
around a radius of 1.5 mm in the opposite direction (c). Colour schemes on the right depict orientation of the c-

axis with respect to the ED (ED is vertical); original as-extruded orientation is in blue, and twinned 
reorientation is in red. Scale bar in a) is valid for all micrographs. Corresponding (0002) pole figures below are 

calculated from OIM maps and show texture evolution during bending due to (1012} twinning109 

Figure 2.4: Stress concentrations of the wires visualized via KAM; a) as-extruded straight wire; b) after bending 
around a radius of 1.5 mm; c) after bending around a sharp edge; d) after repeated bending (5 × ±90°) around a 

right angle. Note that a band of strain109 
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are often pre cursers for failure, whilst they also act as nucleation sites during recrystallisation. 

108, 110 In Mg alloys typically few shear bands are formed but those that do are often large and 

traverse through multiple grains. This was shown by Sandlöbes et al.111 when the authors 

observed large shear bands within the microstructure of a rolled pure Mg plate that begun to 

crack around the edges after 10% thickness reduction. However, the authors compared this to 

a Mg-3Y alloy plate. In the Mg-3Y plate, cracking was only observed after a 40-50% area 

reduction. The microstructure of the Mg-3Y alloy contained a high number of small shear bands 

evenly distributed through the microstructure. The authors attributed this to increased 

activation of pyramidal slip, contraction, and double twinning in the Mg-3Y alloy compared to 

the pure Mg sheet. Instead of initiating early failure the formation of a homogeneous 

distribution of  small shear bands improved ductility through allowing an additional path for 

internal strain to be stored during continued deformation.111 

2.2.4 Deformation Texture 

Mg and its alloys typically develop a basal texture during forming via standard rolling, extrusion 

and drawing routes.107 Following forming, the basal planes of the grains are aligned parallel to 

the forming direction, this is termed the basal texture. The basal texture developed in Mg alloys 

during rolling and extrusion are described in the work of Nie et al.107 Figure 2.5 and Figure 2.6 

reproduce figures from this work that aid in the understanding of the deformed texture 

developed in rolled and extruded Mg alloys respectively.107 The texture shown in Figure 2.6 for 

the extruded alloy is similar to that which is typically developed in drawn Mg alloys.112 Typically 

the basal texture developed during forming of Mg alloys is maintained during recrystallisation. 

Although through selective alloying and tailoring of thermal processing routes the texture can 

be weakened during recrystallisation. 

The basal texture is developed due to the dominance of basal slip during deformation. Activation 

of basal slip during forming, causes grains to reorientate with their basal planes parallel to the 

forming direction. Further, in grains aligned with their c-axis parallel to the forming direction, 

where the activation of basal slip will be most suppressed, tensile twinning can be readily 

activated. This results in the reorientation of the grains by 86°, which further promotes the 

formation of the basal texture.107 This strong texture coupled with the dominance of basal slip, 

low activity of the non-basal slip systems and directionality of deformation twinning explain the 

anisotropic properties associated with Mg alloys. Much work has been conducted on 

characterising the anisotropic properties of Mg alloys as it severely limits the application of these 
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alloys in the design of components/devices that will experience multi axial loading. Wu et al.113 

demonstrated this anisotropy through tensile and compression testing of a rolled AZ31B alloy, 

(that exhibited a strong basal texture) along the rolling (RD), normal (ND) and transverse 

directions (TD). Figure 2.7 shows the results from this study where the anisotropic properties of 

the alloy are clearly shown. In all the loading directions the grains are not well aligned for basal 

slip meaning the influence of additional deformation mechanisms will play a key role in the 

deformation of the samples. Samples loaded in tension along the TD and RD exhibited the 

highest ductility as, the grains are well aligned for the activation of prismatic slip. Whilst 

compression along the TD and RD will result in c-axis extension, resulting in activation of tensile 

twinning. This results in the stress-strain curves following the typical trend associated with 

twinning dominated deformation, low YS followed by an initial low hardening rate before a rapid 

increase in hardening. Similarly, when loaded in tension along the ND the grains will be well 

Figure 2.5: Cube of EBSD orientation maps of TD–ND, RD–ND, and RD–TD surfaces of a cold-rolled pure Mg 
sheet. TD is the abbreviation of transverse direction. Schematic illustration showing a basal texture, i.e., 

[0001]//ND. EBSD (0002) pole figures of TD–ND, RD–ND107 
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aligned for tensile twinning and the stress-strain curve is similar to the curves seen for the 

compressive loading along the TD and RD. Finally, when loaded in compression in the ND the 

grains are poorly aligned for both basal and prismatic slip as well as tensile twinning. This results 

in reduced ductility of the alloy when loaded in compression along the ND.113 The anisotropic 

properties of Mg alloys can be reduced through alloying additions to increase the activation of 

non-basal slip at room temperature and weakening of the strong basal texture.  

2.3 Recrystallisation 

Recrystallisation occurs in deformed metals when heated above a specific temperature, termed 

the recrystallisation temperature, and results in the deformed grains being replaced by new, 

strain-free grains. The recrystallisation temperature depends on the alloy composition and prior 

Figure 2.6: Cube of EBSD orientation maps of pure Mg extruded at 80 °C with a ram speed of 0.1 mm s−1 and an 
extrusion ratio of 19:1. EBSD basal pole figures of three surfaces of the cube, and inverse pole figure along the 

ED. The average grain size is ~1.2µm107 
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deformation. Recrystallisation can occur during deformation, termed dynamic recrystallisation 

(DRX), or statically during annealing treatments post deformation, termed static recrystallisation 

(SRX). DRX plays an important role in the hot forming of Mg alloys and much work has been 

conducted to control the DRX processes activated during hot forming of Mg alloys.114 However, 

as this work focuses on the annealing of cold drawn Mg alloy wires only SRX mechanisms will be 

discussed here.  

The recrystallisation of a strain free microstructure is a complex process that can be broken 

down into 3 key stages. Firstly, recovery of the deformed microstructure takes place, where the 

internal strains of the deformed microstructure are slowly relieved, and the dislocation density 

of the deformed material lessens. Next, nucleation of new, strain free, grains initiates, first at 

the regions of highest internal strain (or greatest deformation). Following nucleation, these new 

grains begin to grow and consume adjacent deformed regions eventually leading to a fully 

recrystallised microstructure of new strain-free grains. In Mg alloys typically the recrystallised 

microstructure maintains the same texture as that of the deformed microstructure. This means 

that the basal texture is typically maintained in Mg alloys following recrystallisation. The 

recrystallisation of a basal texture is attributed to the nucleation mechanisms activated during 

annealing.107 The following subsections will discuss the four main nucleation sites and their 

influence on the recrystallised texture of Mg alloys. 

Figure 2.7: The monotonic mechanical responses loaded, respectively, along 
the RD, TD and ND directions both under compression (C) and tension (T) of 

AZ31B alloy. Solid lines for tension, and dashed lines for compression113 
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2.3.1 Grain Boundary Nucleation  

Grain boundaries are common sites for nucleation in Mg alloys. During deformation dislocations 

can easily pile up at grain boundaries, resulting in an increase in stored energy. This is relived 

through bulging of the boundary into the adjacent grain. These sites act as potential nucleation 

sites during SRX, owing to the build-up of internal stored energy.  In typical Mg alloys produced 

via cold forming techniques where dislocations readily pile up at grain boundaries, these sites 

act as the predominate nucleation sites during subsequent annealing.115 Generally, grains 

nucleated along prior grain boundaries have similar orientations to the deformed 

microstructure. Consequently, in Mg alloys where the deformed microstructure typically 

exhibits a strong basal texture, so too does the recrystallised microstructure post annealing.115-

117   

2.3.2 Twin Boundary Nucleation 

Nucleation from deformation twins during annealing can result in a shift in texture from the 

original microstructure following recrystallisation. As described, there are several deformation 

twinning mechanisms activated within Mg alloys with {101̅2} tensile twinning, {101̅1} 

compression twinning and {101̅1}-{101̅2} double twinning being the most common. These 

twinning mechanisms result in the reorientation of the grains by 86°, 56° and 38° respectively.118 

Typically, grains nucleated from within twins tend to grow with similar orientations to the 

twinned region meaning nucleation of grains from within compression and double twins have 

non-basal orientation.119, 120  

Nucleation from tensile twins is not frequently observed as the reorientation of the grains by 

86° means the grains are poorly aligned for the activation of basal slip. Consequently, during 

further deformation this results in a low build-up of internal stored energy at tensile twins 

meaning nucleation is initiated first from regions of higher internal stored energy, such as 

compression and double twins.118, 120 The reorientation seen with compression and double twins 

more favourably aligns grains for basal slip, resulting in a build-up of high internal energy at 

these bands. The high internal stored energy at these bands makes compression and double 

twins’ ideal sites for nucleation. The contribution of grains nucleated from compression and 

double twins to the overall texture post recrystallisation is limited as often the number of these 

twins formed during deformation are relatively limited in common Mg alloys. Further, 

recrystallised grains tend to not grow beyond the twin boundary meaning their influence on the 
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final microstructure is limited.119-122 However, grains nucleated from intersections between 

double twins with grain boundaries and twin boundaries have been reported to grow into the 

surrounding matrix and consequently have a higher influence on the final recrystallised texture. 

Grains nucleated from these regions grow with non-basal orientations and have been associated 

with recrystallisation of non-basal textures.118   

Nucleation within tensile twins has been observed when the twin band thickness is much wider 

than the surrounding matrix. Xin et al.123 loaded a Mg-3Al-Zn alloy (in an orientation to promote 

the activation of tensile twinning) to varying extents to produce deformed microstructures with 

a high density of tensile twins with varying thicknesses. The samples deformed to a lesser extent 

developed thin twins where the adjacent matrix was much larger than the twin boundary. In the 

highly deformed sample, the twins were thicker than the surrounding matrix. Following 

annealing the authors noted that a clear thickness effect was apparent. During annealing the 

narrow twins were consumed by the surrounding matrix whereas when the twin thickness was 

larger than the surrounding matrix the grain nucleated from within the twin consumed the 

surrounding matrix. Consequently, in the deformed samples with large, thick, twin boundaries 

nucleation from within the tensile twins dominated. Consequently, the recrystallised texture 

had an 86° rotation from the deformed texture, as the recrystallised grains nucleated with the 

same orientation as the tensile twins. In contrast in the samples with thin twins, the deformation 

texture was maintained following recrystallisation.  A similar shift in texture has been observed 

by Kim et al.115 following recrystallisation of an Mg alloy where recrystallised grains from tensile 

twins dominated the final microstructure.  

2.3.3 Shear Band Nucleation 

Shear bands are ideal nucleation sites in Mg alloys as they are bands of high internal energy, 

where nucleation will preferentially activate. Within shear bands there is generally a spread in 

internal orientation, meaning that grains nucleated from these bands exhibit a wide range of 

orientations. Consequently shear band nucleation can contribute to weakening of the strong 

basal texture developed during forming.124-126 However, in common Mg alloys typically few, large 

shear bands are developed meaning any contribution of shear band nucleation to the overall 

recrystallised microstructure is generally limited. Nevertheless, it has been shown that in Mg 

alloys, grains nucleated from shear bands typically exhibit a range of orientation spreads and 

can contribute to weakening of the strong basal texture of Mg alloys.117 Should the number of 
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shear bands present throughout the deformed microstructure be increased, the contribution of 

grains nucleated from within these bands to the overall, recrystallised, texture will also increase.  

2.3.4 Particle Stimulated Nucleation 

Particles distributed throughout the microstructure can both act to suppress and promote 

recrystallisation. Small particles can act to pin boundaries, restricting their mobility and retard 

recrystallisation, whilst larger particles (>1µm) can act as potential nucleation sites.127 Larger 

secondary phase particles act as barriers to dislocations during forming which results in 

strengthening. This results in a build-up of internal stored energy at these particles, making them 

ideal sites for nucleation of new grains during thermal processing.127 The deformation zone 

around the particle generally has high misorientation and consequently grains nucleated from 

PSN have random orientations. However, PSN is in competition with all other nucleation 

mechanisms during thermal processing. Typically grains nucleated from PSN are small and tend 

to lose out to other nucleation mechanisms which have a growth advantage and dominate the 

final microstructure. Therefore, grains nucleated through PSN have little contribution to the 

overall texture developed in Mg alloys.117, 127-130 

2.4 Rare Earth Alloys  

The rare earth elements (REE) describe 17 chemical elements that have similar chemical 

properties, they are made up of the Lanthanides, Sc and Y. REE that are commonly alloyed with 

Mg are La, Ce, Nd, Eu, Gd, Dy, Er and Y. REE were originally alloyed with MgAl alloys to improve 

strength and creep resistance.131 Since, REE have been widely applied to Mg alloys to improve 

strength through both precipitation and solution strengthening, such as Y and Gd which exhibit 

increased strengthening capabilities over other alloys in solid solution.132, 133  REE have also been 

shown to improve ductility of Mg alloys through increasing the activation of non-basal slip and 

weakening of the strong basal texture developed during forming of Mg alloys.134-136 

2.4.1  Rare Earth Texture 

As described in Section 2.2.4 Mg alloys generally develop a basal texture during standard 

forming processes. This texture limits the formability of the alloys during further deformation in 

the forming direction and creates the yield anisotropy seen in Mg alloys. Ball and Prangnell137 

were one of the first to observe weakening of this texture following extrusion of the MgRE alloy 

WE53. They observed that the basal plane had no alignment with the extrusion direction, which 
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resulted in reduced yield asymmetry of this alloy compared to a non-RE alloy.137 Since, alloying 

Mg alloys with REE has been extensively researched  for the purpose of weakening the strong 

basal texture and formation of the characteristic “rare earth texture”.126, 138-141 There are 

competing hypothesis on the underlying mechanisms responsible for the formation of the RE 

texture.129, 142 These competing hypotheses generally centre on different recrystallisation 

mechanisms that will be discussed further in the following section. Although the underlying 

mechanisms are not well understood the effect on the mechanical properties of the RE texture 

is better understood as well as the effect the alloy composition and thermal processing 

conditions have on its development.   

The RE texture is primarily beneficial in improving the ductility and reducing the anisotropy of 

Mg alloys. Wu et al.143 investigated the effect of the rare earth texture in a range of MgY binary 

alloys. The authors prepared extruded pure Mg, Mg2Y and Mg4Y samples with the same grain 

size for tensile testing. The pure Mg sample exhibited a standard strong basal texture with the 

c-axis of the grains perpendicular to the extrusion direction, whereas the Mg2Y and Mg4Y alloys 

developed a more random texture post annealing. As a result, the tensile elongation to failure 

of the pure Mg increased from 15% to 21 and 30% for the Mg2Y and Mg4Y alloys respectively. 

With the grain size remaining constant between the alloys the authors attributed the increased 

ductility to the weakened basal texture. Though with the texture developed in the Mg2Y and 

Mg4Y alloys being similar, texture alone cannot explain the increase in ductility between these 

two samples. Stanford et al.144 showed a similar effect in the investigation of a range of four 

rolled MgGd alloys with varying Gd content.144 They demonstrated that the Gd containing alloys 

developed weaker textures post annealing and hence increased ductility as seen in Figure 2.8. 

Stanford et al.144 showed that the texture intensity of the MgGd alloys decreased rapidly up to 

∼1 wt% of Gd and remained relatively unchanged above this, yet there was a clear increase in 

ductility. This suggests that the improvements in ductility seen in RE alloys is not solely 

attributed to weakening of the basal texture.144 

In order for the RE texture to be developed in MgRE alloys some minimum RE content is 

required, termed the critical concentration. Hantzsche et al.145 found that the RE texture in  Ce, 

Nd and Y binary alloys only developed once some minimum concentration of alloying additions 

was reached, as shown in Figure 2.9. When the RE content is below the critical concentration a 
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basal texture is recrystallised but once the critical level is reached a RE texture is recrystallised 

in each alloy. No further weakening of the texture was seen as the RE content was increased 

beyond the critical concentration.  

2.4.2  Static Recrystallisation  

The formation of the rare earth texture is generally developed post recrystallisation as opposed 

to being related to alterations in the deformation texture. The RE texture can be developed in 

MgRE alloys (with sufficient RE content) during thermomechanical processing and post forming 

following an annealing process. This work focusses on the application of a cold drawn Mg alloy 

wire so therefore the focus here will be on the SRX of MgRE alloys. There are many competing 

Figure 2.9: Maximum (0 0 0 2)-pole figure intensity after annealing145 

Figure 2.8: a) Effect of alloy content on the recrystallisation texture strength of Mg–Gd binary alloys b) Typical 
stress–strain curves for the alloys examined, all with a fully recrystallised microstructures and a 10 μm grain size144 

a) b) 
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mechanisms suggested for the recrystallisation of the RE texture such as, increased non-basal 

slip, preferential nucleation sites, orientated grain growth and solute drag.126, 140, 146  

A number of studies have demonstrated that a high density of shear bands are developed during 

forming of MgRE alloys and the recrystallised microstructure is dominated by randomly 

orientated grains nucleated from these bands.121, 124, 126, 139, 147, 148 Compression and double twins 

are often both present in MgRE alloys microstructure along with a high density of shear bands, 

meaning it is often difficult to decern if nucleation from either are primarily responsible for the 

formation of the RE texture. However, a study by Guan et al.140  addressed this by investigating 

the recrystallisation of a WE43 alloy deformed to contain few shear bands but a high density of 

double twins. Their work showed that the preferred nucleation site in the samples were from 

double twins (in particular at double twin-double twin and double twin-grain boundary 

intersections). As these sites were the main nucleation sites and dominated the microstructure 

they were responsible for the RE texture developed post annealing in the samples 

investigated.140 Despite both double twins and shear bands being shown to be, in part, 

responsible for the RE texture their presence alone is not sufficient to develop the RE texture as 

in non-RE alloys with a high density of shear bands, the RE texture is not developed during SRX.149 

It has been proposed that the segregation of RE atoms to the grain boundaries results in oriented 

growth that promotes the formation of the RE texture through a solute drag effect that retards 

some recrystallisation mechanisms.146, 150, 151 The segregation of these RE atoms restricts 

recrystallisation along grain boundaries (that generally nucleate and grow grains with the same 

orientation as the deformed microstructure) and promote nucleation at sites that nucleate and 

grow grains with a more random orientation, such as from shear bands and double twins.129, 151  

Robson et al.152  showed that the segregation of solute atoms to the grain boundaries can be 

estimated by the size-misfit between the solute atoms relative to the Mg matrix.152 All REE have 

larger atomic radii compared to Mg, meaning they cause misfit strains to form in the matrix of 

the smaller Mg atoms. These misfit strains are relaxed through the diffusion of the larger REE to 

the grain boundaries.151, 152 The segregation of REE can lead to high local concentrations of REE 

along the grain boundaries compared to the Mg matrix. In a Mg0.15Y (at%) alloy there was found 

to be a concentration of 2.4at% Y in a grain boundary.150 Segregation of REE to the grain 

boundaries results in a solute drag effect that restricts boundary mobility, resulting in the growth 

rate of grains nucleated along the boundaries decreasing.117, 152, 153 This allows grains nucleated 

from shear bands (with off-basal orientations) to have a growth advantage over those nucleated 
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from the grain boundaries (with basal orientations), resulting in shear band nucleation 

dominating and developing the RE texture.117, 154 Solute drag is temperature dependant and its 

drag effect is increased with increasing temperature up until approximately 500°C  and 

decreases above 500°C. This is attributed to the balance between increased solute diffusivity 

and boundary mobility at higher temperatures. As temperature is increased the diffusivity of the 

REE increases meaning the concentration of REE at the boundaries increases, thus increasing 

the drag effect. However, as the temperature continues to increase so does boundary mobility 

and when sufficiently high the boundary can break free of the solute atmosphere formed, which 

has been shown to correspond with the recrystallisation of the typical basal texture during high 

temperature annealing.154 However, during the SRX of a WE43 alloy with a high density of shear 

bands and double twins at 545°C (where solute drag and Zenner pinning would be suppressed) 

a non-basal texture was still recrystallised, indicating that the density of shear bands and double 

twins must also play a role in the formation of the RE texture.126 

Further, Basu et al.124 demonstrated in a MgGd binary alloy the RE texture was not developed 

during annealing at lower temperatures (<350°C) but following annealing at 350°C and above a 

RE texture was developed. In a follow up study Basu et al.117 it was shown that in a quaternary 

alloy (Mg–1Zn–0.6Zr–1Gd) the transition temperature for RE texture formation was lowered 

compared to the binary MgGd alloy, to 300°C. This was attributed to increased shear band 

formation and segregation of both RE and Zn atoms to grain boundaries resulting in increased 

solute drag. The greater effect of solute drag combined with increased shear banding allows the 

dominant recrystallisation mechanism to transfer to shear band nucleation at lower 

temperatures compared to the binary MgGd alloy.117 As mentioned the RE texture is generally 

associated with MgRE alloys however the RE texture has been shown to be developed in Ca 

containing alloys.121, 147, 155, 156 As with REE Ca atoms are larger than the Mg atoms and as such 

segregate to the boundaries, which can restrict grain boundary mobility through solute drag and 

activate texture weakening. However, in MgCa alloys, generally only weakening of the basal 

texture is observed rather than development of more random RE textures. Though this 

weakening effect can be amplified in MgCaZn ternary alloys. The segregation of both Ca and Zn 

to the grain boundaries decreases the boundary mobility more than Ca alone, resulting in 

increased solute drag and as such increased texture weakening.147, 156   
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2.5 Current Mg Alloys for bioresorbable devices 

Numerous Mg alloys have been investigated for application in BVS technology, however of the 

range of alloys three, in particular, have gained much attention. Firstly, WE43, the alloy used in 

the Magmaris device is the most relevant Mg alloy in terms of BVS technology as it is the only 

alloy to be applied in a device applied widely in the clinical setting. MeKo (Sarstedt, Germany) 

have developed a MgRE alloy (Resoloy) specifically for application in BVS technology.89 Finally a 

RE free alloy, ZX10, will be described. This alloy was developed specifically for bioresorbable 

medical devices and has been investigated for a range of applications. Its potential for use in 

BVS technology is clear with Biotronik currently holding a patent “Magnesium-zinc-calcium alloy 

and method for producing implants containing the same” (US-11499214-B2) for its use in a range 

of devices including in BVS technology.157  

For each of the three alloys described, a range of mechanical properties can be found within the 

literature. However, concerning the topic of this work, data has been collated from articles 

investigating small diameter wires for application in bioresorbable medical devices.158, 159 This 

data is summarised in Table 2-2 and will serve to provide a comparison for the alloys investigated 

as part of this work.  

2.5.1 WE43 

WE43 is a creep resistant MgRE alloy originally developed for the aerospace industry for use in 

components exposed to high temperatures. WE43 alloys contain 4wt% Y and 3wt% of a mixture 

of REE consisting mainly of Nd, often Zr is added as a grain refiner. WE43 is an age hardenable 

alloy, meaning its mechanical properties can be controlled through altering the aging process to 

control the size, distribution and structure of precipitates formed. The precipitation reactions in 

Table 2-2: Mechanical properties of the small diameter WE43, Resoloy and ZX10 alloys 

ALLOY DIAMETER 
OF TEST 
SAMPLE 

(mm) 

GAUGE 
LENGTH 

(mm) 

UTS (MPa) YS (MPa) ELONGATION 
TO FAILURE 

(%) 

WE43158 0.5 127 ≈300 ≈260 ≈17 
RESOLOY158 0.5 127 ≈350 ≈280 ≈18 

ZX10159 0.28 50 222 160 18.4 
*It should be noted that the data on WE43 and Resoloy has been read from tensile plots from the relevant 

reference meaning some reading error in the values reported in the above table are to be expected 
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Mg-Y-Nd alloys have been widely studied and tend to follow a 4-stage precipitation process as 

follows.160, 161 

Mg (SSSS)→β″ (DO19)→β′ (bco)→β1 (fcc)→β(fcc) 

The above sequence is considered an acceptable approximation of the precipitation process but 

there are still conflicting reports on the composition of the phases present.162 Regardless of the 

composition it is better understood how these precipitates develop throughout the aging 

process and how they affect the properties of the alloy.  

The properties of WE43 are controlled through altering the aging process to produce the desired 

precipitate morphology and distribution to achieve the optimum mechanical properties for its 

application. Generally, when in solid solution WE43 exhibits maximum ductility and minimum 

strength. As the aging time is increased and a greater volume fraction of inter metallic particles 

(IMP) form, the strength increases whilst ductility decreases. In creep resistant applications 

where ductility is not required often the material will be aged for up to 48h at 280°C. When 

ductility is of more concern, such as in BVS design, the alloy may undergo a solution treatment, 

or be aged for only a short time to marginally increase the strength whilst minimising loss of 

ductility.161, 163  

The type and volume fraction of precipitates formed can also directly affect the behaviour of 

WE43 in corrosive environments. A study by Argade et al.163 investigated solution annealed, 

under, peak and over aged WE43 alloys corrosion resistance, through static immersion testing. 

The authors also conducted slow strain rate testing in NaCl solution to investigate the alloy’s 

susceptibility to stress corrosion cracking (SCC). During static immersion testing all conditions of 

WE43 corroded through pitting. The solution annealed sample showed the highest corrosion 

resistance, which the authors attributed to the presence of Y and Nd in solid solution reducing 

the micro-galvanic effect seen in the aged samples between the Mg matrix and IMP. During the 

slow strain rate testing the various samples were tested at a strain rate of 10−6s−1 in NaCl 

solution. The over aged sample exhibited the lowest susceptibility to SCC followed by the 

solution annealed sample. The aged samples all failed predominantly through intergranular 

cracking caused by anodic dissolution of the Mg matrix adjacent to cathodic IMP. As the particles 

precipitate along the grain boundaries in WE43, the matrix adjacent to these undergoes anodic 

dissolution, which can cause crack initiation and then propagation along the adjacent grain 

boundary. The over aged sample however shows the lowest susceptibility to SCC, which is 

attributed to the increased aging time allowing for the microchemistry between the grain 
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boundaries and Mg matrix to reach equilibrium. This is shown when analysing the fractured 

surfaces, as the authors note reduced intergranular cracking of the over aged sample, caused by 

more stable grain boundary chemistry.163  

2.5.2 Resoloy 

Resoloy (Mg-10Dy-1Nd-1Zn-0.2Zr) is an alloy designed specifically for use in bioresorbable 

medical implants. Resoloy’s main alloying addition is Dy and was developed considering the 

impressive mechanical properties and corrosion resistance of Mg-10Dy.164 Dy has a high 

solubility in magnesium (23.5wt% at 561°C) meaning it can improve the properties of 

magnesium through both solid solution and precipitation strengthening. Zr is alloyed to refine 

the grain structure and remove impurities during casting to improve corrosion resistance. In 

contrast to Dy, Nd has a low solubility in magnesium and is used to strengthen Resoloy through 

formation of precipitates along the grain boundaries. These precipitates also aid in stabilising 

the grain boundaries preventing excessive grain growth during annealing. Zn is alloyed to form 

long period stacking order structures with the Dy to primarily improve corrosion resistance.158, 

165 The strengthening effect of the Nd precipitates and long period stacking order phase on 

Resoloy are what sets it apart from the two other alloys discussed in this section.  

As Resoloy was developed specifically for use in resorbable medical devices it was considered 

how it would corrode under static and dynamic loading in corrosive environments. Maier et al.158 

investigated the corrosion resistance of Resoloy and WE43 500μm wires during static immersion 

testing in Ringers solution at 37°C. Both alloys corroded through the formation of wide, shallow, 

and overlapping corrosion pits. Formation of these pits resulted in uniform corrosion of both 

alloys and neither developed pits that would act as stress concentration sites if they were subject 

to loading. Though both alloys corroded homogeneously the WE43 experienced more rapid 

corrosion attack. The Resoloy wire outperformed the WE43 wire during fatigue testing in air due 

to its higher YS (see Table 2-2). Despite the performance of Resoloy during the previous two 

tests, the WE43 alloy outperformed the Resoloy wire during corrosion fatigue testing. The WE43 

alloy corroded in a similar manner to how it did during static immersion testing however the 

Resoloy wire was more susceptible to pitting and cracking. The authors reasoned that the poor 

performance of Resoloy during corrosion fatigue testing could be attributed to an 

inhomogeneous microstructure caused by restricted recovery of the drawn microstructure 

during annealing. During drawing of metal wires, the grains become elongated in the DD, which 

is undesirable for further deformation. Subsequent heat treatment procedures are required to 
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restore the microstructure. Both alloys in this study were recrystallised post wire drawing with 

the WE43 wire displaying a homogeneous globular microstructure, however the Resoloy wires 

microstructure partially maintained the drawing texture. The authors attribute this to the higher 

volume fraction of second phases present in Resoloy elongating in the DD and restricting the full 

recrystallisation of the microstructure.158 In another study by Maier et al.165 elongated IMP were 

also seen in extruded Resoloy tubes with a diameter of 35mm and wall thickness of 5mm. Only 

after solution heat treatment for 72h at 500°C were the elongated second phases removed from 

the microstructure, which increased the grain size significantly. These studies reveal a limitation 

in Resoloy caused by the elongation of the secondary phase particles during drawing and 

extrusion only being removed after solution treatment for a long time, which results in 

significant grain growth which is not desirable for mechanical properties.  

2.5.3 ZX10 

There is a growing desire to develop RE free magnesium alloys due to uncertainty over the long-

term effects of RE elements.166, 167 Mg-Zn-Ca alloys (ZX alloys) are proposed as a suitable RE free 

alloy due impressive mechanical properties brought about by the alloying additions of Zn and 

Ca which are essential elements in the body.168 The solid solution strengthening capabilities of 

Zn in Mg is a well published effect.133 Depending on the Zn/Ca atomic ratio different 

compositions of IMP are formed that restrict grain growth during thermal mechanical 

processing.169 Grain refinement results from the restricted grain growth which improves both 

the strength and ductility of these alloys through the Hall-Petch effect and activation of non-

basal slip.170    

Originally ZX50 (Mg-5Zn-0.25Ca) was investigated as it showed impressive mechanical 

properties. As mentioned, the alloys in the ZX series achieve impressive ductility through 

suppressing grain growth through the formation of IMPs. ZX50 forms a noble Mg6Zn3Ca2 phase, 

which acts as a cathodic site to the magnesium matrix, leading to severe localised corrosion and 

pitting.168 Bakhsheshi-Rad et al.169 showed that the IMPs formed in MgZnCa alloys is affected by 

the Zn/Ca atomic ratio and that for a ratio below 1.23, Mg2Ca IMPs are formed. MgCa2 is less 

noble than the Mg matrix meaning it acts as an anodic site and prevents the rapid dissolution of 

the bulk magnesium matrix, improving static corrosion resistance.171 The ZX10 (Mg-1Zn-0.3Ca) 

alloy was developed as its Zn/Ca ratio falls below 1.23 so forms the anodic IMP MgCa2 to benefit 

from improved corrosion resistance compared to the ZX50 alloy.168  
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The less noble MgCa2 IMP is beneficial in improving the corrosion resistance in ZX10, though 

does not remove fully the consequences of galvanic corrosion, which can cause issues during 

fatigue testing. Electrochemical differences between the MgCa2 IMP and Mg matrix result in 

preferential corrosion of the MgCa2 phase. The preferential corrosion of the MgCa2 phase still 

improves the static and dynamic corrosion resistance compared to ZX50 alloy however during 

cyclic loading dissolution of the MgCa2 IMP can accelerate crack growth by creating an easy path 

for crack propagation.168 A study by Jafari et al.172 investigated the stress corrosion cracking and 

corrosion fatigue resistance of two ZX10 alloys heat treated at 325 and 400°C. Both alloys 

exhibited a bimodal microstructure, with regions of unrecrystallised and recrystallised grains, 

with a basal texture. The alloy treated at 325°C is expected to have contained a higher 

percentage of MgCa2 IMPs in agreement with the work of Hofstetter et al.173 The results showed 

the alloy treated at 325°C had improved mechanical properties compared to the alloy treated 

at 400°C owing to its more refined grain structure and greater volume fraction of IMPs but was 

more susceptible to corrosion fatigue. Both alloys contained MgCa2 IMPs that would undergo 

anodic dissolution and provide an easy path for crack propagation but as the alloy treated at 

325°C had a higher volume fraction of IMPs it was shown to be more susceptible to corrosion 

fatigue. Despite this ZX10 remains an attractive biomaterial that can undergo uniform corrosion 

in vivo but it is susceptible to corrosion fatigue, caused by anodic dissolution of its IMPs.  

2.6 Summary  

The potential to improve patients’ quality of life with the successful development of BVS devices 

is clear. However, the relatively limited range of materials suitable for application in BVS 

technology makes developing BVS technology a challenging endeavour, meaning new alloys 

must be developed that exhibit suitable degradation and mechanical properties. Of the available 

materials, Mg alloys offer the most attractive solution owing to their appropriate degradation 

rates. One of the major limitations of Mg alloys is their lack of ductility which limits their 

application in the design of new balloon expandable BVS devices that are required to undergo 

high levels of plastic deformation during deployment. The reduced ductility of Mg alloys is 

known to be caused by both the limited number of available slip systems active at room 

temperature and the strong basal texture typically developed during recrystallisation following 

deformation. Careful tailoring of the processing routes applied during device manufacture can 

be carried out to improve the mechanical performance of Mg based devices. 
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The Magmaris device (manufactured from WE43) is the only Mg based BVS device that has been 

made available commercially. Limited data is available on microstructure and mechanical 

performance of the device. However, it is known that poor performance of the device in vivo 

has resulted in Biotronik applying a new alloy (Mg-6.25Al) in their most recent device iteration 

(Dreams 3G) that is currently in first-in-man clinical trials. The continued development of the 

Magmaris/Dreams device demonstrates that the promise of the successful development of a 

BVS device remains. However, new Mg alloys and device processing routes must be investigated 

to overcome the limitations associated with the poor ductility of Mg alloys.  

The purpose of this thesis is to investigate two new Mg-Li-Y alloy wires for application in a novel 

wire form BVS device. To the author’s knowledge no other Mg based wire form BVS device is 

being developed currently. This, coupled with the bulk of research regarding bioresorbable 

applications of Mg alloys not focusing on the use of fine wires, means that the available 

literature concerning the investigation of small diameter Mg alloy wires is limited. Consequently, 

this thesis is novel in its approach in characterising two new Mg alloy wires for application in an 

innovative wire form BVS device. Thus, the findings from this thesis will contribute to influencing 

the direction of travel for the development of new geometry Mg based BVS devices through 

assessing the feasibility of, not only, the two new alloys under investigation but also the 

suitability of the new geometry. Consequently, new processing routes are investigated and 

developed for application during the manufacture of the novel wire form device to optimise its 

mechanical performance. One of the key limitations of Mg based BVS devices is their limited 

expansion range which is influenced by the limited ductility of available alloys, which is 

controlled by several microstructural characteristics. Very limited in-depth analysis of Mg based 

BVS devices microstructure is reported in the available literature. This thesis is novel in its 

approach of investigating the microstructural development and mechanical properties of the 

Mg alloy wires used to manufacture the device. Characterisation of the microstructural 

development through the complete manufacturing processes (from cold drawn wire to final 

device) allows for a deeper understanding of the alloy wire’s response to processing to be 

gained. Consequently, recommendations of future work and alloy development can be made.  
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Chapter 3: Materials and Experimental 

Methodology Development 

3.1 Introduction  

This chapter focuses on the development and validation of the various manufacturing and 

testing protocols used in the manufacture and analysis of the new Mg based BVS device under 

investigation. Bespoke manufacturing and testing protocols were required to be developed to 

analyse the Mg alloy wires under investigation, owing to their small diameter and reactive 

nature to environmental conditions. Initially, a vacuum oven was used to conduct an annealing 

study on the alloy wires provided. The known limitations of this setup, described in detail in 

Chapter 4, led to the development of a bespoke vacuum tube furnace. This chapter discusses 

the validation of both thermal processing routes and the design and manufacture of the vacuum 

tube furnace. The microstructural analysis and mechanical testing of the alloy wires and devices 

generally followed standard test protocols (described in Chapters 4 and 5). However, a new 

microhardness test protocol was required to be developed to determine appropriate loads for 

investigation of the microhardness of the fine alloy wires.  

The design and manufacture of the BVS under investigation is also described in this chapter. The 

geometric design and configuration of the proprietary device was not investigated as part of this 

work, however during testing of the final BVS device, described in Chapter 5, it was found that 

a surface treatment step was required to be developed to improve device performance in 

expansion. The development of this procedure is described in detail in Section 3.6. 

3.2 Materials  

Two Mg-Li-Y alloy wires with compositions by weight of Mg-4Li-0.5Y (0.5Y) and Mg-4Li-2Y (2Y) 

were provided by the manufacturer cold drawn to a diameter of 125μm, in their cold drawn 

state and following an annealing process post the final drawing step. The 0.5Y and 2Y alloy wires 

underwent different drawing processes, with the final drawing step imparting 80% and 65% cold 

work respectively. As both alloys were supplied by an outside company, no further detail on the 

casting, drawing and annealing processes were provided and therefore cannot be included here.   
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3.3 Annealing Protocols 

Two different annealing setups were investigated in this work to develop optimised thermal 

processing routes for both cold drawn alloy wires and the final device. The annealing 

optimisation studies on the cold drawn wires aimed to maximise the elongation to failure of 

each alloy wire as one of the key limitations in the application of Mg alloys in BVS technology is 

their limited ductility. Generally increased ductility is accompanied by a reduction in strength 

post annealing. However, as the strength of the wire influences the radial force of the final 

device, which is also influenced by wire size and device design it is complex to define some 

minimum YS/UTS that the wire must exhibit. Therefore, no minimum YS/UTS was defined during 

development of the annealing protocols. Instead, investigation of the radial force of the final 

device was used to assess the appropriateness of the alloy wires under investigation. 

Consequently, the annealing optimisation studies on the final device aimed to, first, maximise 

its expansion range before assessing if the radial force of the devices met a pre-defined 

minimum requirement. Chapter 5 discusses how the minimum expansion range and radial force 

targets were defined prior to testing. A vacuum oven and a vacuum tube furnace were used to 

optimise the properties of the cold drawn alloy wires and the final device. Both furnaces 

operated in a protective atmosphere (vacuum) in order to limit oxidation of the reactive Mg 

alloy wires during exposure to high temperatures. It is known that atmospheric annealing of Mg 

alloys can result in significant oxidation which is detrimental to the mechanical performance of 

the alloys, these effects will be amplified in small samples such as the 125µm wire analysed in 

this work.174, 175 First, the vacuum oven was used to optimise the properties of the cold drawn 

alloy wires and final device, but limitations in the heating/cooling rates of this setup led to the 

design and manufacture of a bespoke vacuum tube furnace setup. 

3.3.1 Vacuum Oven Test Protocol 

The vacuum oven (Vacuum Drying Oven - Nannyang Xinda Electrico-Mechanical co. Ltd) was 

available from project start and was initially used to conduct an annealing study on both alloy 

wires. The setup of the vacuum oven was limited in that samples had to be placed inside the 

furnace at room temperature, a vacuum could then be pulled on the chamber before the furnace 

was slowly brought to the desired soak temperature. Following annealing at the desired soak 

temperature for the set soak time the furnace was switched off and allowed to cool naturally to 

room temperature, before the vacuum could be released, and the samples removed for further 
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testing and analysis. The annealing study investigated soak temperatures of 300, 320 and 340°C 

for durations between 10 and 40mins.  

Due to the prolonged heating and cooling cycles, the wires were exposed to temperatures above 

their recrystallisation temperature for longer periods of time than the stated soak time for each 

treatment. The heating and cooling cycles were characterised at the three annealing 

temperatures investigated during this study to understand the complete heating cycle the 

samples were exposed to during the various annealing tests. To assess this, the vacuum oven 

was set to heat to each of the soak temperatures investigated (300, 320 and 340°C) held for ten 

minutes and then set to cool. Temperature measurements were taken at 10-minute intervals up 

to 180mins with two further measurements taken at 210 and 300mins. The results from this 

investigation are shown in Figure 3.1. Plotted also in Figure 3.1 is a line denoting the 

recrystallisation temperature to demonstrate the total length of time the samples will be 

exposed to temperatures above the recrystallisation temperature during each annealing 

protocol. As is known, the true recrystallisation temperature of an alloy is dependent on alloy 

composition and prior cold work, as such a conservative estimate of 250°C was selected for the 

recrystallisation temperature.176 The area of each annealing protocols heating/cooling cycle plot 

above the recrystallisation temperature was calculated to determine the total time the wires 

would be exposed to temperatures above 250°C.  Not considering the 10-minute soak time that 

was defined, the slow heating and cooling cycles resulted in the oven being above 250°C for an 

Figure 3.1: Heating and cooling cycles of the vacuum oven when set to the various soak 
temperatures investigated 
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additional 34, 45 and 61mins for the 300, 320 and 340°C cycles respectively. Therefore, 

describing the cycles by their soak time is not fully representative of the total time above the 

recrystallisation temperature, which should be considered when analysing differences between 

the various annealing protocols.    

3.3.2 Vacuum Tube Furnace 

During testing, which will be discussed in detail in Chapters 4 and 5, it was found that the slow 

heating and cooling cycles of the vacuum oven limited the properties of the alloy wires, resulting 

in a new furnace setup being designed. A Carbolite Gero vacuum tube furnace was adapted to 

allow for rapid heating and cooling cycles to be employed during annealing under vacuum 

conditions. The design approach behind the new setup was that through using a tube furnace 

with a tube manufactured from a material with low thermally conductivity (quartz glass) a 

“heating” zone could be created adjacent to a “cooling zone”, a schematic of the design is shown 

in Figure 3.2.  The tube furnace has a 300mm long heating element, highlighted in red in Figure 

3.2a, creating a 300mm heating zone within the region of the quartz glass tube housed within 

Figure 3.2: a) Schematic of vacuum tube furnace showing the heating zone in red b) manufactured and installed 
vacuum tube furnace 

a) 

 

b) 
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this zone. The section of the tube held out with the furnace was designed to remain at room 

temperature to create the cooling zone, through the restriction of heat transfer via conduction 

(owing to the low thermal conductivity of the quartz glass) and convection (owing to the furnace 

operating under vacuum conditions) from the heating zone.  

As the furnace is operating under vacuum conditions, a bespoke system was required to transfer 

the wire/devices from the cooling zone, into the heating zone and then back again without 

breaking the vacuum. A magnetic “transfer arm” was designed to transfer the samples between 

zones. The final installed transfer arm is shown in Figure 3.2b and a schematic is shown in Figure 

3.3. A sealed tube was manufactured with a vacuum flange on one end for attaching to the 

vacuum tube furnace. Housed within the tube was a linear bearing and metal rod to transfer the 

samples between the two zones. Magnets were fixed to the rear of the metal rod housed within 

the sealed tube and also to a “handle” consisting of a linear bearing slid over the sealed tube. 

The magnetic attraction between the two magnet arrays allowed the rod housed within the tube 

to be moved, by manually sliding the handle over the outer diameter of the sealed tube.  To 

prevent heat transfer through the steel transfer arm, a quartz glass rod and sample holder were 

attached to its end, so that during the heating cycle only the components made of quartz glass 

were sat within the heating zone, along with the wire/final devices.  

 

Figure 3.3: a) Full schematic of magnetic transfer arm b) rear view of transfer arm showing magnet array 

a) 

 

b) 
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3.3.2.1 Validation 

As the vacuum tube furnace was modified to provide appropriate heating and cooling cycles 

under vacuum conditions a series of validation tests were conducted. Firstly, as no pressure 

gauge was incorporated into the supplied furnace a pressure gauge (RS Pro 9684684 Analogue 

Vacuum Gauge) was attached to the vacuum tube furnace to validate that a suitable vacuum 

could be achieved and maintained over time. The pressure gauge measured from a maximum 

gauge pressure of 0bar to a minimum of -1bar, with an accuracy rating of +/-1.6% (at 20°C). 

Validation testing proved that when the full system was installed as shown in Figure 3.2b, the 

vacuum gauge read -1bar, which was maintained over a 4 hour period (longer than any thermal 

processing tests conducted in this work).   

Next, the temperature within the heating and cooling zones of the furnace were validated. 

Temperature measurements were taken at five locations along the tube furnace as shown in 

Figure 3.4 using a thermocouple. The thermocouple was fed into the furnace and positioned at 

one of the measurement locations. To prevent air leakage at the interface where the 

thermocouple was fed into the furnace it was wrapped in PTFE tape and throughout testing the 

vacuum level was monitored with the attached vacuum gauge. Despite the PTFE tape, it was 

found that over the duration of each test the pressure within the system increased to 

      

Figure 3.4: Temperature measurement locations for validation testing 
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approximately -0.6bar. The temperature of the furnace was validated at 300, 350 and 400°C. For 

each test at the positions outlined in Figure 3.4, the furnace was set to 300°C and allowed to 

come to temperature and settle for 10mins before the first temperature measurement was 

made, subsequently 2 additional temperature measurements were taken at 5min intervals. The 

furnace was then set to 350°C and allowed to settle for 10mins before three temperature 

measurements were taken at 5min intervals. This process was repeated at 400°C before the 

furnace was allowed to cool and the thermocouple could be repositioned at the next location. 

The previous steps were repeated for each point indicated in Figure 3.4 and the results are 

plotted in Figure 3.5. As can be seen from the results, the temperature at the centre of the 

heating zone for each temperatures investigated was the same as the set furnace temperature. 

At point 2, 75mm from the centre of the heating zone, the temperature was slightly lower than 

each of the soak temperatures investigated. The largest difference between the measured and 

pre-set temperature was at the highest temperature investigated (400°C) where the measured 

temperature was 391°C. Moving to point 3, at the interface between the heating zone and the 

start of the cooling zone, the temperature decreased significantly for each of the temperatures 

investigated (approximately 60°C at each soak temperature). At point 4 (250mm away from the 

centre of the heating zone), the temperature was under 75°C for each of the three tests. Finally, 

the temperature in the centre of the cooling zone, point 5, was found to remain at room 

temperature for each of the tests conducted.  

Figure 3.5: Temperature validation results for the vacuum tube furnace 
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One limitation, in this test protocol, was the need to feed a thermocouple through the furnace 

meaning there was some slight leakage of air into the system throughout testing. The air leakage 

into the system will result in some convective heat transfer through the system that may be 

responsible for the decrease in temperature between points 1 and 2. The decrease in 

temperature at point 2 from the pre-set temperature was not anticipated but considering the 

limitations of the setup, it was determined that the discrepancy was acceptable. These tests did 

confirm that the cooling zone remained at room temperature throughout testing, proving that 

the system would allow for rapid heating and cooling cycles to be carried out.  

3.4 Hardness Testing 

Microhardness testing was conducted on the alloy wires to investigate the hardness distribution 

through their cross section and its evolution during annealing. Owing to the small diameter of 

the alloy wires under investigation, selection of an appropriate load for microhardness testing 

was integral in ensuring accurate and repeatable results could be obtained. Hardness testing 

involves indenting a material with an indenter (of specific geometry) with a constant load. The 

dimensions of the indent are measured and combined with knowledge of the load to determine 

the hardness of the material within the region of the indent. As the hardness obtained through 

this method calculates the hardness over the area of the indent, the size of the indent should 

be considered when determining the hardness distribution in small samples. Smaller indents are 

preferred when investigating the hardness at specific locations, however small indents are 

challenging to accurately measure and the measurement error will increase with decreasing 

indent size. Consequently, a load validation test was conducted to identify the most appropriate 

load to accurately determine the hardness distribution whilst maintaining sufficient 

repeatability.   

Load values from 1g to 10g were tested on the cold drawn 0.5Y alloy wire to determine the most 

suitable load to be used for the bulk of hardness testing conducted in this work. To prepare the 

wires for hardness testing the samples were mounted in epoxy resin and ground using 1200grit 

SiC paper followed by 2400grit SiC paper with a final 2-minute polish using colloidal silica. For 

each load, seven measurements were taken at the centre of the cross section of the wire, the 

highest and lowest values were removed and the mean and standard deviation for each load is 

shown in Figure 3.6. The variation in results for the samples tested with a 1g load were largest 

which is attributed to the small indent size (diagonal length of ≈4.5µm) making measuring 

challenging. In contrast the variation in results for the higher loads were relatively similar with 
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the samples tested with a 10g load having the lowest variation and largest diagonal size, 

≈14.5µm. As the aim of the hardness tests were to determine the hardness at key points through 

the cross section of the wire, consideration had to be made of the size of the indent as well as 

the consistency in measurement. As such it was determined that a load of 3g be used for testing 

as it provided suitable consistency in measurement and the ident size was also appropriate, 

≈8µm.  

3.5 BVS Design and Manufacture 

The final BVS devices were manufactured from both the 0.5Y and 2Y alloy wires with a final 

annealing procedure conducted by the wire suppliers following the final drawing step. This final 

annealing protocol was required to improve the formability of the alloy wires before forming 

into the final device. During forming of the devices, the wire undergoes plastic deformation 

meaning the cold drawn alloy wires are not used, to avoid risk of cracking caused by the reduced 

ductility of the cold drawn wire compared to the annealed wire. The devices are manufactured 

through, first forming the wire into a “sine” like waveform as shown in Figure 3.7. The waveform 

is then coiled around a mandrel with a diameter of 1.83mm. At this point an annealing step is 

required to restore the mechanical properties of the wire to allow for safe device expansion. 

Using both the vacuum oven and tube furnace this annealing protocol was optimised for each 

alloy to allow for maximum device expansion. Following thermal processing, some devices were 

tested at this stage. However, as will be described in the following section, it was determined 

that a supplementary electropolishing process was required to improve device performance. As 

Figure 3.6: Hardness testing load determination 
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such for the bulk of testing devices underwent an electropolishing process that was developed 

as described in Section 3.6. Figure 3.8 shows a device following electropolishing.  

For the final verification testing of the devices, a polymer coating and a series of polymer 

connectors were incorporated into the final device. The polymer connectors provide 

longitudinal stiffness to the device and prevent any unravelling during expansion. Detail of the 

design and manufacture of these connectors are omitted from this thesis as they are proprietary 

intellectual property and are not investigated herein. However, this brief comment has been 

included as, in some representative images in this thesis, the connectors and coatings are visible.  

3.6 Electropolishing  

Owing to the reactive nature of Mg and its alloys, when exposed to air, an oxide layer forms on 

their surface. Consequently, during fabrication of the wires, storage, and manufacture of the 

final device an oxide layer is developed on the wires surface that is required to be removed. As 

described in Chapter 5, initial device testing was conducted on devices manufactured without a 

final electropolishing step. Testing of these devices revealed that there was potential need for 

an electropolishing procedure to be developed during the manufacture of the devices. This 

section describes the development of this process whilst the effects on final device performance 

are described in detail in Chapter 5. 

Figure 3.8: Device post electropolishing 

Figure 3.7: Wire formed into sine like waveform 
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Electropolishing is a process used to smoothen rough metallic surfaces by the removal of surface 

material through anodic dissolution. It is typically conducted through connecting the metallic 

sample to the positive terminal of a power supply and submersing it in a viscous electrolyte 

(commonly maintained at a set temperature), whilst the negative terminal is attached to a 

cathode, also submerged in the electrolyte. Current then passes from the anode, through the 

electrolyte to the cathode. At the anodic surface the metal is dissolved into the electrolyte, with 

a reduction reaction occurring at the cathode, generally producing hydrogen.177 A simple 

schematic of an electropolishing setup is shown in Figure 3.9.178  Commonly the current (which 

can be controlled through altering the voltage) and time of the electropolishing process are 

modified to produce a repeatable procedure that results in a smooth surface finish with 

consistent material removal.179 Electropolishing is a common technique used in the manufacture 

of medical devices as it can remove material from devices with complex geometries without 

introducing any surface deformation.180 As such an electropolishing procedure was developed 

to remove the surface oxide layer present on the wires surface. 

There are several variables to be considered when developing an electropolishing procedure, 

including electrolyte composition, cathode material, temperature, agitation, voltage and 

electropolishing time. This work aimed to develop a simple electropolishing setup and as such 

only the electropolishing time and voltage were investigated. Consequently the remaining 

variables were selected through referring to the ASTM E1558 – 09 Standard Guide for 

Figure 3.9: Schematic of electropolishing setup178 



 

48 
 

Electrolytic Polishing of Metallographic Specimens.181 From this standard it was determined that 

an electrolyte of 5 parts ethanol to 3 parts phosphoric acid, heated to between 25-30°C should 

be used with an aluminium cathode. The solution was also agitated using a magnetic stirrer 

spinning at approximately 500rpm. An investigation into the most suitable voltage was first 

conducted before determining the optimal time for the electropolishing procedure.  

The current density of an electropolishing process generally determines the rate of material 

removal and can be affected by many different parameters, including agitation and 

temperature. Plotting how the current density varies as voltage is steadily increased from 0V 

typically gives a graph that follows a standard trend, as shown in Figure 3.10, which allows for 

the optimal voltage for an electropolishing process to be selected.182 This graph can be broken 

down into three distinct regions, with each resulting in slightly different polishing behaviour. At 

low voltages etching of the material (uncontrolled attack of the surface at the highest energy 

positions) occurs, whilst at high voltages, gas evolution (where the there is a high evolution of 

oxygen gas bubbles) results in the activation of pitting along the samples surface. Within the 

current limiting plateau region, the most suitable polishing conditions are found which results 

in the final sample developing a smooth surface finish.177 In general the most optimal polishing 

conditions are found at voltages close to the end of the current limiting plateau region, point D 

in Figure 3.10. 

To determine the optimal voltage for use during electropolishing of the alloys under 

investigation, a “voltage sweep” test was run to create a current density vs voltage plot. This 

was conducted through placing a 20mm length of wire in the electropolishing solution, with 0V 

Figure 3.10: Example current density vs voltage plot182 
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through the system, recording the current and slowly increasing the voltage to 3.5V whilst, 

taking readings of the current at 0.25V intervals. Figure 3.11 shows the results from this 

investigation. A plateaued region exists between ≈0-2.75V before sharply increasing from 2.75-

3.5V. limitations in the setup meant that the current density curve will not identify the etching 

zone however it does reveal the beginning of the gas evolution region ≈2.5-2.75V. As it is known 

that the optimal electropolishing conditions are found when using voltages close to the end of 

the current limiting plateau, it could be estimated that the optimal voltage to be used for this 

setup should be ≈2.5-2.75V. In order to confirm these assumptions based on the current density 

curve, three wire samples were electropolished at voltages ranging from 0-3.5V at 0.5V intervals 

for 120s. The samples were then cleaned in water and dried using a hot air gun, before being 

analysed using a scanning electron microscope (SEM). The results are shown in Figure 3.12.  At 

0.5V and 1V the surface of the wire appears rough. When polished using voltages of 1.5-2.5V 

the wire surface appears relatively smooth with no clear pits on the surface of the wire. At the 

higher voltages of 3 and 3.5V a rougher surface is apparent, caused by small pits developing 

across the wires surface. The observations made from the SEM analysis agree with the 

assumptions made from the current density plot, that optimal polishing conditions will occur at 

voltages close to 2.5-2.75V. As such, it was determined that the optimal voltage for use in this 

work was 2.5V  

Figure 3.11: Voltage sweep test results 
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The final stage of this process development was to determine the required polishing time. The 

primary aim of this polishing step was to remove the surface oxide layer whilst minimising the 

loss of the bulk Mg matrix. To determine this, nine wire samples were electropolished using a 

voltage of 2.5V for varying times between 15 and 90s. The diameter of the wire was measured 

Figure 3.12: Surface images of the wire a) as supplied and following electropolishing for 30s at 
b) 0.5V c ) 1V d ) 1.5V e) 2V f) 2.5V g) 3V h) 3.5V 
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using a micrometre following each polishing procedure, the results are shown in Figure 3.13. 

After 15s the diameter loss is 2.5µm and follows a general linear trend as polishing time 

increases with a total diameter loss of 20.1µm after polishing for 90s. All samples appeared 

bright to the naked eye after polishing meaning the oxide layer was likely removed after 15s. 

However, as polishing for 15s removed 2.5µm from the diameter of the wire, any defects of 

greater the 1.25µm on the wires surface would remain post polishing. Though no such defects 

were observed it was determined that a removal of ≈5µm from the wire’s diameter was 

preferred, to ensure a smooth final surface. Consequently, a polishing time of 30s was set for 

this process. The final electropolishing parameters were set and are summarised in Table 3-1.  

3.7 Summary 

Prior to characterising the two alloy wires being investigated in this work, the test 

equipment/protocols had to be verified to ensure repeatability of the testing. Firstly, the 

vacuum oven used as part of this work was investigated to understand the complete thermal 

cycle the wires would experience during the annealing treatments conducted. It was shown that 

during annealing in the vacuum oven, the samples will be exposed to temperatures above their 

recrystallisation temperature for significantly longer than the stated soak time. This should be 

considered when analysing the results. Based upon the response of the alloy wires to the 

Figure 3.13: Diameter loss vs electropolishing time 
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thermal processing conditions made available with the vacuum oven, a vacuum tube furnace 

was modified to improve the range of thermal processes available during this work. The 

modified tube furnace allowed for rapid heating and cooling cycles to be conducted during the 

annealing processes investigated. The validation testing described in this chapter demonstrated 

that the bespoke setup allowed for a heating zone (held at temperatures >250°C) to be adjacent 

to a room temperature cooling zone, both under the same vacuum conditions. Microhardness 

testing is commonly carried out on small samples. However, it is important to ensure the 

repeatability of results before conducting a large study. It was demonstrated that using a 3g load 

to measure the hardness of the alloy wires was appropriate in ensuring repeatable results and 

allowing for different regions of the wire to be investigated. Finally, an electropolishing 

procedure was developed that resulted in the removal of ≈5µm of material from the diameter 

of the alloy wires. This procedure was shown to be appropriate in removing the oxide layer 

present on the wires surface and the effects of this are described in further detail in Chapter 5. 

It should be noted that this electropolishing procedure was developed solely for the purpose of 

removing the oxide layer and any surface defects. Further optimisation of this process could be 

conducted through investigation of several of the controlling parameters of the electropolishing 

process, however for the purpose of improving the mechanical response of the alloy wires under 

investigation the process developed was deemed appropriate.  

  

Table 3-1: Electropolishing parameters 

ELECTROPOLISHING VARIABLE DESCRIPTION 

ELECTROLYTE 150ml ethanol and 90ml phosphoric acid 

CATHODES 2x aluminum  

TEMPERATURE ≈25°C 

VOLTAGE 2.5V 

TIME  30s 

CLEANING PROTOCOL  Dipped in water and dried in hot air 
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Chapter 4: Annealing Optimisation of 

Alloy Wires 

 

4.1 Introduction 

This chapter focuses on maximising the ductility of both the supplied cold drawn alloy wires 

through developing optimised annealing processes and investigating the underlying 

microstructural behaviour behind the mechanical response of each alloy. One of the major 

limitations in the application of Mg alloys in bioresorbable medical devices is their lack of 

ductility. The poor ductility of Mg alloys both limits their formability during device manufacture 

and performance in devices that are required to undergo high levels of plastic deformation 

during their deployment, such as in balloon expandable BVS. The HCP crystal structure of Mg is 

responsible for its poor ductility as it limits the number of easily activated slip systems available 

during room temperature deformation. Further the dominance of basal slip during drawing 

results in the wires developing a fibrous microstructure with a strong basal texture, whereby the 

grains tend to align with their c-axis perpendicular to the DD, causing the wires to exhibit high 

strength, low ductility, and anisotropic properties.183-185  The poor ductility of Mg can be 

improved through altering alloying and processing routes applied during both the fabrication of 

the Mg alloy wires and manufacture of the final device.186 A post drawing heat treatment process 

is essential,  to improve the mechanical properties for further processing during manufacture of 

the final device. Alloying is required to improve the formability of pure Mg to first survive the 

cold drawing process and then provide the ductility necessary for application in medical devices 

that undergo high levels of plastic deformation, such as wire form BVS.185, 187-189 

Li and Y are both shown to improve the mechanical properties of Mg and are considered safe in 

vivo within the alloying limits investigated in this study.190, 191 Li improves the ductility of Mg 

alloys through increased activation of non-basal slip, caused by reducing the c/a axis ratio of the 

HCP unit cell, when alloyed below 5.5wt%. Above this limit, a Li rich beta phase forms that 

further improves ductility but reduces both strength and corrosion resistance.103, 104 Y was 

selected to increase the strength of the alloy through solid solution strengthening, to avoid any 

galvanic corrosion or limited ductility that is associated with precipitation hardened alloys. 
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Further, through alloying with Y, it is considered that some weakening of the strong basal texture 

can be achieved.  

The main body of published research into Mg based BVS design has been conducted on laser cut 

hypo tube designs. This means that the reported literature on the bulk of these alloys has been 

conducted on extruded rods and/or tubing making direct comparison between the alloy wires 

investigated in this work challenging. However, within the literature, tensile testing of WE43, 

Resoloy and ZX10 wires (with diameters <1mm) has been reported to exhibit tensile elongation 

to failure of 17, 18 and 18.4% respectively.158, 159 From this, a baseline target for elongation to 

failure could be set for the alloy wires under investigation in this work. Here, the target was for 

the alloy wires to achieve tensile elongations to failure of approximately 20% following thermal 

processing. This study therefore seeks to develop a heat treatment process for both Mg-Li-Y 

alloy wires to maximise their ductility, targeting approximately 20%. The effect these treatments 

have on the microstructure and mechanical properties of the two alloy wires is also investigated, 

and conclusions are drawn on their suitability for application in medical devices that undergo 

severe plastic deformation. 

4.2 Methodology  

4.2.1  Annealing Protocols 

In this Chapter the mechanical properties of both alloy wires will be optimised following 

annealing in both the vacuum oven and vacuum tube furnace. Chapter 3 detailed the design and 

manufacture of the vacuum tube furnace and the validation of both. 

For the vacuum oven furnace processing, both alloy wires underwent annealing at 300, 320 and 

340°C for soak times between 10 and 40mins. For each procedure, the samples were placed in 

the vacuum oven (at room temperature), a vacuum was pulled, and the furnace turned on and 

set to heat to the desired soak temperature. Once the furnace had reached the set soak 

temperature, it was left to anneal for the desired soak time before the furnace was turned off 

and allowed to cool naturally. The vacuum was only released, and the wire removed, once the 

furnace was at room temperature. As described in Chapter 3, during the heating and cooling 

cycles the wire is, of course, exposed to temperatures above its recrystallisation temperature 

for longer than the stated soak time. It was shown that during the procedures conducted at 300, 

320 and 340°C the wires were exposed to temperatures >250°C for an additional 34, 45 and 

61mins respectively in addition to the procedures soak time. 
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For the vacuum tube furnace, both alloy wires underwent annealing between 250 and 450°C for 

soak times between 10 and 120mins. As described in Chapter 3 the vacuum tube furnace 

consisted of two zones, a “heating”, and a “cooling” zone. Firstly, the sample wire was placed in 

the tube furnace, within the cooling zone and a vacuum was pulled on the entire system. The 

furnace was then set to the desired soak temperature and allowed to settle at the soak 

temperature for 10mins before the sample wire was transferred into the centre of the heating 

zone and held for the desired soak time. Once the wire had been annealed for the set time, it 

was withdrawn from the heating zone, into the cooling zone and the lid of the furnace was 

opened, allowing the furnace to cool naturally. The vacuum was only released, and samples 

removed once the tube furnace was reading below 45°C within the heating zone.  

4.2.2  Microstructure  

Investigation of the wires’ microstructure was performed on cross sections in the normal 

direction, using optical microscopy (Olympus GX51), SEM analysis, energy dispersive 

spectroscopy (EDS) and electron backscatter diffraction (EBSD). Samples analysed using optical 

microscopy were mounted in epoxy resin and mechanically ground and polished using 1200 and 

2400 grit SiC paper followed by polishing with colloidal silica and etched with a solution of 75ml 

of ethylene glycol, 10ml distilled water and 1ml of nitric acid. Samples for SEM and EDS analysis 

were mounted and prepared with the same method as above without the etching process. 

Images were taken using the backscatter electron (BSE) detector. To enhance conductivity a thin 

layer (≈10nm) of gold was deposited on the surface prior to analysis. Samples for EBSD analysis 

were mounted in conducting Bakelite and prepared with the same methods as above, without 

the etching process, followed by ion milling with a Gatan precision etching and coating system. 

EBSD analysis was carried out on a 50x50μm area in the centre of the cross section of the wires 

using a step size of 0.1μm, with a JEOL 7900F field emission gun SEM. 

X-ray diffraction (XRD) (Bruker D8 Advance) was carried out for phase identification. The XRD 

analysis used Cu Kα radiation (λ = 1.5406Å) with an acceleration voltage of 45kV, current of 

40mA, step size of 0.0025°, step time of 0.1s, and a 2θ range of 10 to 90°. 

4.2.3  Mechanical Testing 

Vickers microhardness testing was carried out on the alloy wires in their cold drawn and 

annealed states. Samples for analysis were mounted axially in epoxy resin and mechanically 

polished following the same procedures as described for optical microscopy, without the final 
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etching step, in order to obtain a flat surface for indentation. As described in Chapter 3 the 

optimal indentation load was found to be 3g and as such all measurements were taken using a 

3g load. Microhardness measurements (Hv 0.003) were taken at 3 locations through the wire’s 

cross sections (Figure 4.1) in order to determine the hardness distribution throughout the wire’s 

cross section. The centre point (point 2) was used to determine the hardness at the centre of 

the wires cross section, whilst the data from points 1 and 3 were collated and used to determine 

the hardness of the wire midway between the centre and OD, from here referred to as the mid-

radial position. The centre point (point 2) of each sample was measured first, then the samples 

were reground and polished before indents 1 and 3 were measured. A total of 12 samples were 

analysed per wire condition and, to improve accuracy, the maximum and minimum values were 

removed from each data set. 

An Instron 4400 equipped with a 100N load cell and capstan style grips, to limit damaging the 

wire at the grip interface, was used to conduct tensile testing of each alloy wire. A gauge length 

of 110mm and a crosshead speed of 6.6mm/min (corresponding to an initial strain rate of 0.001s-

1) were used for each test. The elongation to failure was output from the Instron as the total 

crosshead displacement. Combined with the initial gauge length (110mm) the strain at failure 

for each tested was determined. For each wire condition a total of 5 samples were tested and 

the mean and standard deviation were calculated to plot the results.  

Minimum bend diameter (MBD) testing was conducted to assess the performance of the wires 

under more complex loading than simple uni-axial tensile testing. MBD testing was performed 

by wrapping each alloy wire around progressively smaller pins of diameter <0.3mm in 

accordance with the ISO 7802:2013 standard.192 Three wrapping tests were conducted for each 

1 2 3 

Figure 4.1: Hardness indent locations 
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wire condition, for each pin diameter tested. Successful tests were defined by whether the wire 

could be successfully wrapped 5 times around the pin with each wrapped diameter in contact 

with the previous without failure (as defined within the standard). The wire was held taught 

during the wrapping tests using a 0.01Kg mass (as specified by the ISO 7802:2013 standard this 

mass was <5% of the tensile strength).192 

4.3 Results  

Before any annealing processes were conducted, both cold drawn alloy wires were 

characterised. Following characterisation of each of the cold drawn wires’ microstructure and 

mechanical properties, two separate annealing studies were complete on both alloy wires using 

the vacuum oven and vacuum tube furnace. The results are presented here and discussed in 

Section 4.4. 

4.3.1  Characterisation of the Cold Drawn Alloy wires 

4.3.1.1 Microstructure  

As described the 0.5Y and 2Y alloy wires were provided cold drawn to a diameter of 125μm with 

the final drawing step imparting 80 and 65% CW respectively. Figure 4.2 shows the 

microstructure of both cold drawn alloy wires in their normal direction following etching. As can 

be seen both alloys exhibit a typical deformed structure with no equiaxed grains visible. SEM 

analysis (Figure 4.3) of the cross-sections of both cold drawn wires identified a number of bright 

cubic particles were present in both alloy wires, with an increased number and size present in 

the 2Y alloy wire. These particles are later confirmed as Y-rich secondary phases. EBSD analysis 

of both alloy wires in their normal directions, with a step size of 0.1μm, output no useable data, 

Figure 4.2: Microstructure of cold drawn alloy wires a) 0.5Y b) 2Y 

a) b) 
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owing to the high levels of deformation. It is assumed both alloy wires exhibit a typical as-drawn, 

fibrous microstructure associated with drawn wires, whereby the grains are elongated in the DD 

and have a strong transverse basal texture, with the c-axis of the grains aligning perpendicular 

to the DD.185, 188 

4.3.1.2 Mechanical Testing  

Microhardness testing of the cold drawn alloy wires was conducted, and the results are shown 

in Figure 4.4. The hardness at the centre of the 0.5Y and 2Y alloy wires was found to be 87.1±2.7 

Figure 4.4: Hardness distribution at the centre and mid-radial position of the 0.5Y and 2Y cold 
drawn wires 

Figure 4.3: SEM images of the cold drawn alloy wires a) 0.5Y b)2Y 

a) 

 

b) 
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and 88.6±1.4Hv respectively. Both the 0.5Y and 2Y alloy wires have increased hardness at their 

mid-radial positions (94.08±2.3 and 96.6±1.4Hv respectively) compared to their centres. 

Representative stress-strain curves of both cold drawn alloy wires are shown in Figure 4.5. The 

cold drawn 0.5Y wire exhibits relatively high strength (YS = 271.2±7.0MPa and UTS = 

322.0±0.4MPa) and elongation (11.8±1.0%) for cold drawn Mg wires. The 2Y wire has slightly 

higher YS (302.9±8.2MPa) but similar UTS (327.6±3.6MPa) and reduced elongation (8.4±2.5%) 

compared to the 0.5Y wire. Finally, MBD diameter tests were conducted on both alloys, where 

it was found that the 0.5Y alloy could survive wrapping around a pin diameter 0f 0.135mm 

(Figure 4.6a). Owing to complications in wrapping such fine wire around such small diameters, 

the smallest bend diameter tested was 0.135mm, meaning the true MBD of the 0.5Y alloy could 

not be determined from these tests. During wrapping around a diameter of 0.135mm the 2Y 

alloy failed during one of the three tests (Figure 4.6b). Repeat testing found that the cold drawn 

2Y alloy wire could consistently survive wrapping around a pin with a diameter of 0.16mm 

(Figure 4.6c), meaning it’s MBD can be stated as 0.16mm. Converting the bend diameters into 

idealised bending strains on the wires surface, it can be determined that the cold drawn 0.5Y 

wire can survive idealised bending strains of at least 48%, whilst the 2Y alloy wire could survive 

a maximum idealised bending strain of 44%. 

Figure 4.5: Representative stress strain curves of 0.5Y and 2Y cold drawn wires 
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4.3.2  Vacuum oven Annealing Study  

4.3.2.1 Microstructure  

Both cold drawn alloy wires were annealed in the vacuum oven at 300, 320 and 340°C for soak 

times between 10 and 40mins, the microstructure of each alloy annealed at the various soak 

temperatures for 10mins is shown in Figure 4.7. In each image shown in Figure 4.7 small dark 

cubic regions are observed distributed throughout the wire cross sections. These cubic regions 

are assumed (and confirmed in the proceeding sections) to be Y-rich secondary phase particles. 

Though quantification of the number and size of these particles has not been conducted it can 

be determined that the size and number of these particles is increased in the 2Y alloy wire 

compared to the 0.5Y alloy wire (as in the cold drawn alloy wires).  

Figure 4.7a shows that in the 0.5Y alloy wire after annealing for 10mins at 300°C equiaxed grains 

are developed around the OD of the wire cross section with a region of more refined grains in 

the wire core. In order to analyse the centre of the cross sections in more detail Figure 4.8 shows 

a 50x50µm region in the centre of the cross section of the same samples from Figure 4.7 at 

1000x mag. Figure 4.8a shows the refined grains at the centre of the 0.5Y alloy wire when treated 

at 300°C for 10mins. At the higher soak temperatures of 320 and 340°C a more uniform grain 

Figure 4.6: MBD tests of cold drawn wire a) 0.5Y 0.135mm b) 2Y 0.135mm and c) 2Y 0.16mm 

a) 

 

b) 

 

c) 
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Figure 4.7: Microstructures of 0.5Y and 2Y alloy wires following annealing at various soak temperatures for 
10mins a) 0.5Y 300°C  b) 0.5Y 320°C  c) 0.5Y 340°C  d) 2Y 300°C  e) 2Y 320°C  f)2Y 340°C 

a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

f) 
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size distribution is developed throughout the wire (Figure 4.8b and c). In the 2Y alloy wire when 

heat treated at 300 and 320°C for 10mins, equiaxed grains are seen to develop around the OD 

of the wire (Figure 4.7d and e) but the wire core remains unrecrystallised (Figure 4.8d and e). 

Recrystallised grains are developed throughout the full wire cross section after annealing at 

0.5Y 2Y 

300°C 

10mins 

320°C 

10mins 

 

340°C 

10mins 

Figure 4.8: Microstructure of both alloy wires annealed at various soak temperatures for 10mins, 
50x50µm section in the centre of the cross section a) 0.5Y 300°C b) 0.5Y 320°C c) 0.5Y 340°C d) 2Y 

300°C e) 2Y 320°C f) 2Y 340°C 

a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

f) 
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340°C for 10mins, in the 2Y alloy wire (Figure 4.8f). The grain size of all the samples are on the 

order of 1-3µm, meaning resolving all of the boundaries through etching and optical microscopy 

is challenging and as such no grain size measurements were taken from these images, more 

accurate grain size measurements were taken using EBSD analysis (Section 4.3.2.3).  

To better visualise the secondary phase, particle evolution over the range of annealing 

treatments carried out, SEM analysis was conducted (Figure 4.9) through imaging a cross section 

of each sample, where the Y-rich particles would appear brighter compared to the bulk Mg 

Figure 4.9: SEM analysis of both alloy wires annealed at various soak temperatures for 10mins a) 0.5Y 
300°C b) 0.5Y 320°C c) 0.5Y 340°C d) 2Y 300°C e) 2Y 320°C f) 2Y 340°C 

a) 

b) 

c) 

d) 

e) 

f) 
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matrix. Again, it is clearly shown that an increased number and size of particles are present in 

the 2Y alloy wire compared to the 0.5Y alloy. As soak temperature is increased in the 0.5Y alloy 

wire samples, the number and size of particles remains relatively consistent. Whereas, in the 2Y 

alloy wire samples, as soak temperature is increased to 320 and 340°C, an increased number 

and size of particles is seen to develop. Several of these larger particles in the 2Y alloy wire 

following annealing at 320 and 340°C are shown to have been dislodged during sample 

preparation, leaving behind dark, cubic, voids in the samples in Figure 4.9.   

4.3.2.2 Mechanical Properties  

Hardness testing was conducted at the centre and mid-radial positions of the samples 

investigated with optical microscopy in Figure 4.8. Figure 4.10 shows the hardness distributions 

of the samples analysed at their centre and mid-radial positions. In the 0.5Y alloy wire (Figure 

4.10a) the hardness of each sample is relatively similar at the centre and mid-radial positions 

(≈60Hv following annealing at 300°C and ≈54Hv following annealing at 320 and 340°C), however 

in the 2Y samples investigated there is a clear difference in hardness between the two positions. 

In the 2Y alloy wire, heat treated at 300°C for 10mins, the hardness at the centre is 103.5±3.1Hv 

whilst at the mid-radial position it is 84.0±9.6Hv. When annealed at 340°C for 10mins the 

hardness at the both the centre and mid-radial position are reduced to 64.9±6.4Hv and 

55.3±3.6Hv respectively. 

The results from the tensile testing of both alloy wires are displayed in Figure 4.11, with the 

properties of the respective cold drawn alloy wires shown at time point 0 on the x-axis. No clear 

trend in the elongation to failure of the 0.5Y alloy wire over the range of heat treatment 

procedures carried out can be observed. In total four separate procedures were found that 

resulted in an elongation to failure of greater than 20%: 300°C/30mins (20.1+/-0.7%), 

Figure 4.10: Hardness at the centre and mid-radial positions of the a) 0.5Y and b)2Y alloy wires after annealing 
for 10mins at various temperatures in the vacuum oven 

a) 

 

b) 
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320°C/10mins (20.4+/-0.9%), 320°C/40mins (20.0+/-1.2%) and 340°C/10mins (21.2+/-0.9%). As 

can be seen from Figure 4.11b and c there was very little variation in UTS and YS for all of the 

procedures investigated, and the standard deviations were low for each test on the 0.5Y alloy 

wire. An “optimum” procedure was required to be defined for further testing and analysis (MBD 

and EBSD analysis). Therefore, annealing at 340°C for 10mins was defined as the optimum 

procedure. Under these conditions the wire had an elongation to failure, UTS and YS of 21.2+/-

Figure 4.11: Tensile test results from annealing study a) 0.5Y elongation to failure b) 0.5Y UTS c) 0.5Y YS d) 
2Y elongation to failure e) 2Y UTS f) 2Y YS 

a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

f) 

 

0.5Y 2Y 
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0.9%, 199.6+/-0.3MPa and 137.7+/-0.6MPa respectively. Compared to the results from the 0.5Y 

alloy wire the mechanical properties of the 2Y alloy wire follow a more typical trend whereby 

the strength of the alloy wire decreases with increased soak time and temperature. Figure 4.11d 

shows that the elongation to failure of the 2Y wire trended upwards when treated at 300°C, 

increasing the soak temperature to 320°C shows a similar trend as the elongation to failure 

trends upwards to approximately 15% when treated for 30mins before plateauing at 

approximately 15% as soak time was increased to 40mins. At the higher soak temperature of 

340°C the elongation to failure remained relatively consistent across the soak temperatures 

investigated: 16.2+/-3.0%, 15.7+/-2.1%, 15.5+/-5.2% and 15.6+/-3.1% at 10, 20, 30 and 40mins 

respectively.  Compared to the 0.5Y alloy wire there was a much larger variation in results for 

the 2Y alloy at all soak times and temperatures for both the strength of the wire as well as 

elongation to failure. Treating the 2Y wire at 340°C for 10mins was defined as the optimum 

treatment for further testing. Under these conditions the wire had an elongation to failure of 

16.2+/-3.0%, UTS and YS of 199.6+/-0.3MPa and 137.7+/-0.6MPa respectively. 

MBD diameter testing was next complete on each of the alloy wires following annealing for 

optimal ductility, Figure 4.12. The wrapping tests found that the 2Y wire when annealed for 

maximum ductility had a MBD of 0.22mm. The 0.5Y alloy wire on the other hand could survive 

wrapping around the smallest diameter tested (0.135mm) and as such its true MBD could not 

be determined from these tests. Therefore, it was found that the 0.5Y alloy wire could survive 

idealised bending strains of at least 48.1% whereas the 2Y alloy wire could survive maximum 

idealised bending strains of 36.2%.   

Figure 4.12: MBD tests a) 0.5Y alloy wire annealed at 340°C for 10mins wrapped around 0.135mm pin b) fracture of 
a 2Y alloy wire annealed at 340°C for 10mins wrapped around 0.2mm pin 

a) 

 

b) 
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4.3.2.3 EBSD Analysis 

EBSD analysis was carried out on select samples to investigate the texture of each alloy and 

obtain accurate grain size measurements. The inverse pole figure (IPF) maps of the select 0.5Y 

samples are shown in Figure 4.13. Increasing the soak temperature had little effect on the grain 

size of the 0.5Y alloy wires, with the sample annealed at 300°C for 10mins having a mean grain 

size of 1.56+/-0.98µm and only increasing to 1.91+/-1.20 and 2.15+/-1.43µm at 320°C and 340°C 

respectively. The pole figures of each of the 0.5Y alloy wire samples analysed are displayed in 

Figure 4.14 and show that all of the samples exhibit a strong transverse basal texture with the 

soak temperature having no effect on the texture intensity.  

The IPF maps of the 2Y alloys annealed at 300, 320 and 340°C for 10mins are shown in  Figure 

4.15. There is a large unindexed region in the centre of the samples treated at 300 and 320°C 

which corresponds to the unrecrystallised core observed in the optical micrographs. In the 

sample treated at 300°C the unindexed/unrecrystallised region is measured to be ≈75µm in 

diameter which is reduced to ≈60µm in the sample treated at 320°C. Following annealing at 

340°C a fully recrystallised microstructure is developed, with a mean grain size of 1.31+/-

0.82µm. Owing to the large unindexed regions in the 2Y alloy wire when treated at 300 and 

320°C, only the pole figures for the sample treated at 340°C are shown in Figure 4.16.  Similarly, 

to the 0.5Y allow wire a transverse basal texture is developed in the 2Y alloy wire, however it 

has a weaker intensity compared to the 0.5Y alloy wire samples.  

Figure 4.13: IPF maps for the 0.5Y alloy wire annealed at a) 300°C for 10mins b) 320°C for 10mins c) 340°C for 
10mins 

a) 

 

b) 

 

c) 
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Figure 4.15: Pole figures for the 0.5Y alloy wires annealed in the vacuum oven 

 

Figure 4.14: IPF maps for the 2Y alloy wire annealed for 10mins at a) 300°C b) 320°C c) 340°C 

a) 

 

b) 

 

c) 

 

ND 
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4.3.3 Vacuum Tube Furnace  

4.3.3.1 Microstructure  

 Samples were annealed at temperatures from 250 to 450°C for soak times between 10 and 

120mins and the microstructural evolution of a range of samples were analysed. It was found 

that recrystallised grains began to from near the OD of the 0.5Y alloy wire following annealing 

at 250°C for 10mins, with no recrystallised grains observed in the wires core, Figure 4.17a-c. A 

higher soak temperature of 300°C was required for recrystallised grains to be observed 

developing near the OD of the 2Y alloy wire following annealing for 10mins, Figure 4.17d-f. 

a) 

 

b) 

 

c) 

 

d) 

 

e) f)   

Figure 4.17: Microstructure of 0.5Y wire annealed at 250°C for 10 mins a) full cross section b) centre c) OD and 2Y wire 
annealed at 300°C for 10 mins d) full cross section e) centre f) OD 

Figure 4.16: Pole figures for 2Y alloy wire annealed at 340°C for 10mins a) basal pole figure 
b) prismatic pole figure 

a) 

 

b) {0001} 

 

{101̅0} 
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Again, no recrystallised grains were observed in the wire core and as such it is assumed 

recrystallisation is not complete in these regions whereas, near the OD of both alloy wires, 

recrystallisation is assumed complete.  

Following on from these observations the microstructural evolution of the 0.5Y and 2Y alloy 

wires was investigated at 250 and 300°C, respectively, for increasing soak times. Figure 4.18 

analyses a 50x50µm region at the centre of the wires cross-section at x1000 magnification in 

order to assess the progression of recrystallisation in each alloy wire. Figure 4.18 a1 shows that 

after 20mins at 250°C the wire core remains unrecrystallised in the 0.5Y alloy wire. As soak time 

is increased to 30mins recrystallised grains are observed throughout the full 50x50µm region, 

though a more refined grain size is observed at the centre of the image/wire. At the increased 

soak time of 60mins a more uniform grain size distribution is observed throughout the wires 

with little change as soak time is increased further to 120mins. In the 2Y alloy wire a fully 

recrystallised microstructure is developed throughout the wire after 20mins at 300°C (Figure 

4.18 b1) with a uniform grain size distribution, with little change in the grain size as soak time is 

increase to 120mins. As the grain size of both alloys is on the scale of 1-2µm, it is challenging to 

resolve all grain boundaries using optical microscopy. Therefore, no attempt was made to 

determine grain size from the optical micrographs and instead more accurate grain size 

measurements are obtained for select samples using EBSD analysis in Section 4.3.3.3. In both 

alloy wires small dark cubic particles are observed through each of the optical micrographs and 

marked with black arrows, these are identified with SEM and XRD analysis and are discussed 

further in this section.  

The microstructure of both alloy wires annealed at higher temperatures for various soak times 

was investigated and the results are shown for the 0.5Y and 2Y alloy wires in Figure 4.19 and 

Figure 4.20 respectively. When the soak temperature is increased to 350°C in the 0.5Y alloy wire 

grain coarsening is observed. Abnormal grain growth is observed in the 0.5Y alloy wire when 

treated at 400°C for 30 and 120mins and at each soak time investigated at 450°C. Comparatively 

in the 2Y alloy, little grain coarsening is observed at the higher soak temperatures. In both alloy 

wires however, the number and size of secondary phase particles precipitated out of solution is 

increased with increasing soak temperature.  

SEM/EDS analysis was carried out on the 0.5Y and 2Y alloy wires following annealing for 30 mins 

at 250°C and 20 mins at 300°C respectively, to investigate the distribution of secondary phase 

particles in the wires upon complete recrystallisation (Figure 4.21). Areas with a higher 
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a) 0.5Y (250°C) b) 2Y (300°C) 

 

 

Figure 4.18: Annealed microstructures of both alloys over a range of soak temperatures, arrows 
highlight secondary phase particles a) 0.5Y b) 2Y 
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concentration of Y will appear bright compared to the Mg matrix using the BSE detector. The 

small cubic particles observed in optical microscopy are also apparent in Figure 4.21a and b and 

appear brighter compared to the Mg matrix, indicating they contain increased concentrations 

of Y compared to the bulk Mg matrix. Figure 4.21a and b, each include an inset higher 

magnification SEM image which show such particles. EDS analysis of these particles estimated 

the Y content to be 36.4 and 31.7at% for the 0.5Y and 2Y alloys respectively. To identify the true 

composition of these particles XRD analysis was conducted on the 0.5Y alloy wire following 

annealing at 450C for 30mins (Figure 4.22). As can be seen the XRD analysis identified these 

particles as Mg24Y5. It is assumed that the structure of these particles is consistent in both alloy 

wires following the range of thermal processes investigated in this work. It should also me noted 

that the XRD analysis did not identify any Li-rich phase, indicating that Li is maintained in solid 

solution.  

10mins 

 

 

30mins 

 

 

120mins 

 

a) 

350°C 

 

b) 

 400°C 

 

c) 

450°C 

 

(a3) 

(b3) 

(a1) (a2) 

(b1) (b2) 

(c1) (c2) (c3) 

Figure 4.19: 0.5Y wire microstructures annealed at different temperatures for 10, 30 and 120mins a) 350°C b) 
400°C c) 450°C 

 



 

73 
 

4.3.3.2 Mechanical Properties 

First the microhardness of the 0.5Y and 2Y alloy wires were measured on samples treated at 250 

and 300°C respectively for a range of soak times, Figure 4.23. The hardness of the cold drawn 

wire is represented as time point 0 on the x-axis. As recrystallisation progresses in both alloys 

the hardness at both the centre and mid-radial position follow a similar trend: rapidly decreasing 

as soak time is increased from 0 to 30mins and subsequently stabilising in the range 50-54 Hv as 

soak time is increased to 120mins. In both alloys, the hardness at the mid-radial position of the 

wire decreases at a faster rate compared to the centre. 

10mins 

 

30mins 

 

120mins 

a) 

350°C 

 

b) 

400°C 

 

c) 

450°C 

 

(a3) 

(b3) 

(a1) (a2) 

(b1) (b2) 

(c1) (c2) (c3) 

Figure 4.20: 2Y wire microstructures annealed at different temperatures for 10, 30 and 120mins a) 350°C b) 400°C 
c) 450°C 



 

74 
 

The results from the tensile tests from the annealing study are plotted in Figure 4.24, with the 

properties of the respective cold drawn alloy wires shown at time point 0 on the x-axis. For the 

0.5Y alloy wire after annealing at 250°C for 10mins, the UTS and YS remain close to that of the 

a) b) 

c) d) 

Figure 4.21: BSE images of wire cross sections with zoomed in SEM image of representative secondary phase 
particle analysed with EDS a) 0.5Y wire annealed at 250 °C for 30 mins b) 2Y wire annealed at 300 °C for 20 mins. 

EDS spectra of representative secondary phase particle from c) 0.5Y wire annealed at 250 °C for 30 mins d) 2Y 
wire annealed at 300 °C for 20 mins 

α-Mg 

 
Mg

24
Y

5
 

 

Figure 4.22: XRD spectrum of 0.5Y wire annealed at 450°C 30mins 
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cold drawn wire whilst the elongation is relatively low. As soak time is increased at 250°C to 

20mins the UTS and YS drop significantly whilst the elongation begins to increase, after 

annealing for 30mins at 250°C the elongation to failure is maximised at 20.3±0.4%, whilst the YS 

and UTS fall to 133±2.6MPa and 196±0.8MPa respectively. As soak time is further increased at 

250°C these properties remain relatively consistent. At the higher soak temperatures, the results 

follow a different trend where the elongation to failure is highest after 10mins of annealing 

before decreasing as soak time is increased. The UTS and YS of the 0.5Y alloy wire when treated 

at 250-350°C remained relatively consistent over the soak times analysed (approximately 

130MPa and 195MPa respectively). When treated at 400 and 450°C strengthening of the wire 

was observed as soak time increased.  It should be noted that the 0.5Y sample treated at 450°C 

for 120mins fractured before yield and as such the YS value has been omitted from Figure 4.24b.  

As in the 0.5Y alloy wire the UTS and YS of the 2Y wire remained similar to that of the cold drawn 

wire following annealing at 250°C for 10mins. As soak time increased at 250°C the UTS and YS 

were both seen to decrease rapidly, reaching approximately 149 and 200MPa respectively after 

annealing for 120mins. Similarly, after annealing for 10mins and 300°C the 2Y wire maintained 

relatively high strength. The strength of the wire decreased rapidly following annealing for 

20mins at 300°C where the UTS and YS were 150±2.0MPa and 207±0.4MPa respectively, whilst 

the elongation to failure of the wire was maximised at 19.7±1.1%. As soak time increased at 

300°C the strength of the wire remained relatively consistent whilst the elongation to failure 

decreased. As with the 0.5Y alloy wire following annealing at the higher soak temperatures of 

400 and 450°C, strengthening was observed as soak time increased. It should be noted that the 

strengthening effect was not as clear in the UTS data as the samples fractured soon after yield 

meaning work hardening was limited in the range of samples analysed.  

Figure 4.23: Microhardness values at the centre and mid-radial position of each alloy wire a) 0.5Y wire 
annealed at 250°C b) 2Y wire annealed at 300°C. Error bars show standard deviation 

a) b) 
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As with the oven annealing study an annealing process had to be defined as optimum and 

applied to the wires for MBD test investigation and to base the EBSD analysis around. As such it 

was defined that annealing the 0.5Y alloy wire at 250°C for 30mins as optimum and for the 2Y 

alloy wire the process selected was 300°C for 20mins. Wrapping tests found that both the 0.5Y 

and 2Y alloy wires when optimally annealed could survive wrapping around 0.135mm pins, 

corresponding to a maximum idealised bending strain of 48%, Figure 4.25  

a) 

 

b) 

 

d) 

 

e) 

 

c) 

 

f) 

 

0.5Y 2Y 

Figure 4.24: Mechanical properties of both alloys post annealing a) 0.5Y UTS b) 0.5Y YS c) 0.5Y % Elongation to 
failure d)2Y UTS e) 2Y YS f) 2Y % Elongation to failure. Error bars show standard deviation 
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4.3.3.3 EBSD Analysis  

EBSD analysis was carried out on selected samples of the 0.5Y and 2Y alloy wires following 

different annealing processes in order to gather accurate grain size measurements as well as 

analyse the recrystallised texture. The IPF maps of the select samples are displayed in Figure 

4.26. The IPF maps in Figure 4.26a and d show the microstructure of the 0.5Y and 2Y alloy wires 

Figure 4.26: MBD testing of a) 0.5Y alloy wire annealed at 250°C for 30mins b) 2Y alloy wire annealed at 
300°C 20mins, wrapped around 0.135mm pins 

a) b) 

Figure 4.25: Inverse pole figure maps of both alloys post annealing a) 0.5Y 250°C 30mins b) 0.5Y 350°C 
30mins c) 0.5Y 450°C 30mins d) 2Y 300°C 20mins e) 2Y 350°C 20mins f) 2Y 450°C 20mins 

ND 
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when annealed for maximum ductility. The uneven grain size distribution in the 0.5Y alloy wire 

treated at 250°C for 30 mins is shown more clearly here compared to the optical micrographs. 

Figure 4.27 highlights the central region (Figure 4.27a) and edge of the map (Figure 4.27b) where 

the mean grain size has been calculated as 1.18 and 2.12μm respectively. The full map has a 

mean grain size of 1.87μm. As grain growth progresses in the 0.5Y samples annealed at higher 

temperatures, coarsening of some grains takes place. In the sample treated at 350°C the mean 

grain size increases to 6.4μm and in the sample treated at 450°C one grain with a diameter of 

≈30μm dominates the IPF map. A more uniform grain size distribution is developed in the 2Y 

alloy wire post annealing at all temperatures analysed, with the samples treated at 300, 350 and 

400°C grain sizes being 2.48, 2.57 and 2.68μm respectively. 

The corresponding pole figures of the samples shown in Figure 4.26 are displayed in Figure 4.28 

and Figure 4.29 for the 0.5Y and 2Y alloy wires respectively. It can be observed that when 

annealed for optimal mechanical properties (250°C for 30mins) the 0.5Y alloy wire exhibits a 

strong transverse basal texture, whereby the basal planes are aligned parallel with the DD. This 

basal texture is maintained in the 0.5Y alloy wire treated at 350°C for 30mins. The pole figure of 

the 0.5Y alloy wire annealed at 450°C for 30mins exhibits an intense basal texture as the pole 

figure is dominated by the large grain observed in the IPF map (Figure 4.26c). Figure 4.29a shows 

that the 2Y alloy wire also exhibits a transverse basal texture following annealing for optimal 

mechanical properties (300°C for 30mins) however the intensity is weaker compared to that of 

the 0.5Y alloy wire. A similar texture to that developed at 300°C is developed at 350°C for the 2Y 

a) b) 

 

Figure 4.27: IPF maps of 0.5Y wire annealed at 250 °C for 30 mins a) Centre of map/wire b) Edge of map/area 
closer to the OD 
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alloy wire. Following annealing for 20mins at 400°C however there is a distinct shift in texture 

where the basal plane of some grains has tilted by ≈90° to align perpendicular to the DD. 

4.4 Discussion 

4.4.1 Grain growth  

The microstructural investigations revealed that in both alloy wires recrystallisation is initiated 

first close to the OD of the wire and progresses towards the wire core. This is seen most clearly 

in the IPF maps of the 2Y wire following annealing in the vacuum oven at 300, 320 and 340°C 

(Figure 4.14). Recrystallised grains are developed around the edge of the IPF map 

(corresponding to the regions of wire closest to the wires OD) of the 2Y alloy wire treated at 

300°C for 10mins with the central region of the map (corresponding to the wire core) remaining 

Figure 4.28: Pole figures of 0.5Y alloy wires post annealing 
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unindexed and assumed unrecrystallised. This unrecrystallised region is circular suggesting that 

recrystallisation initiated from regions close to the OD and progressed inwards towards the wire 

core radially. The unindexed region following annealing at 300°C for 10mins has a diameter of 

≈75µm, this is reduced to ≈60µm following annealing at 320°C for 10mins. A fully recrystallised 

microstructure is developed in the wire following annealing at 340°C for 10mins. This 

progression of recrystallisation is also observed in both the 0.5Y and 2Y alloy wires when heat 

treated in the vacuum tube furnace at 250°C and 300°C respectively (Figure 4.18). This 

recrystallisation behaviour can be explained through considering the deformation profile 

induced during the cold drawing process. During cold drawing process, the outer diameter of 

the wire will undergo increased deformation compared to the wire core, resulting in increased 

internal stress within the regions of wire closest to the wires OD.176, 193 Consequently, as internal 

stress acts as the driving force for nucleation and recrystallisation, new grains will be nucleated 

Figure 4.29: Pole figures for 2Y alloys wires post annealing 
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first from the regions of highest internal stress closer to the OD of the wire, progressing inwards 

to the wire core as soak time is increased.  

Measuring the internal stress distribution through the cold drawn wire is a costly and challenging 

process. However, as internal stress of a material increases so too does the hardness. As such 

Vickers microhardness testing was conducted to represent variations in internal stress between 

the wire core and the mid-radial position. It was found that in both cold drawn alloy wires there 

was increased hardness at the mid-radial position compared to the wire core (Figure 4.4). The 

relative differences between the hardness at the mid-radial position and wire core for the 0.5Y 

and 2Y alloy wires was 7.4 and 8.3% respectively. This hardness distribution suggests that, as 

expected, the OD of the wire has undergone increased deformation compared to the wire core 

during drawing, explaining why recrystallisation is seen to activate first from these regions. 

Following on from this, Figure 4.10 and Figure 4.23 plots how the hardness at these two locations 

varied as recrystallisation progressed in both alloy wires during annealing in the vacuum oven 

and vacuum tube furnace respectively. In the 0.5Y alloy wire treated in the vacuum oven the 

hardness was relatively consistent at the mid-radial position and the wire core (Figure 4.10a), 

owing to the sample being fully recrystallised at the lowest temperature investigated. However, 

in the 2Y alloy wire, annealed in the vacuum oven, it was clear that the hardness at the centre 

of the wire was increased compared to the mid-radial position following annealing at 300 and 

320°C for 10mins Figure 4.10b, as the wire core remained unrecrystallised (Figure 4.14). 

Following annealing in the vacuum tube furnace a similar hardness evolution was seen in both 

alloy wires (Figure 4.23). Upon complete recrystallisation in both alloy wires it was shown that 

the hardness at the centre and mid-radial positions plateaued at approximately the same level. 

This result, combined with the optical micrographs showing recrystallised grains developed first 

around the OD of the wire confirms that recrystallisation was initiated first from the regions of 

highest internal stress, near the OD of the wire, and progressed inwards to the wire core with 

increased soak time.  

Differences in grain growth, following complete recrystallisation, was observed between both 

alloys. In the 0.5Y alloy samples heat treated in the vacuum oven little grain growth was 

observed between the samples treated at 300°C and 340°C. With recrystallisation only being 

complete in the 2Y samples following annealing at 340°C for 10mins little investigation of grain 

growth could be conducted from this annealing study. However, clear differences in grain 

growth behaviour were identified from the tube furnace annealing study. Firstly, in the 0.5Y alloy 
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wire it was shown that, when annealed for maximum elongation to failure (250°C for 30mins), 

an inhomogeneous grain size distribution was developed; with refined grains in the wire core 

and larger grains towards the OD of the wire. As annealing progressed a more homogeneous 

microstructure was developed, however no increase in ductility was observed. At the higher 

soak temperatures of 300 and 350°C grain coarsening was observed in the 0.5Y alloy wire, with 

the sample treated at 350°C for 30mins having a grain size of 6.4μm. Abnormal growth was 

observed when annealed at 400 and 450°C with the IPF map in Figure 4.26c being dominated by 

a grain with a diameter of approximately 30μm. No abnormal grain growth was activated in the 

2Y alloy wire during any of the annealing procedures investigated in this work with the grain size 

only increasing from 2.48μm, when treated at 300°C for 20mins, to 2.68μm at 400°C for 20mins. 

The cold drawn 2Y alloy wire contained an increased number of precipitates (Figure 4.3) that 

may act to restrict boundary mobility during prolonged annealing, through particle pinning. A 

large number of precipitates are also developed in the 0.5Y alloy (Figure 4.19) that might be 

expected to restrict boundary mobility. However, it is shown that these particles develop 

following complete recrystallisation, once grain coarsening is already underway. Therefore, 

these particles are shown to not promote recrystallisation of a more homogeneous 

microstructure. Additionally, Y and other RE elements are known to segregate to grain 

boundaries, restricting their mobility during thermal processing which can promote texture 

weakening and recrystallisation of a more homogenous microstructure.150, 194 It is shown that 

increasing the Y content to 2wt% develops a more homogeneous microstructure and prevents 

grain coarsening during annealing at higher temperatures, either through particle pinning, 

solute drag or some combination of both. 

4.4.2  Secondary Phase Particle Evolution 

Analysis of the secondary phase particle distribution was conducted using optical microscopy, 

SEM/EDS analysis and XRD analysis. Using optical microscopy these particles appeared as small 

dark cubic regions as they often were dislodged from the surface during sample preparation. 

These particles were identified as being Y-rich using EDS analysis (Figure 4.22) and confirmed to 

be Mg24Y5 particles with XRD analysis (Figure 4.21). As the particles were Y-rich they appeared 

brighter than the Mg matrix in SEM imaging. EDS and XRD analysis were only conducted on select 

samples and as such it is assumed that the particles developed in all samples were Mg24Y5. 

Nevertheless, the exact composition of the particles is not of great concern but rather their 

evolution during the range of annealing procedures carried out and how their presence may 
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affect microstructural evolution and the mechanical properties of the alloy wires. Some 

consideration of the composition should be made when considering biocompatibility and 

corrosion resistance of these alloys, which is out with the scope of this work. However, 

concerning corrosion in vivo it is known that there are three main secondary phase particles 

developed in MgY alloys (Mg24Y, Mg2Y and MgY), each of which are more noble than the Mg 

matrix and as such can result in micro-galvanic corrosion activating in the alloy, accelerating the 

degradation rate.195, 196 Consequently, not considering the effect on mechanical properties, the 

uncontrolled precipitation of the Y-rich secondary phases should be avoided when developing 

MgY alloys for application in biomedical devices.  

SEM analysis identified that secondary phase particles were present in both cold drawn alloy 

wires with the 2Y alloy wire having an increased number compared to the 0.5Y alloy wire. Owing 

to the increased Y content of the 2Y alloy wire it was anticipated that an increased number of 

particles would be present in this alloy compared to the 0.5Y. However, it was not the aim of 

either alloy to contain a high number of precipitates, as this can lead to galvanic corrosion of Mg 

alloys in vivo, and also secondary phase particles can act as stress concentration sites that can 

lead to failure.196, 197 As such considering the final application of these alloy wires it is preferable 

for the Y to remain in solution during processing. As the fabrication of the alloy wires was not 

conducted as part of this work no control was had over the prior processing and as such, 

improvements could not be made to increase the volume fraction of Y in solution. As described 

in Section 4.4.1, the presence of these particles may contribute to restricting abnormal grain 

growth in the 2Y alloy wire at high temperatures. The increased precipitation was likely 

responsible for the increased YS of the cold drawn 2Y alloy wire compared to the 0.5Y wire 

(302±8.2 and 271±7.0MPa respectively), though had little effect on the UTS of both alloy wires 

(327±3.6 and 322±0.4MPa for the 2Y and 0.5Y alloys respectively).  

Analysis of the secondary phase particle evolution in both alloy wires during annealing in the 

vacuum oven can be carried out by considering the SEM analysis of the cross sections of select 

samples (Figure 4.9). Little change is observed in the number and size of particles precipitated 

out of solution in the 0.5Y alloy wire over the temperatures investigated. The number of particles 

present in the 2Y alloy wires following annealing in the vacuum oven remains relatively similar 

over the range of soak temperatures investigated. However, as soak temperature is increased 

to 320 and 340°C coarsening of some particles is observed in the 2Y alloy wire (Figure 4.9e and 

f). As is known precipitation is generally promoted during prolonged exposure to moderate 
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temperatures. In the case of Mg alloys age hardening in generally conducted at temperatures 

between 200 and 300°C.198 As described in Chapter 3 when annealed at 300, 320 and 340°C the 

samples were exposed to temperatures >250°C for 34, 45 and 61mins respectively, in addition 

to the procedures soak time. Consequently, the coarsening of secondary phase particles during 

these annealing cycles is not surprising and is one potential benefit of the rapid heating and 

cooling cycles made possible with the vacuum tube furnace. No such coarsening of particles was 

observed in the 0.5Y alloy wires. However, with fewer particles present in the cold drawn alloy 

wires prior to annealing and few cross sections investigated, it may be the case that coarsening 

of some particles was present but not identified from the analysis conducted here. 

When treated in the vacuum tube furnace where rapid heating and cooling cycles were applied 

and the samples were treated at higher temperatures compared to the vacuum oven, a slightly 

different evolution of the secondary phase particles were observed. Upon complete 

recrystallisation of both alloy wires, they contained a similar number and size of particles 

compared to their respective cold drawn states.  As soak time was increased at 250°C for the 

0.5Y alloy wire and at 300°C for the 2Y alloy wire little change was observed in the number and 

size of secondary phases present post annealing, Figure 4.18. However, post annealing at 

temperatures >350°C, increased precipitation was observed in both alloy wires (Figure 4.19 and 

Figure 4.20). As mentioned previously, generally low temperatures (200-300°C) are used to 

develop precipitates in Mg alloys and fewer particles are developed at elevated temperatures 

(e.g., >400°C).198 However, Guan et al.199 reported a similar phenomenon to that observed in this 

work, in WE43, whereby concurrent precipitation and recrystallisation was observed during high 

temperature annealing (490°C), suggesting it was caused by a combination of high residual strain 

and high solute concentration along prior grain and twin boundaries.199 Both wires investigated 

here have been severely cold drawn and as such will have high residual strain prior to annealing. 

Secondly, it is assumed the bulk of Y content is maintained in solution prior to annealing. 

Therefore, the alloys analysed here have similar characteristics to those investigated by Guan et 

al.199 Consequently, the increased precipitation in both alloys following high temperature 

annealing in the tube furnace may be explained by the high levels of residual strain and 

segregation of Y along prior grain and twin boundaries in the cold drawn wires.  

4.4.3 Texture Evolution 

EBSD analysis was conducted on both alloy wires to assess the texture evolution following a 

range of select annealing procedures using both the vacuum oven and tube furnace. As 



 

85 
 

mentioned, scans were run on the cold drawn wires but returned no useable data owing to the 

high levels of deformation making indexing challenging and assessment of the initial cold drawn 

wires’ microstructures not possible. As such it is assumed that both cold drawn wires exhibit a 

typical deformed microstructure, with a fibrous grain structure with a strong basal texture.185, 

188 In all of the 0.5Y and 2Y samples (excluding the 2Y alloy wire annealed at 400°C for 20mins in 

the vacuum tube furnace) a transverse basal texture, was developed during annealing, similar 

to that observed in other Mg alloy wires.183-185 However it was observed that a weaker texture 

was developed in the 2Y alloy wires compared to the 0.5Y alloy.  

Firstly, it can be seen that there is very little variation in the texture developed in each of the 

0.5Y samples from both annealing studies. An intense (≈7.5-9.5mrd intensity in the basal pole 

figure) transverse basal texture is developed in each of the samples treated in the vacuum oven 

and when annealed for maximum ductility (250°C for 30mins) in the vacuum tube furnace. When 

annealed at the higher temperatures in the vacuum tube furnace (350 and 450°C) grain 

coarsening results in an insufficient number of grains being indexed to accurately measure the 

texture intensity of the 0.5Y alloy. This is particularly clear in the sample annealed at 450°C for 

30mins where a grain of ≈30µm dominates the IPF map (Figure 4.26c) causing the pole figure to 

be dominated by the orientation of this abnormal grain. It is expected that should a larger area 

be analysed, and an increased number of grains indexed, then the texture intensity would 

decrease.  

A weakened transverse basal texture is developed in the 2Y alloy wire when annealed at 340°C 

for 10mins in the vacuum oven, compared to the 0.5Y alloy wires with a texture intensity of 6.82 

and 10.29mrd in the (0001) and (10-10) pole figures respectively. When annealed for maximum 

ductility in the vacuum tube furnace (300°C for 20mins) a slightly weaker texture is developed 

in the 2Y alloy wire compared to when treated in the vacuum oven, with the (0001) and (10-10) 

pole figures having an intensity of 4.93 and 7.84mrd respectively. Weakening of the texture in 

the 2Y alloy wire compared to the 0.5Y demonstrates that increasing the Y content in the alloy 

to 2wt% is sufficient to activate texture weakening during annealing. This finding is in agreement 

with Hantzsche et al.145  who concluded that an Y content of greater than 0.17at% is required to 

activate texture weakening in MgY alloys.145 The 0.5Y and 2Y alloys investigated here contain 

0.12 and 0.50at% Y respectively, agreeing with the work of Hantzsche et al.145 that there is 

insufficient Y content in the 0.5Y alloy to activate texture weakening. Despite a weaker texture 

being developed in the 2Y alloy wire compared to the 0.5Y alloy they exhibited similar 
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mechanical properties. This demonstrates that the weaker basal texture developed in the 2Y 

wire did not result in improved the tensile elongation to failure. However, the weaker texture 

developed in the 2Y alloy wire may improve its ductility under complex loading and if smaller 

bend diameters could have been tested the 2Y alloy may outperform the 0.5Y alloy wire.  

A large range of annealing temperatures (250-450°C) were investigated in the vacuum tube 

furnace annealing study as it has been reported that the RE texture only develops during static 

recrystallisation at elevated temperatures (these temperatures vary depending on alloy 

composition).117 In no sample was the typical RE texture developed, however in the 2Y alloy wire 

annealed in the vacuum tube furnace at 400°C for 20mins a shift in texture was observed. As 

can be seen in Figure 4.26e and Figure 4.29c, a split in texture is developed whereby several 

grains retain the transverse basal texture (with their c-axis perpendicular to the DD) whilst the 

remaining grains have rotated approximately 90° from the transverse basal texture (aligning 

with their c-axis parallel to the DD). From the analysis conducted here it is unclear on the origin 

of this texture however, it was observed that the cold drawn 2Y alloy wire contained a high 

number of secondary phase particles that, upon annealing at 400°C for 20mins, increased in 

number and size. From the work carried out here it is unclear, if precipitation of these particles 

occurred pre, post or concurrently with recrystallisation in the 2Y alloy wire. However, it is 

known that particles can act to, both, promote and restrict recrystallisation.200 Depending on 

the sequence of precipitation and recrystallisation this texture may be better understood as the 

precipitates could be affecting the recrystallisation mechanisms activated or grain growth post 

nucleation. However, it is clear that the texture developed in this sample is not beneficial for 

optimising the ductility of the sample along the DD, as the c-axis of the rotated grains will be 

loaded in tension, meaning the activation of prismatic slip will be severely restricted in these 

grains. This was confirmed during tensile testing where samples heat treated at 400°C for 

20mins exhibited poor ductility, though this was likely a combination of both the texture and 

high number of secondary phase particles.  

4.4.4 Mechanical Properties 

As mentioned previously, based on the literature concerning other Mg alloys considered for use 

in BVS technology an approximate elongation to failure target of 20% was set as a target value 

to reach through annealing optimisation. Of course, as is known, simple uni-axial tensile testing 

will not fully characterise the loading the alloy wires will experience in the final device. As such, 

MBD testing was also conducted to investigate the performance of each alloy during bending.  
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The microstructural analysis revealed that there was little variation in the microstructure 

developed in the 0.5Y alloy wire annealed in the vacuum oven over the conditions investigated. 

Consequently, over the full range of conditions investigated, there was little variation in the YS 

and UTS of the alloy wires, 135-145MPa and 200-210MPa respectively. As previously mentioned, 

owing to the prolonged heating and cooling cycles implemented during each heat treatment 

process there is less variation between each process than would be assumed from comparing 

the relative soak temperatures and times stated for each. When heated at 300, 320 and 340°C 

the samples will be exposed to temperatures above 250°C for an additional, 34, 45 and 61mins 

respectively. Thus, for the samples treated at 340°C where there appears to be 4 times increase 

in the soak time investigated (10-40mins) it is only 1.42 times increase in soak time above 250°C.  

This lack in variation between cycles explains the similar microstructures developed between 

the various cycles, and consequently the similar strength of the wire over the range of conditions 

investigated. However, there was greater variation in the elongation to failure, with a minimum 

of 14.0±4.1% and a maximum of 21.2±0.9%, found after annealing at 340°C for 20 and 10mins 

respectively. The samples that exhibited lowest elongation to failure (e.g., 340°C for 20mins) 

tended to exhibit the largest standard deviation in results. Over the range of conditions tested, 

at least one sample from the set of five had an elongation to failure of >18% whilst many of the 

test sets had outliers that fractured early causing a decrease in mean elongation to failure. The 

early failures observed during testing of various conditions may be attributed to secondary 

phase particles. It was observed that the number and size of secondary phase particles remained 

relatively consistent to that observed in the cold drawn state over the range of conditions 

analysed here, however relatively few samples were analysed. It is known that long exposure to 

relatively high temperatures promotes precipitation (as observed in the 2Y alloy wire). As such 

it might be expected that some coarsening of the precipitates present in the cold drawn alloy 

wires occurs during annealing in the vacuum oven that was not observed in the microstructural 

analysis owing, in part, to both the relatively few particles present prior to annealing and 

relatively few cross sections of wire analysed. Should coarsening of these particles occur within 

the 110mm gauge length of the alloy wires it may lead to stress concentration around these 

particles, leading to early failure during tensile testing. Consequently, the variation in 

elongations to failure observed in these samples, despite exhibiting a relatively similar 

microstructure, may be attributed to uncontrolled precipitation/coarsening of secondary phases 

particles. 
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A much clearer trend is present in the mechanical properties of the 2Y alloy wire, which can be 

understood through the accompanying microstructural investigation. Following annealing at 

300°C for 10mins the wire core remains unrecrystallised and as a result the strength of the wire 

remains high and the elongation to failure is low. As soak time is increased at 300°C, both the YS 

and UTS continuously decrease. Again, following annealing at 320°C for 10mins the wire core 

remains unrecrystallised and YS and UTS decrease as soak time is increased. The microstructural 

evolution revealed that following annealing at 340°C for 10mins the wire was fully recrystallised 

and consequently the elongation to failure was maximised at 16.2+/-3.0%. Increasing the soak 

time following complete recrystallisation at 340°C had little effect on the mechanical properties 

of the 2Y alloy wire. 

During the wrapping tests it was found that the 0.5Y cold drawn alloy wire could survive 

wrapping around a pin of diameter 0.135mm whilst the cold drawn 2Y alloy wire failed during 

wrapping around a pin of 0.16mm. The tensile ductility of the 2Y cold drawn wire was lower than 

that of the 0.5Y and as such may explain the reduced ductility in bending. However, the optimally 

annealed 2Y alloy wire had a MBD of 0.22mm yet a higher elongation to failure than both the 

0.5Y and 2Y cold drawn wires. This shows that increased tensile ductility does not always indicate 

good performance in bending. This is similar to the work of Nienaber et al.201 who demonstrated 

that a 1mm diameter AZ80 wire had increased elongation to failure compared to a 1mm AZ31 

alloy wire, but a decreased MBD. The authors attributed this to increased precipitation in the 

AZ80 alloy wire causing stress peaks to develop around these particles that can initiate 

premature failure. Consequently, the reduced bending performance of the annealed 2Y alloy 

wire compared to its cold drawn state may be attributed to the increase in coarse secondary 

phase particles present in the microstructure acting as stress concentration sites, resulting in 

premature failure during wrapping.  

During annealing in the vacuum tube furnace, much clearer trends in the mechanical properties 

could be identified in both alloy wires. First, in the 0.5Y alloy wire after annealing for 10mins at 

250°C the wire is not fully recrystallised and as a result exhibits high strength and low ductility, 

similar to the 0.5Y cold drawn alloy wire. The microstructural investigation revealed that a fully 

recrystallised microstructure was developed following annealing at 250°C for 30mins which 

resulted in maximised elongation to failure of 20.3±0.4%, whilst the YS and UTS fall to 

133±2.6MPa and 196±0.8 MPa respectively. These properties remain relatively consistent as the 

soak time is increased further at 250°C, showing that no increase in ductility was achieved as a 
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more homogeneous grain size distribution developed. At the higher soak temperatures, ductility 

is maximised after annealing for 10 or 20mins and follows a downward trend with increasing 

soak time. When treated at 400 and 450°C there is a general upward trend in YS as soak time 

progresses. In all of the 400°C and 450°C samples, ductility is severely reduced, and they fail 

soon after yield, meaning the upward trend is not as visible in the UTS values as little strain 

hardening takes place. The increased strength at higher soak temperatures is attributed to 

increased precipitation of Mg24Y5 particles, whilst the reduced ductility is attributed to both the 

increased precipitation and grain coarsening. When annealed for maximum elongation to failure 

(250°C 30mins) the 0.5Y alloy wire survived wrapping around pins of 0.135mm.  

The 2Y wire displays a similar trend to the 0.5Y wire, though as shown in the microstructural 

analysis, increased temperature and/or soak time is required to fully recrystallise the 

microstructure. When treated at 250°C the wire exhibits relatively high strength and low 

ductility until prolonged annealing for 120mins where the YS and UTS fall to 146±0.7 and 

201±1.2MPa respectively whilst the elongation to failure is 15.2±5.6%. A fully recrystallised 

microstructure is developed when treated at 300°C for 20mins resulting in a maximised 

elongation to failure of 19.7±1.1%. As the soak time is increased at 300°C increased precipitation 

was observed and consequently the elongation to failure decreases. As in the 0.5Y wire, 

strengthening and loss of ductility is seen during annealing at high temperatures (400 and 450°C) 

with long soak times. As the grain size remains relatively constant as soak time and temperature 

are increased this loss of ductility is attributed solely to the increased precipitation of Mg24Y5 

particles in the 2Y alloy wire. The optimised annealing procedure developed (300°C for 20mins) 

for the 2Y alloy wire allows it to survive wrapping around 0.135mm pins, demonstrating that the 

ductility in bending of the cold drawn wire can be improved through thermal processing should 

both the size and number of secondary phase particles be maintained similar to that of the cold 

drawn wire.  

4.5 Conclusions 

The microstructure and mechanical properties of two Mg-Li-Y alloy wires were investigated in 

their as-drawn state and two annealing optimisation investigations were carried out to maximise 

their ductility. It was shown that recrystallisation initiated near the OD of both alloy wires and 

progressed to the centre of the wire as soak time/temperature increased. This was attributed 

to increased internal stress being developed close to the OD of the wire during the cold drawing 

process and recrystallisation being activated first from the regions of high internal stress. In both 
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cold drawn alloy wires secondary phase particles were present with an increased number and 

size present in the 2Y alloy wire. During annealing in the vacuum oven no change in the number 

and size of these particles was observed in the 0.5Y alloy wire during the annealing treatments 

investigated. However, coarsening of these particles was observed in the 2Y alloy after annealing 

at 320 and 340°C in the vacuum oven. During annealing in the vacuum tube furnace an increased 

number and size of these particles was observed in both alloy wires when annealed at 350-

450°C, resulting in decreased ductility and increased strength. The increased number of these 

particles in the cold drawn 2Y alloy wire is expected to have contributed to the restriction of 

grain growth during high temperature annealing of the 2Y alloy wires. In contrast, grain 

coarsening was observed in the 0.5Y alloy wires when annealed at 350-450°C in the vacuum tube 

furnace. A weaker basal texture was developed in the 2Y alloy wires following annealing in the 

vacuum oven and tube furnace, showing that there was insufficient Y content in the 0.5Y alloy 

wire to activate texture weakening. However, with both alloys exhibiting similar mechanical 

properties following annealing for maximum ductility, the weaker texture developed in the 2Y 

alloy wire was shown to not result in increased elongation to failure during tensile testing. The 

weaker texture may contribute to reduced anisotropy compared to the 0.5Y alloy wire, resulting 

in improved formability under more complex loading.  

Both alloy wires were shown to achieve elongations to failure of ≈20% after appropriate thermal 

processing. After annealing in the vacuum oven for 10mins at 340°C the elongation to failure of 

the 0.5Y alloy wire was maximised at 21.2+/-0.9%. In contrast no procedure developed for the 

2Y alloy in the vacuum oven allowed for an elongation to failure of ≈20%. The elongation to 

failure of the 2Y alloy wire was maximised at 16.2+/-3.0%, when annealed at 340°C for 10mins 

in the vacuum oven. The lower elongation to failure (and increased variation), of the 2Y alloy 

wire, annealed in the vacuum oven, was attributed to the increased number and size of 

secondary phase particles present in the wire. Consequently, during MBD testing of each alloy 

wire following optimal annealing in the vacuum oven, only the 0.5Y alloy wire could survive 

wrapping around 0.135mm pins. The 2Y alloy wire failed during these tests and was identified 

to have a MBD of 0.22mm. This was in contrast to the cold drawn 2Y alloy wire that had reduced 

tensile elongation to failure (8.4±2.5%) but had an increased MBD (0.16mm). As such it was 

demonstrated that improved tensile elongation to failure does not always correspond to 

increased ductility in bending. Following annealing in the vacuum tube furnace for maximum 

ductility the 0.5Y (250°C for 30mins) and 2Y (300°C for 20mins) alloy wires were shown to 

achieve elongations to failure of 20.3±0.4 and 19.7±1.1% respectively, whilst both could survive 



 

91 
 

wrapping around 0.135mm pins. These processes were found to maximise the elongation to 

failure of the alloy wires during the tensile testing conducted and were defined as “optimum” 

processes for the purpose of the microstructural investigations. However, further analysis would 

be required to identify the true optimal thermal processing route for each alloy wire. However, 

a plateau in elongation to failure occurred during thermal processing at 250°C for soak times 

beyond 30mins in the vacuum tube furnace for the 0.5Y alloy wire. Further a peak in tensile 

elongation to failure was observed in the 2Y alloy wire annealed in the vacuum tube furnace 

following annealing at 300°C for 20mins. Consequently, from the range of thermal processing 

routes investigated in this work it can be considered that any possible increase in the elongation 

to failure values defined as optimum would be minimal in both alloy wires.  

It was shown that annealing in the vacuum oven and tube furnace allowed for the 0.5Y alloy 

wire to achieve the target elongation to failure of ≈20%. Whilst only annealing in the vacuum 

tube furnace allowed for the 2Y alloy wire to achieve the target elongation to failure of ≈20%. 

As such when developing thermal processing routes for the final BVS device, in Chapter 5, both 

the vacuum oven and tube furnace were investigated for the 0.5Y alloy wire and only the vacuum 

tube furnace was investigated for the 2Y alloy wire.  
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Chapter 5: BVS Optimisation 

5.1 Introduction  

In this chapter, the two alloys under investigation are applied in the manufacture of a new wire 

form BVS device and the processing parameters applied during fabrication are optimised to 

maximise the expansion range of the device. The limited success of BVS devices is widely 

reported to be caused by the poor mechanical properties of available materials.202, 203 The early 

research into BVS devices largely focussed on the development of polymer-based devices 

however today, more focus is being given to bioresorbable metals, such as Mg, Zn and Fe owing 

to their improved mechanical properties compared to polymers.53 The first, and only, metallic 

BVS device to gain CE approval in Europe (in 2016) is the Magmaris device developed by 

Biotronik.204  A more detailed review of the device was previously included in Chapter 2, where 

it was described how the Magmaris device exhibited promising early results however concern 

begun to grow over the presence of a long-lasting degradation product several years post 

implantation.89 More recent findings have shown, potentially, more concerning issues, such as 

early vessel collapse. Some have attributed early vessel collapse to the poor mechanical 

performance of the Magmaris device, leading to mallaposition, under expansion and rapid loss 

of radial force.205-207 Biotronik have sought to address the issues of the Magmaris device in their 

newest device, the Dreams 3G, which has increased radial force and reduced strut thickness. A 

5-year clinical trial (BIOMAG-I) of the Dreams 3G device enrolled the last of a total of 116 

patients in 2022.208 This shows that the interest in BVS devices remains, as the benefits are clear, 

however, so too are the challenges associated with developing these devices.  

The BVS investigated in this work is targeting to initially treat BTK arteries, which have an 

approximate diameter of 3mm in adults.32 Currently there are no FDA approved stents for use 

in BTK arteries, though as described in Chapter 1, spot repair through the FDA approved Tack 

Endovascular system has provided some promising results in the treatment of dissections within 

BTK arteries compared to the full metal jacket coverage provided by stents.25, 39 Though there 

remains the belief that, through temporary scaffolding of lesions in BTK arteries, improved 

patient outcomes can be achieved. Despite no stents being FDA approved for use in BTK arteries, 

off-label application of stents designed for coronary and superficial femoral arteries is regularly 

applied in the treatment of BTK arteries.13 Consequently, the design criteria for the present 

device are set through consideration of DES performance with reference to the available 
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information on Magmaris. The device under investigation has a nominal diameter of 3mm, 

however, to appropriately treat the full patient range, expansion beyond the device’s nominal 

diameter will be required. DES with a nominal diameter of 3mm, are generally capable of over 

expansion to 5mm.209 However, achieving an over expansion of 2mm above the nominal 

diameter in Mg based device’s may be challenging, and lead to premature fracture, as 

demonstrated by the Barkholt et al.210 during benchtop testing of the Magmaris device. The 

authors demonstrated that no strut fractures were observed during the unconstrained 

expansion of a Magmaris BVS, with a nominal diameter of 3mm, in a SBF bath at 37°C using 

noncompliant 4mm balloons. Fractures were observed during expansion with a 4.5mm 

noncompliant balloon, though it should be noted that fractures only occurred when expanded 

beyond an ID of 4.4mm.210 Thus a target over-expansion range of 1mm was targeted for the new 

device being investigated in this work. The target radial strength to achieve was based of 

comparable 3mm coronary devices that exhibit a radial force of 1N/mm.211 

Based on the design requirements identified for BVS devices for the treatment of BTK arteries, 

the mechanical performance of devices manufactured from both alloy wires is optimised in this 

chapter. An annealing optimisation study is conducted, first, using the vacuum oven, on devices 

manufactured from 0.5Y alloy wire. Following this, an annealing study is conducted on devices 

manufactured from both alloy wires using the vacuum tube furnace. The mechanical 

performance of the device is assessed through expansion and radial force testing, whilst the 

underlying microstructural features influencing these properties are also investigated.    

 

5.2 Methodology 

5.2.1 Scaffold Manufacture 

The design and manufacture of the devices was described in Chapter 3, where it was explained 

that the devices were required to undergo an annealing process following forming of the sine 

like waveform into a tubular scaffold. The primary purpose of the annealing process was to 

restore the mechanical properties of the alloy wires, allowing for maximum expansion range of 

the device during deployment. The heat treatment protocol had the secondary benefit of heat 

setting the device in place on the mandrel, preventing any unravelling of the waveform. The 

scaffolds were manufactured from both the 0.5Y and 2Y alloy wires supplied following annealing 

by the wire suppliers. No information on these protocols was provided. As such, prior to device 
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manufacture and testing, both supplied alloy wires were investigated using the same methods 

described in Chapter 4, so these protocols are not repeated here.  

An annealing optimisation study was performed, firstly on devices manufactured from the 0.5Y 

alloy wire using the vacuum oven. The devices manufactured from the 0.5Y alloy wire were 

placed in the vacuum oven at room temperature, a vacuum was then pulled on the system and 

set to heat to the desired soak temperature. Once at the set soak temperature, the devices were 

held for the desired soak time, before the furnace was turned off and allowed to cool naturally 

to room temperature before the vacuum was released and the samples removed.  

The vacuum tube furnace was also used to develop an optimum annealing protocol for devices 

manufactured from both the 0.5Y and 2Y alloy wires. Again, these devices were annealed 

following the same protocol as described in Chapter 4 for the cold drawn alloy wires. The 

samples were placed in a quartz glass boat linked to the magnetic transfer arm and held within 

the cooling zone. A vacuum was then pulled on the system and allowed to heat to the set soak 

temperature. Once the furnace had reached temperature, the furnace was held for 10mins 

before the samples were transferred into the centre of the heating zone. The samples were then 

held in the heating zone for the desired soak time before being transferred back into the cooling 

zone. The vacuum was only removed once the furnace temperature was below 45°C. 

5.2.2 Scaffold Expansion Testing 

Based on preceding work, it was known that achieving consistent expansion of the devices to 

4mm from the as manufactured diameter of 1.83mm was not possible prior to the work 

described in this thesis. Consequently, for the initial annealing study, it was determined that a 

procedure that allowed for consistent expansion to 4mm from the as manufactured diameter 

should first be developed prior to incorporating the crimping process. As such, in the initial study 

all testing was conducted through expanding the devices from their as manufactured diameter 

of 1.83mm to 4mm. 

A two-stage expansion process was used to assess the performance of the devices. The device 

was placed over a noncompliant 3mm balloon catheter (with a folded diameter of 1.5mm) and 

placed in a water bath at 37°C in order to mimic body temperature. The balloon/device system 

was held in the water bath for 1 minute before inflating the balloon to its rated pressure (12atm), 

which expands the balloon to 3mm. The balloon is held at 12atm for at least 5s before being 

deflated and the device removed. Preliminary testing measured the diameter of the stent 
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balloon system whilst the balloon was still expanded to ensure the device was expanded to 3mm 

ID at 12atm. On removal of the expanded device from the balloon any strut fractures were 

immediately visible and recorded. The devices were then investigated using optical microscopy 

at x50 and x200 mag for signs of cracks and to image and record any complete strut fractures. 

Devices that survived expansion to 3mm were placed over a second balloon tipped catheter and 

expanded to 4mm ID using the same process as described above in the water bath. Again, on 

removal of the devices from the balloon they were investigated for signs of cracking using optical 

microscopy. 

For the remainder of the expansion testing a crimping process was conducted prior to 

expansion, as required prior to deployment in vivo. Firstly, the devices were crimped onto the 

noncompliant 3mm balloon tipped catheter using a Machine Solutions crimp head. The balloon 

tipped catheters had a folded diameter of 1.5mm, meaning the devices were crimped from an 

as manufactured ID of 1.83mm to 1.5mm. The devices were placed over the balloon and placed 

in the crimp head, which is linked to an Instron that is used to control the loading applied to the 

device, see Figure 5.1. The Instron only measures the load applied to the crimp head lever and 

not the true circumferential force applied to the device in the centre of the crimp head. It has 

been approximated that the circumferential load on the device is approximately four times that 

of the load measured by the Instron. The device undergoes two crimping stages. First a “pre-

crimp” is carried out where the device is crimped until a load of 10N is read on the Instron. At 

this stage, should the devices not lie entirely on the balloon (out with the radial markers shown 

in Figure 5.2) the device can be carefully repositioned to lie within the markers. A final crimp is 

conducted to fully secure the device on the balloon, where a load of 50N is applied to the crimp 

head by the Instron. It can be approximated that a circumferential load of approximately 40N is 

applied during the pre-crimp stage, whilst a 200N load is applied during the final crimp to the 

device. This is a crude crimping process and one that will be modified in future, however the 

primary focus here is the reduction in internal diameter of the device, so as to understand the 

cyclic loading of the device during crimping and expansion. Once crimped onto the balloons the 

devices were analysed at 50x magnification for signs of defects or fractures prior to expansion 

testing. Expansion testing was conducted following the same procedure described above.  
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5.2.3 Radial Force Testing  

Radial force testing was conducted on devices following annealing for optimal expansion as 

defined in the following sections. The radial force tests, using a test protocol and specification 

developed by the present author, were conducted by an outside lab using a segmented head 

radial force tester. The test started at a diameter approximately 0.5mm larger than measured 

scaffold diameter and had an end diameter of 1.5mm. The segmented head had a speed of 

Figure 5.1: Crimp head linked to Instron 
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0.1mm/s with a short idle time at 1.5mm. Devices were tested at expanded IDs of 3 and 3.5mm. 

The raw data was provided by the outside company and analysed, where possible, in accordance 

with the ASTM F3067 – 14 Standard Guide for Radial Loading of Balloon-Expandable and Self-

Expanding Vascular Stents.212 

A standard plot output from a typical radial force test using a segmented head radial force tester 

is displayed and described in the ASTM F3067 – 14 Standard.212 Figure 5.3 shows this plot from 

the ASTM Standard that displays the loading as one complete cycle, whilst it has been modified 

to show 4 separate regions that describe the loading curve: A) initial loading B) plasticity 

increasing C) unloading D) return.212 Within the initial loading region, there is a clear non-linear 

portion of the curve and this region is considered to not be representative of the stent response 

as much of the device has yet to fully contact the loading surfaces. Upon full engagement with 

the stent, the initial loading region is approximately linear, and the device undergoes elastic or 

elastic-plastic deformation. A linear line (loading line) can be fitted to this region and its 

intercept with the x-axis can define the zero-compression diameter of the device. As plasticity 

builds up within the device the loading curve begins to flatten, and the force increases at a 

slower rate as plasticity increases (B). Once the predefined maximum compression is reached 

the device is unloaded and in the unloading region (C) the load decreases linearly with 

approximately the same gradient as the initial loading region. Once the device loses contact with 

the segmented head, the loading is zero and the full loading cycle is complete as the segmented 

head returns to its initial diameter (D). To determine the radial force in accordance with the 

Radial markers 

 

Figure 5.2: Crimped device 
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ASTM standard, an unloading line is created in a similar manner to the loading line, whereby a 

linear line is fitted to the steepest section of the unloading curve and extended to meet the x-

axis. This unloading line can be used to determine the radial force by offsetting it by some 

specific value from the zero-compression diameter of the device. The extent of this offset should 

be selected with consideration of clinical relevance.212  

The data gathered from the analysis conducted in this work is only provided with regions A and 

B meaning an offset line cannot be created from the unloading line and used to determine the 

radial force. However, as the unloading and initial loading regions are approximately parallel an 

offset line was created from the line of best fit from the initial loading line. This line was then 

offset by 0.1mm from the zero-compression diameter and the point at which it intersected the 

loading curve defined the radial force. An example data set from the analysis conducted in this 

work is plotted in Figure 5.4 with both the linear loading line and offset line plotted.  

5.2.4 Microstructural Analysis  

Microstructural analysis of the devices was conducted using a range of microscopy techniques, 

including, optical microscopy, SEM and EBSD analysis. Surface analysis of the devices was 

conducted using a dino-lite microscope where no sample preparation was required. Using an 

Olympus GX51 optical microscope the microstructure of the devices was analysed. Devices 

prepared for analysis using the Olympus GX51 microscope were mounted longitudinally in epoxy 

resin and prepared through grinding with 1200grit SiC paper followed by 2400grit SiC paper with 

Figure 5.3: Representative radial loading plot for a balloon expandable stent using a segmented head 
apparatus212 

A) Initial 

loading 

B) Plasticity Increasing 

 

 

D) Return 

 

 

C) Unloading 
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a final 2min polish using OPS solution. Samples were analysed in this condition to investigate 

and identify signs of cracking. A final etching step was applied to investigate the microstructure 

of the devices using a solution of 75ml of ethylene glycol, 10ml distilled water and 1ml of nitric 

acid. SEM analysis was conducted on samples mounted in epoxy resin and prepared in the same 

manner as for optical microscopy (described in Chapter 4), both with and without the final 

etching step.  

EBSD analysis required the samples to be mounted in conducting Bakelite. Analysis of the BVS 

devices was conducted in their as manufactured state, post crimping, and post expansion to 

3mm. Owing to the high pressures exerted during mounting in Bakelite, it was not possible to 

mount a complete device in Bakelite without crushing and deforming the device. As such a single 

helix from final device was cut (Figure 5.5a) and placed in the Bakelite mounting press so that 

the pressure was applied axially, as shown in Figure 5.5b where the red arrows denote the 

pressure applied during mounting. When loaded circumferentially, it led to crushing of the helix. 

The sample was then ground and polished (following the same procedure as described for 

optical microscopy, without the final etching step) to reveal approximately half of one wave 

(Figure 5.5c). A final polish was conducted through ion milling with a Gatan precision etching 

and coating system. The EBSD scan was then run on an area approximately 50x100µm at the 

Figure 5.4: Representative radial force results from testing 
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apex of the wave so as to gather data on the most severely deformed region of the device at 

both the OD and ID of the wave. A representative region is highlighted in red in Figure 5.5c. 

5.3 Results 

5.3.1 Characterisation of Wire  

The BVS devices under consideration were manufactured from both alloy wires with a final 

annealing step post drawing conducted by the wire suppliers. Prior to analysis of the devices, 

the microstructure and mechanical properties of the two wires were investigated.  

Figure 5.5: Images showing how devices were mounted in conducting Bakelite a) representative helix used for 
analysis b) diagram showing loading direction of the devices c) final image of polished waveform prepared for 

EBSD analysis 

a) 

 

b) 

 

c) 
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Firstly, analysis of the two alloys microstructure using optical microscopy (Figure 5.6) revealed 

both alloys had a refined grain size (measured accurately using EBSD analysis) throughout the 

bulk of the cross section, however around the OD of both alloys wires a “skin” of coarse grains 

was observed. This skin of coarse grains is measured at 5 locations for both alloys. The layer 

extends approximately 14/15µm into the wire core from the surface in both alloy wires. SEM 

analysis was also conducted on each alloy wire, where the presence of Y-rich secondary phase 

particles could be observed as they appear brighter in both images compared to the Mg matrix. 

Figure 5.7 shows the SEM analysis of both alloy wires where there are a number of secondary 

phase particles present in each, however there are an increased number and size in the 2Y alloy 

wire compared to the 0.5Y.  Finally, the microstructure of both alloy wires was analysed with 
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Figure 5.6: Microstructure of both supplied annealed wires a) 0.5Y b) 2Y 

a) 

 

b) 
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EBSD analysis. The IPF maps of both alloys are shown in Figure 5.8. Note that a 50x50µm area 

was analysed for the 0.5Y alloy whilst sample drift in the 2Y alloy led to only a 36x48µm area 

being analysed. Both alloys developed a basal texture with the 2Y alloy having a weaker texture 

Figure 5.7: SEM images of each alloy wire a) 0.5Y and b) 2Y 

a) b) 

Figure 5.8: IPF maps of a) 0.5Y and b) 2Y wire 
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compared to the 0.5Y alloy wire. From the EBSD analysis the grain size of the 0.5Y and 2Y alloys 

were found to be 2µm and 1.6µm respectively.   

Tensile and MBD tests were also conducted on both alloy wires. Figure 5.9 shows representative 

stress/strain curves for the two alloy wires. It was found that the 0.5Y alloy had an elongation to 

failure, UTS and YS of 19.8±0.8%, 222.9±0.7MPa and 156.0±0.5MPa respectively. The annealed 

2Y alloy wire exhibited lower elongation to failure (13.8±1.6%) but higher strength, UTS and YS 

of 241.0±0.8MPa and 196.9±0.7MPa respectively. MBD testing found that both alloy wires could 

survive wrapping around the smallest diameter tested (0.135mm), the results are shown in 

Figure 5.10.  

 

5.3.2 Annealing Optimisation Study  

Annealing optimisation of devices manufactured from both alloy wires was carried out using 

both the vacuum oven and tube furnace. As described in Chapter 4, annealing the cold drawn 

2Y alloy wire in the vacuum oven resulted in increased precipitation of Y-rich secondary phase 

particles. Consequently, the wire had relatively poor elongation to failure and MBD. Therefore, 

an annealing process was only optimised for devices manufactured from 0.5Y alloy wire using 

the vacuum oven. In Chapter 4 it was shown that this increased precipitation could be prevented 

in the 2Y alloy wire through annealing in the vacuum tube furnace. Therefore, an annealing 

process was optimised for both alloy wires using the vacuum tube furnace. 

Figure 5.9: Representative stress strain curves of supplied 0.5Y and 2Y 
annealed wires 
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5.3.2.1 Vacuum Oven Process  

Based on the annealing study conducted on the cold drawn wire, where annealing at 340°C for 

10mins was found to be optimum, this process was selected as the starting point for this study. 

As described in Section 5.2.2 these initial expansion tests were conducted on devices without 

the crimping stage, meaning they were expanded from an ID of 1.83mm, first, to an ID of 3mm 

then to 4mm. Each of the three devices treated under these conditions exhibited no strut 

fractures when expanded to 3mm but all failed during expansion to 4mm. The soak temperature 

was then reduced to 320°C and three additional tests conducted. Each of these devices also 

survived expansion to 3mm but failed during secondary expansion to 4mm. It was found that 

treating the devices at 300°C for 30mins resulted in all three devices surviving expansion to 

4mm. Analysis of the surface of the devices post expansion to 4mm with optical microscopy 

identified no visible cracks forming on the surface of the wire. An additional two samples were 

tested under these conditions to confirm treating the devices at 300°C for 30mins allowed for 

expansion to 4mm. The results from these tests are summarised in Table 5-1. It was then 

determined that samples treated at 300°C for 30mins should be tested through the full 

Table 5-1 Results from expansion testing of 0.5Y devices expanded in the vacuum furnace (without crimping 
process) 

Annealing 

conditions 

Number of devices tested/number 

that survived to 4mm 

Cracking observed on devices 

that survived to 4mm 

340°C for 10mins 3/0 n/a 

320°C for 10mins 3/0 n/a 

300°C for 30mins 5/5 No 

 

Figure 5.10: MBD testing a) 0.5Y supplied annealed wire b) 2Y supplied annealed wire 
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deployment cycle; crimping to an ID of 1.5mm followed by expansion to 3 then 4mm. Each of 

the five devices tested survived expansion to 3mm, but all failed during the secondary expansion 

to 4mm, Figure 5.11 shows a device fracture following expansion to 4mm.  

Characterisation of the surface of the wire post heat treatment was conducted on the devices 

using SEM analysis to investigate if any surface defects could be causing failure during expansion 

to 4mm. Figure 5.12 shows an SEM image of the peak of a single wave where an oxide layer is 

clearly present on the surface of the wire. Cracking of this oxide layer is visible across the OD of 

the waveform (Figure 5.12c). Considering the failures observed during device expansion and the 

presence of these cracks, the electropolishing procedure described in Chapter 3 was developed 

to remove the surface oxide layer post annealing.   

Following the development of the electropolishing procedure five additional samples were 

manufactured, annealed at 300°C for 30mins, electropolished and tested. It was found that two 

of the five scaffolds experienced complete fracture of one strut whilst 3 survived expansion to 

4mm. However, each of these devices showed signs of cracks initiating from the ID of the waves, 

Figure 5.13a shows an example of a complete fracture whilst Figure 5.13b shows a crack 

developing along the ID of a single wave. 

5.3.2.2 Microstructural Analysis  

Figure 5.14 shows the microstructure of a single wave of a device manufactured from 0.5Y alloy 

wire following annealing for 30mins at 300°C in the vacuum oven. Large coarse grains are 

developed around the wave peak with a more refined grain structure, similar to that of the wire 

Figure 5.11: 0.5Y device heat treated at 300°C for 30min in the 
vacuum furnace expanded to 4mm with no electropolishing 
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used to manufacture the device, along the wave strut. These features are shown in more detail 

in Figure 5.15 which shows the microstructure developed in a device along the strut (Figure 

5.15a) and along the peak of the wave (Figure 5.15b) at a higher magnification.  Figure 5.15a 

displays the microstructure developed through the strut as it begins to curve into the wave peak 

towards the left-hand side of the image. A refined grain structure is developed throughout the 

strut. As the wire begins to curve at the base of the wave peak (left hand side of Figure 5.15a) 

a) 

 

b) 

 

c) 

 

Figure 5.12: Cracking of oxide layer of devices post manufacture a) full peak of waveform b) ID of wave c) 
OD of wave 

Figure 5.13: Devices electropolished and expanded to 4mm a) fractured device b) cracking along the ID of a 
wave in a device that survived expansion to 4mm 
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grain coarsening is observed to develop from the surface of the wire and progresses towards 

the wire core as the curvature of the wave increases.  Figure 5.15b shows the microstructure 

developed at the peak of a single wave of the device. Coarse grains are developed around the 

wires surface at the OD and ID of the wave and are separated by a small region of refined grains 

running through the approximate centreline of the wave.  

5.3.2.3 Tube Furnace Annealing Study 

For each of the following tests each device was manufactured, heat treated and electropolished 

prior to expansion. The annealing study conducted using the vacuum oven demonstrated that 

Figure 5.14: Microstructure of a single wave of a 0.5Y device annealed in the vacuum furnace for 30mins at 300°C 
a) complete wave b) wave strut c) wave peak 
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devices manufactured from the 0.5Y alloy wire could inconsistently expand to 4mm from a 

crimped ID of 1.5mm. Therefore, all tests expansion tests described in this section underwent a 

crimping process prior to expansion to 3mm.  

Firstly, an annealing protocol was optimised for devices manufactured from 0.5Y alloy wire. The 

initial process applied in this study was selected based on the annealing optimisation study 

finding that annealing the 0.5Y alloy wire at 250°C for 30mins maximised ductility. It was found 

that annealing the device under these conditions resulted in two of three devices surviving 

expansion to 4mm. From here the soak time was continually reduced at 250°C to investigate the 

performance of the device, these results are summarised in Table 5-2. When annealed at 250°C 

for 20mins, 1 of 3 devices failed on expansion to 4mm with cracking observed on the devices 

that did not experience a full struct fracture. Figure 5.16 shows an example of complete fracture 

and crack initiation in two separate devices treated at 250°C for 20mins. All signs of cracking 

were observed initiating from the ID of the waves. When treated at 250°C for 10mins all devices 

survived expansion to 4mm with no cracking observed initiating from the ID of waves when 

analysed with optical microscopy and SEM analysis, Figure 5.17. To improve confidence in the 

procedure an additional 9 devices were annealed at 250°C for 10mins and tested. Each of these 

Table 5-2: Expansion results from the tube furnace annealing study on devices manufactured from 0.5Y alloy 
wire 

Annealing conditions Number of devices tested/number that 

survived to 4mm 

Cracking observed on devices that 

survived to 4mm 

250°C for 30mins 3/2 n/a 

250°C for 20mins 3/1 n/a 

250°C for 10mins 12/12 no 

 

Figure 5.15: Microstructure of 0.5Y device annealed at 300°C for 30mins a) strut b) peak of a wave 

a) 

 

b) 
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devices survived expansion to 4mm and exhibited no signs of cracks initiating from the ID of the 

waves when analysed with optical microscopy. 

The results from the annealing optimisation study of devices manufactured from the 2Y alloy 

wire are summarised in Table 5-3. As can be seen no treatment protocol was developed for the 

2Y alloy wire that allowed for consistent expansion of the devices to 4mm. When treated under 

the same conditions that maximised the ductility of the cold drawn wire (300°C for 10mins) all 

Figure 5.17: 0.5Y scaffolds expanded to 4mm after being annealed at 250°C for 20mins a) complete strut failure 
b) crack initiation. 

Figure 5.16: 0.5Y scaffolds expanded to 4mm after being annealed at 250°C for 10mins a) optical image of 
successful device expansion b) SEM image of successful device expansion. 
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the devices fractured during expansion to 4mm. Reducing the soak temperature to 250°C and 

holding for 10mins resulted in the most consistent expansion results. Following annealing under 

these conditions, 4 from 6 devices survived expansion to 4mm.  No visible signs of crack initiation 

were seen in the devices that survived expansion to 4mm.  

5.3.2.4 Electropolishing Investigation 

As the annealing studies conducted in the vacuum tube furnace were carried out on devices that 

had all been electropolished post annealing, a study into the effects of the electropolishing 

procedure was conducted on devices manufactured from 0.5Y alloy wire annealed in the 

vacuum tube furnace. Unpolished devices (annealed under optimal conditions – 250°C for 

10mins) as well as those polished for 10s, and 20s underwent expansion testing. The surface 

quality of devices that had undergone electropolishing for 10-30s are shown in Figure 5.18. As 

can be seen after electropolishing for 10s (Figure 5.18b) the oxide layer appears to be fully 

removed, though there is clear “dimpling”, marked by red arrows, along the OD of the waves. 

As the electropolishing time is increased to 20 and 30s this dimpling effect remains around the 

OD of the waves, but their apparent depth is decreased compared to the sample polished for 

10s. The removal of the oxide layer has revealed the presence of Y-rich particles, which appear 

as bright particles in Figure 5.18b-d. 

Following on from the surface investigation, three devices were manufactured and expanded to 

4mm in the 3 conditions described; non-polished, polished for 10s and polished for 20s. The 

expansion testing found that all the devices tested survived expansion to 4mm. However, SEM 

investigation of the device surface revealed cracking and partial strut failures in each of the 

devices.  Figure 5.19 shows cracking along the outer and inner diameters of an expanded wave 

Table 5-3: Results from annealing optimisation on 2Y devices 

Annealing 

conditions 

Number of devices tested/number 

that survived to 4mm 

Cracking observed on devices 

that survived to 4mm 

300°C for 40mins 3/0 n/a 

300°C for 20mins 3/0 n/a 

300°C for 10mins 3/0 n/a 

300°C for 7.5mins 3/0 n/a 

300°C for 5mins 3/0 n/a 

250°C for 15mins 3/0 n/a 

250°C for 12.5mins 3/1 No 

250°C for 10mins 6/4 No 
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in a non-electropolished device expanded to 4mm. As well as the cracks present in the as 

manufactured state (Figure 5.18a) still being present post expansion (Figure 5.19c) cracking was 

also observed along the inner diameter of the wave (Figure 5.19d). Despite the cracking 

observed along the waves of each device only 1-2 partial fractures were observed across the 

range of devices analysed. One of these fractures is shown in Figure 5.20 in a device polished for 

20s and expanded to 4mm. All partial strut fractures were observed to initiate from the ID of 

waves at their apex.  

5.3.2.5 Microstructural Analysis 

Microstructural analysis of devices manufactured from both alloys following annealing in the 

vacuum tube furnace for optimal expansion (250°C for 10mins), revealed that a more 

homogeneous microstructure was developed throughout the scaffolds compared to the 0.5Y 

devices heat treated in the vacuum oven. Figure 5.21 and Figure 5.22 show the microstructure 

of the peak of a wave in a 0.5Y and 2Y alloy scaffold, respectively, when heat treated under these 

Figure 5.18: 0.5Y devices post electropolishing for various times 

a) Not polished b) Polished for 10s 

c) Polished for 20s d) Polished for 30s 
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conditions. As can be seen in both devices the wire maintains a refined grain size throughout 

the peak of the wave. However, a “skin” of larger grains is observed around the OD of the wire 

in devices manufactured from both alloys, this is observed more clearly with EBSD analysis. A 

number of dark cubic regions are observed throughout both devices in Figure 5.21 and Figure 

5.22, with an increased number observed in the 2Y device. From optical microscopy of the 

annealed wires in Chapter 4 these were identified as Y rich secondary phases, however from 

d) Detail 1.2 

 

d) Detail 1.2 

c) Detail 1.1 

 

b) Detail 1 a) SEM image of expanded wave 

 

 Detail 1.1 

 

Detail 1.2 

 

Figure 5.19: Cracking on waveform of unpolished device 

Figure 5.20: Partial cracking of device polished for 20s 

a) b) 
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Figure 5.21 and Figure 5.22 it cannot be certain whether these dark regions are particles or 

etching pits. Consequently, SEM analysis of devices manufactured from both alloys was carried 

out, where the Y-rich secondary phases will appear brighter compared to the bulk Mg matrix. 

Figure 5.23 and Figure 5.24 show SEM images of the 0.5Y and 2Y devices respectively. As can be 

seen the 0.5Y device contains relatively few particles distributed throughout the wire, whereas 

there are a significant number in the 2Y device. Further a large, coarse particle is seen in Figure 

Figure 5.21: 0.5Y device annealed at 250°C for 10mins 

Figure 5.22: Microstructure of 2Y alloy device 
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5.24. This particle has been enhanced and is shown in Figure 5.25, where it can be seen that a 

void has been created either side of the particle.      

The results from the EBSD analysis of a 0.5Y scaffold, taken at the peak of a wave, where the top 

and bottom of the image correspond to the OD and ID of the wave respectively, is shown in 

Figure 5.26. An arrow is added to the bottom of the IPF map to denote the DD of the wire. It 

should be noted that the EBSD map has dimensions of 81x85µm, meaning the map does not 

Figure 5.24: SEM analysis of 0.5Y device 

Figure 5.23: SEM image of 2Y device 
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capture a full region from the OD to ID and consequently the skin on the surface of the wire is 

Figure 5.25: Coarse particle in 2Y device 

Figure 5.26: IPF map and pole figures of the as annealed 0.5Y alloy device 

ND 

DD 
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not shown. The skin of large grains around the wires surface is captured in the EBSD analysis of 

the deformed sample. Figure 5.26 shows a transverse basal texture is developed around the OD 

of the wire and progresses through the centre of the map, which corresponds to the centre of 

the waveform. Along the ID of the wave, a shift in texture is observed where the grains are 

rotated by approximately 90°, compared to the OD, meaning the basal plane now lies 

perpendicular to the DD of the wire. This shift in texture is also shown in the (0001) pole figure 

in Figure 5.26, where the texture along the ID is shown by the peak in intensity at its centre, 

Measurement 

point 

Distance 

(µm) 

1 16.2 

2 18.0 

3 17.1 

4 12.5 

5 15.8 

Mean (±SD) 15.9 ±1.9 

 

1 
2 3 4 

5 

 

Figure 5.27: IPF map and pole figures of the as manufactured 2Y device 

ND 

DD 



 

117 
 

whilst the spread around the edge is associated with the transverse basal texture developed 

through the remainder of the waveform.  

A similar texture is developed in the 2Y device, with a transverse basal texture developed around 

the OD of the wave with the grains along the ID of the wire rotated approximately 90° about the 

normal direction. Figure 5.27 shows the IPF and accompanying pole figures for the 2Y device, 

where the top and bottom of the image correspond to the OD and ID of the wave respectively. 

The full ID of the wave is captured in Figure 5.27, meaning the skin of coarse grains present 

Figure 5.28: IPF maps and pole figures of subsets of 0.5Y device annealed in the vacuum tube furnace a) OD b) 
centre c) ID 

a) 

b) 

c) 
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around the surface of the wire can be observed and is measured through taking five 

measurements. The mean thickness of this layer was found to be 15.9±1.9µm. 

a) 

b) 

c) 

Figure 5.29: IPF maps and pole figures of subsets of 2Y device annealed in the vacuum tube furnace a) OD b) 
centre c) ID 
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Further, from Figure 5.26 and Figure 5.27 it can be seen that the grain size is reduced either side 

of the central region of the wave, in both devices. Therefore, each map is split into three subsets 

of the same size along the ID, centre and OD of the respective IPF maps and shown in Figure 

5.28 and Figure 5.29 for the 0.5Y and 2Y devices respectively. Also shown in these figures are 

the accompanying (0001) and (101̅0) pole figures for each region highlighted, to show the split 

in texture along the ID of the waves more clearly. The mean grain sizes are presented for the 

separate regions of each device in Table 5-4. In the 0.5Y device the mean grain size is reduced 

along the ID and OD compared to the centre region measured. Similarly, in the 2Y device the 

grain size is smaller around the OD of the device compared to the central region. In the 2Y device 

the mean grain size was calculated to be the same in the central region and along the ID, 

however this is caused by the IPF map capturing the complete ID, meaning the more refined 

region is captured along with the coarse skin of grains developed around the wires surface. This 

results in the mean grain size being similar to the centre of the wire but there is increased 

variation (shown by the higher standard deviation).  

5.3.2.6 Fracture Analysis 

In Sections 5.3.2.1 and 5.3.2.2, it was shown that in devices that failed, fracture was observed 

to initiate from the ID of the waves and progress through the wire towards the waves OD. It was 

aimed to investigate the source of these cracks through optical microscopy and SEM analysis of 

cross-sections of the scaffolds, prepared through mounting in epoxy resin, grinding, polishing 

Table 5-4: Grain size measurement of both as manufactured devices annealed in the vacuum tube furnace 

Device Position Mean grain size (±SD) 

 Full map 1.10±0.71 

 OD 1.02±0.73 

0.5Y Centre 1.14±0.68 

 ID 1.09±0.73 

 

 Full map 0.92±0.63 

 OD 0.87±0.51 

2Y Centre 0.94±0.51 

 ID 0.94±0.89 
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and etching to reveal any signs of cracking along the ID. However, as no cracks were observed 

in devices manufactured from the 0.5Y alloy wire (when annealed for optimal expansion 

capabilities – 10mins at 250°C) and few cracks were observed in the 2Y devices annealed under 

the same conditions, it was determined to increase the level of deformation applied to devices 

manufactured from both alloys, to increase the likelihood of cracking. Consequently, a device of 

each alloy was manufactured and annealed for 10mins at 250°C and crimped down to an ID of 

1mm, Figure 5.30 shows a device crimped down to 1mm. Compared to the crimped ID of 1.5mm 

used for the bulk of testing this, decreased, crimped diameter will result in the devices 

undergoing increased deformation, before expansion to 4mm. The 0.5Y device crimped down 

to 1mm and expanded experienced 2-3 complete strut fractures, whilst the 2Y device 

experienced more than five complete strut fractures. Figure 5.31 shows one such fracture in the 

0.5Y device. Both devices were then mounted in epoxy resin and their cross sections analysed 

for signs of cracking.  

Figure 5.32 shows optical microscopy of cracks present along the ID of the waveforms in both 

0.5Y and 2Y devices. SEM/EDS analysis was conducted to further investigate the source of these 

cracks in the 2Y device. Figure 5.33 shows two cracks identified using SEM analysis. The high 

magnification used, accompanied with charging caused by mounting in non-conducting epoxy, 

Figure 5.30: Crimped 0.5Y device on a balloon with 1mm folded diameter 
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limited the clarity of the images taken, however adjacent to both cracks, two particles were 

observed. Using EDS analysis these particles were shown to be Y-rich.   

Figure 5.31: Fracture in 0.5Y devices expanded to 4mm from a crimped ID of 
1mm 

a) 

 

b) 

 

c) 

 

d) 

 

Figure 5.32: Cracking along ID of a+c) 0.5Y and b+d) 2Y devices 
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5.3.2.7 Expansion 

EBSD analysis was also conducted on the 0.5Y and 2Y devices, annealed in the vacuum tube 

furnace at 250°C for 10mins, post crimping and expansion to 3mm to investigate the 

microstructural evolution during the expansion process.  The results for the 0.5Y and 2Y devices 

in their crimped and expanded states are shown in Figure 5.34 and Figure 5.35 respectively. As 

before the top and bottom of each image correspond to the OD and ID of the waves respectively. 

Similarly, to the EBSD analysis of the as supplied conditions the analysis was carried out at the 

apex of a wave with the aim, to scan both the OD and ID of the waves, but with drift in the scans 

Element Composition 

(wt%) 

Mg 77.8 

Y 22.2 

Element Composition 

(wt%) 

Mg 67.2 

Y 32.8 

 

Figure 5.33: Cracks initiating from secondary phase particles 
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the 

Figure 5.34: IPF map and pole figures for 0.5Y devices following a) crimping to 1.5mm and b) expansion to 3mm 

103x55µm 

 

86x55µm 

 

a) b) 

ND 

DD 

ND 

DD 



 

124 
 

101x52µm 

 

126x53µm 

Figure 5.35: IPF map and pole figures for 2Y devices following a) crimping to 1.5mm and b) expansion to 3mm  

 

ND 

DD 

ND 

DD 
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size of the maps varied, and the full ID and OD is not captured in each image. As such at the top 

of each IPF map the dimensions are given. 

The texture developed along the ID in the as manufactured state is maintained along the ID 

following crimping, in both alloys, but the area of the ID with modified texture appears thicker 

compared to the as-manufactured state. This is observed most clearly in the IPF for the 2Y device 

in Figure 5.35. In the as-manufactured state, the region of wire with the altered texture can be 

measured to be approximately 30µm thick from Figure 5.27. Whereas, following crimping the 

thickness of this section can be measured to be approximately 43µm thick, from Figure 5.35a. 

The scans of the 0.5Y devices did not capture the full ID of the waveforms so the thickness of 

this layer could not be determined but it is assumed that similar to the 2Y alloy wire, the 

thickness of this layer will increase during crimping and be maintained on expansion.  

5.3.3 Radial Force Analysis 

Radial force testing was conducted on devices manufactured and annealed for optimal 

expansion in the vacuum oven and tube furnace at diameters of 3 and 3.5mm, the results are 

summarised in Table 5-5 below.  Only one device per alloy/annealing condition was tested and 

as such no standard deviations are calculated.  When expanded to 3mm the 0.5Y and 2Y devices, 

annealed in the vacuum tube furnace, have similar radial force (1.15 and 1.22N/mm 

respectively). When treated in the vacuum tube furnace and expanded to 3.5mm however, the 

Table 5-5: Radial force results of devices expanded to 3 and 3.5mm 

Wire 

composition 

 Annealing 

conditions 

Expanded 

diameter (mm) 

Radial Force 

(N/mm) 

Radial Stiffness 

(N/mm2) 

0.5Y  Oven (300°C 

30mins) 

3 0.58 2.05 

0.5Y  Oven (300°C 

30mins) 

3.5   0.75 2.92 

0.5Y  Tube (250°C 

10mins) 

3 1.15 4.62 

0.5Y  Tube (250°C 

10mins) 

3.5 1.32 4.99 

2Y  Tube (250°C 

10mins) 

3 1.22 3.31 

2Y  Tube (250°C 

10mins) 

3.5 1.65 5.38 
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2Y device has increased radial force (1.65N/mm) compared to the 0.5Y device (1.32N/mm). 

When annealed in the vacuum oven and expanded to 3 and 3.5mm the 0.5Y devices have 

decreased radial force of 0.58 and 0.75N/mm respectively, compared to the 0.5Y devices 

annealed in the vacuum tube furnace.  

5.4 Discussion  

5.4.1 Annealed Wire Characterisation 

Optical microscopy of the cross section of each alloy wire (Figure 5.6) found that both alloys 

developed a refined grain structure in the wire core with a “skin” of coarse grains around their 

OD, this skin was approximately 15µm thick in both alloy wires. EBSD analysis of a 50x50µm 

region in the centre of the wire cross sections found the grain size of the annealed 0.5Y and 2Y 

alloy wires to be 2.0µm and 1.6µm respectively. The accelerated growth phenomena of grains 

close to the OD is similar to that observed in the annealing optimisation study in Chapter 4 

though there are some key differences.  

Firstly, in the annealing optimisation study carried out on the cold drawn 0.5Y and 2Y alloy wires 

from Chapter 4, recrystallisation was observed to initiate first in regions closest to the surface 

and progresses inwards as soak time/temperature was increased. An uneven grain size 

distribution was only observed in the 0.5Y alloy treated in the vacuum tube furnace upon 

complete recrystallisation from the work conducted in this study. Though as the soak time was 

increased at the same temperature (250°C), a homogeneous grain size distribution was 

developed throughout the entire cross section. The cold drawn 2Y alloy wires, when annealed 

for maximum ductility in the vacuum tube furnace, developed a homogeneous grain size 

distribution. Thus, the supplied annealed wires were shown to develop a slightly different 

microstructure compared to the treatments developed as part of this work. It is known, and 

shown in Chapter 4, that the cold drawn wires have an uneven hardness distribution through 

the wires cross section, with increased hardness at the mid-radial position compared to the 

wires core. It is assumed this corresponds to an uneven internal strain distribution developed 

during the drawing process. Consequently, during thermal processing this skin of larger grains 

may be attributed to the grains nucleated within the regions of highest internal strain gaining a 

growth advantage compared to those nucleated from the regions of lower internal strain, closer 

to the wire core. Without knowledge of the annealing parameters applied to both alloy wires, it 

is not possible to conclude on the nature of the mechanisms behind the formation of this layer. 
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However, it is important to identify its presence as following the processing of the final device 

the skin of large grains around the wires surface remains and consequently will influence the 

performance of the device.  

Similar to the cold drawn alloy wires, both annealed wires contained a number of Y-rich 

secondary phase particles distributed throughout their microstructure, with an increased 

number and size of these particles observed in the 2Y alloy wire. Compared to the cold drawn 

wires, there does appear to be an increased number of particles present in the supplied 

annealed 2Y wire. This would suggest that the annealing protocol applied results in the 

precipitation of additional Y-rich particles. As mentioned before this should be avoided for the 

intended application of these devices, as uncontrolled precipitation can decrease ductility, 

increase corrosion rate, and provide little improvement in strength. 

Considering the EBSD results, similar textures were developed in both alloy wires compared to 

that of the same alloy wires when treated for optimal ductility in the vacuum oven and vacuum 

tube furnace. A transverse basal texture is developed in both, with the 2Y alloy wire having a 

slightly weaker texture in comparison to the 0.5Y alloy. The intensities of the as supplied 

annealed wires are similar to that developed upon optimal annealing of their respective cold 

drawn wires in the vacuum tube furnace. The supplied annealed 2Y alloy wire does exhibit a 

slightly higher intensity in the {101̅0} pole figure compared to the 2Y alloy wire following 

optimal annealing in the vacuum tube furnace (10.99 vs 7.64). This could be, in part, to the as 

supplied annealed 2Y alloy wire not appearing to be fully recrystallised. The IPF map of the 2Y 

alloy wire has reduced indexing compared to that of the other optimally annealed samples (from 

both the as supplied 0.5Y alloy wires and those prepared within this work). Reduced indexing 

rate can be caused by incomplete recrystallisation as unrecrystallised regions are challenging to 

index.  

Tensile testing of the two annealed alloy wires revealed the 0.5Y wire had similar mechanical 

properties compared to the optimally annealed cold drawn 0.5Y wire in the annealing studies 

from Chapter 4, whilst the 2Y alloy wire had increased strength and reduced ductility. The 

relative, low ductility and high strength could be attributed to the increased number of 

secondary phase particles present in the 2Y alloy wire. However, the analysis of the two cold 

drawn wires in Chapter 4 showed, that despite the increased number of secondary phase 

particles in the cold drawn 2Y alloy wire, compared to the 0.5Y alloy wire, both exhibited similar 

YS and UTS. Further, the annealing optimisation in Chapter 4 showed that following annealing 
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for maximum ductility, both alloy wires exhibited similar strength. Therefore, it was considered 

that there may be another effect causing the increased strength and reduced ductility in the 2Y 

alloy wire, compared to the optimally annealed 2Y wire from Chapter 4. The EBSD analysis 

suggested that the annealed 2Y alloy wires are not fully recrystallised, owing to the reduced 

indexing rate, which would result in increased strength and reduced ductility of the wire, 

compared to a fully recrystallised microstructure. To assess this, using the vacuum tube furnace, 

a series of annealing protocols were conducted on the supplied annealed 2Y alloy wire, the 

results are summarised in Table 5-6, with the results for the supplied annealed 2Y wire included 

for ease of comparison. It was found that additional thermal processing of the 2Y alloy wire 

increases its ductility and reduces its strength. As such the increased strength and reduced 

ductility of the supplied 2Y alloy wire, compared to the 0.5Y alloy wire, is attributed to 

incomplete recrystallisation, as opposed to any strengthening effect provided by the increased 

number of secondary phase particles. Thus, the unindexed regions of wire from the EBSD 

analysis can be attributed to the incomplete recrystallisation of the sample. 

5.4.2 Annealing Optimisation Study – Optimising for Expansion Range 

5.4.2.1 Vacuum Oven 

The first annealing study was conducted on devices manufactured from 0.5Y alloy wire annealed 

in the vacuum oven. Firstly, the annealing procedure developed in Chapter 4 to optimise the 

ductility of the cold drawn 0.5Y alloy wire (340°C for 20mins) was applied to the final device. It 

was shown that each of the three devices could survive expansion from an ID of 1.83mm to 3mm 

but failed during secondary expansion to 4mm. Considering the different levels of CW likely 

imparted between the cold drawing process and the forming of the device it was thought that 

application of the annealing protocol optimised for the cold drawn wire may result in “over 

annealing” of the final device, leading to loss of ductility. The cold drawn alloy wire is supplied 

Table 5-6: Results from annealing study on the supplied 2Y annealed wire 

Annealing 

Conditions 

UTS (MPa) YS (MPa) % Elongation 

to failure 

As supplied 

annealed wire 

241.0±0.8 197.0±0.7 13.8±1.6 

10mins 300° C 224.6±0.4 180.7±0.6 16.4±0.9 

17.5mins 300°C 205.1±0.3 148.0±1.1 20.9±1.0 

20mins 300°C 204.4±0.3 144.3±1.4 19.86±1.2 
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with 80% CW applied in the final drawing step whereas during forming of the waveform only the 

wire along the wave peaks and troughs will have been deformed, whilst the struts undergo no 

deformation. Further, considering the waveform is deformed through bending, there will be a 

gradient of deformation throughout the curvature of the waveform. A maximum compressive 

strain is applied to the ID of the waveform progressing to a maximum tensile strain (equal in 

magnitude to the compressive strain on the ID) around the OD of the waveform. This loading 

regime is visualised in Figure 5.36, with red and blue arrows denoting tensile and compressive 

loading respectively, with the maximum idealised bending strain along the ID and OD of the 

waveform being 26.9%. If this is considered to be the magnitude of CW applied to the wire 

during manufacture of the waveform, it can be assumed that the final device would require a 

different annealing protocol compared to the cold drawn wire to optimise its microstructure 

and consequently its mechanical performance. Coiling of the waveform into the cylindrical 

scaffold will impart some additional CW throughout the entire waveform, though it is considered 

to be relatively low considering the large bend radius compared to the radius of the wire.  

It was considered that either the soak time or temperature should be reduced from the process 

optimised for the cold drawn wire. Owing to the setup of the vacuum oven where the slow 

heating and cooling cycles limited the variation achievable through altering the soak time, the 

soak temperature was decreased to optimise the annealing procedure. When the soak 

temperature was lowered to 300°C (with a soak time of 30mins) it was shown that the devices 

could survive expansion from an ID of 1.83mm to 4mm without failure. When the crimping stage 

was introduced, the devices manufactured from the 0.5Y alloy wire and heat treated at 300°C 

for 30mins all failed during expansion to 4mm. This led to the development of the 

OD 

 

 ID 

 

Figure 5.36: Loading experienced by the wire during forming of the waveform 
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electropolishing procedure.  The introduction of the electropolishing procedure, resulted in 

devices that were treated at 300°C for 30mins being capable of expansion to 4mm from a 

crimped ID of 1.5mm. The effect of the electropolishing procedure is discussed in greater depth 

in Section 5.4.4.1, with reference to the underlying microstructural features. 

5.4.2.2 Vacuum Tube furnace 

The vacuum tube furnace was used to develop an optimum heat treatment process for devices 

manufactured from both alloy wires. As with the vacuum oven, the initial process investigated 

for devices manufactured from both alloys was the same as that optimised for their respective 

cold drawn alloy wires. When treated under these conditions’ devices manufactured from both 

alloy wires consistently failed during expansion to 4mm from a crimped ID of 1.5mm with an 

electropolishing procedure conducted post annealing. Similar to the vacuum oven study the 

assumption was that these annealing processes were over annealing the devices and 

consequently the soak time was reduced for each. In the 0.5Y alloy wire it was shown that 

reducing the soak time to 10mins (at 250°C) resulted in consistent expansion of the device to 

4mm from a crimped ID of 1.5mm. For the 2Y alloy wire, the soak time at 300°C was progressively 

reduced to 5mins. All 2Y devices treated at 300°C failed during expansion to 4mm. Consequently, 

the soak temperature was reduced to 250°C and several soak times investigated. No conditions 

were found that allowed for consistent expansion to 4mm, however when treated at 250°C for 

10mins, 4 out of 6 devices were found to survive expansion to 4mm. Considering the application 

of these devices’, failure of 1 in 3 devices during expansion to 4mm is deemed unacceptable. 

However, the mechanisms of failure are discussed in the following sections, which reveal that 

there may be potential benefits of applying the 2Y alloy wire in the final device if the complete 

processing route (from ingot to BVS) can be optimised.  

5.4.3 Microstructure  

5.4.3.1 Vacuum Oven Annealing Study 

When treated in the vacuum oven, the 0.5Y devices developed an uneven grain size distribution 

through the device. A refined grain structure was developed through the struts, with a band of 

refined grains running through the neutral axis of the curved waveform separating two regions 

of large grains around the waveforms OD and ID. The recrystallisation of this microstructure can 

be explained through considering the deformation imparted on the individual waves during 

manufacture of the device. Figure 5.36 showed a representation of the loading imparted on the 

wire during forming of the waveform, with the OD of the wave loaded in tension whilst the ID is 



 

131 
 

in compression. The region of wire closest to the OD and ID of the wave undergoes the highest 

level of deformation with the neutral axis of the wave undergoing the least deformation. As 

such, the internal strains developed throughout the wire will be highest at the OD and ID. As 

internal strain is the driving force for nucleation, grains will nucleate first from these regions, 

allowing them to gain a growth advantage and dominate the final microstructure. Theoretically, 

the neutral axis will be strain free (or close to it), as will the straight struts as they have 

undergone no deformation. During heat treatment, for new grains to be nucleated there must 

be some minimum level of internal strain. As a refined grain structure, with a similar grain size 

to the annealed wire used to manufacture the device, remains through the device’s straight 

struts and neutral axis it is assumed there was insufficient internal strain to activate 

recrystallisation through these regions of the device.  

5.4.3.2 Tube Furnace 

Compared to the 0.5Y devices annealed in the vacuum oven, where the prolonged heating and 

cooling cycles resulted in large coarse grains developing around the waveform’s ID and OD, the 

rapid heating and cooling cycles applied using the vacuum tube furnace resulted in a more 

homogeneous microstructure developing through the entire waveform. In both devices, the 

mean grain size calculated from EBSD analysis at the apex of the wave was calculated to be 

approximately 1µm. However, this does not fully describe the grain size distribution observed in 

devices manufactured from both alloy wires. Firstly a “skin” of larger grains is present around 

the surface of the wire in both devices. This skin was observed during optical microscopy of both 

devices but only captured in full in the IPF of the 2Y device, Figure 5.27, and was calculated to 

be approximately 16µm hick. The skin of coarse grains is approximately the same thickness as 

the skin of coarse grains present in both alloy wires used to manufacture the devices (measured 

to be approximately 15µm). Discrepancy in these measurements is expected as there will be 

some angular offset during the mounting and polishing procedures. In general, the grain size 

post recrystallisation of a deformed material is dependent on the level of deformation and prior 

grain size.213 Consequently, this skin of coarse grains is a remnant from the microstructure of 

the wires used to manufacture the devices, rather than being a consequence of the annealing 

procedures applied. Considering the fact that the grain size post recrystallisation is also 

dependant on the level of deformation applied, the refined bands of grains either side of the 

central region of the wires can therefore be explained. Figure 5.36 shows a representation of 

the loading on the wire during forming, where the strains applied would be highest at the surface 

of the wire and reduce towards the neutral axis of the bend. Therefore, during thermal 
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processing recrystallisation will theoretically not activate within the undeformed neutral axis, as 

shown from the refined band of grains developed in the 0.5Y devices annealed in the vacuum 

furnace, whilst more refined grains will be recrystallised from the more deformed regions 

further from the neutral axis. Within the skin of coarse grains about the surface of the wire, 

where the theoretical strains will be highest, the recrystallised grain size is predominantly 

controlled by the prior grain size.   

As well as measuring the grain size, EBSD analysis of the devices was used to investigate the 

texture of devices manufactured from both alloys. Firstly, considering Figure 5.26 and Figure 

5.27, it can be observed that both the 0.5Y and 2Y alloy devices develop a similar texture. Around 

the OD of the waves, a transverse basal texture, similar to that of the annealed wires used to 

manufacture the devices, is maintained. The subsets of each device (shown in Figure 5.28 and 

Figure 5.29), where the OD has been separated from the central region show that despite a 

transverse basal texture being developed in both regions, there is a difference in the intensity 

of this basal texture in the (0001) pole figures. In the 0.5Y devices, the basal pole figure for the 

OD and central regions have a maximum intensity of 9.13 and 6.81mrd respectively. Similarly, in 

the 2Y device the maximum intensity of the (0001) pole figure is reduced in the centre (5.37mrd) 

compared to the OD (9.38mrd). The texture intensity developed through the central region of 

each alloy is similar to that of the corresponding annealed wires used to manufacture each 

device. Upon forming and subsequent annealing, the texture intensity increases along the OD 

of each device, compared to the wire used to manufacture the devices. In contrast a distinct 

texture shift is observed along the ID, whereby the grains have rotated approximately 90° so 

that the c-axis of the grains lies parallel to the DD of the wire used to manufacture the devices. 

The alteration in texture at the ID of the waves compared to the original wire and OD of the 

device upon recrystallisation can be explained through consideration of the deformation 

mechanisms, likely, activated during forming of the waveforms. Referring to Figure 5.36, it can 

be seen that during forming, the ID of the waves will undergo compressive loading whereas the 

OD will be loaded in tension. As such, considering the transverse basal texture of the annealed 

wires used to manufacture the devices, during forming, the grains along the ID of the wave will 

be loaded with their c-axis in tension whereas the grains at the OD will be loaded with their c-

axis in compression. As such, tensile twinning, the second most readily activated deformation 

mode in Mg alloys, will be promoted along the ID of the waves. As is known, tensile twinning 

results in reorientation of the c-axis of the grains by approximately 86°.109, 214 The matrix within 
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the tensile twins remains unfavourably aligned for basal slip following this reorientation which 

typically limits the accumulation of dislocations. Consequently, it has been reported that 

recrystallisation from tensile twins in Mg alloy is limited and instead recrystallisation is preferred 

to nucleate from compression and double twins, where their reorientation results in more 

favourable activation of basal slip, resulting in a build-up of internal stored energy.118 However, 

recrystallisation has been observed activating from tensile twins in heavily twinned Mg alloys, 

resulting in the deformation texture being maintained post recrystallisation.115, 123 Xin et al.123 

demonstrated that following annealing of AZ31 rods, with a typical extruded texture, 

compressed to various levels, the deformation texture was maintained when the twin thickness 

was much larger than that of the surrounding matrix. The authors showed that annealing of 

samples compressed to only 2% strain resulted in the formation of “thin” twins that were 

consumed by the matrix during recrystallisation, however in the samples strained to 5%, thicker 

twins were developed and the deformed texture was maintained in the final recrystallised 

texture.123 Consequently the texture observed along the ID of the waveforms analysed in this 

work is assumed to be a consequence of the deformation during forming being dominated by 

tensile twinning. Subsequently following annealing the recrystallised texture is expected to be 

dominated by grains nucleated along the tensile twin boundaries, with an 86° rotation from the 

original texture, resulting in the texture observed in devices manufactured from both alloys. 

  

5.4.4 Deformation and Fracture Analysis 

It was shown that during expansion of the devices, struct fractures always initiated from the ID 

of the device, before progressing through the entire waveform. This suggests that the 

mechanism of failure is consistent in the devices manufactured from both alloy wires and, if 

identified, possible conclusions could be drawn on how to reduce its affect so as to improve 

device performance. The various mechanisms that may contribute to this failure are discussed 

in this section. 

5.4.4.1 Surface effects 

During the annealing study on 0.5Y devices annealed in the vacuum oven it was shown that 

electropolishing of the devices resulted in improved expansion capabilities of the device. 

Without electropolishing post annealing in the vacuum furnace at 300°C for 30mins, all devices 

tested failed during expansion to 4mm from a crimped diameter of 1.5mm. Figure 5.12 shows 

that during manufacture of the devices cracks are formed in the oxide layer around the OD of 
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the device. Figure 5.18d shows that following electropolishing for 30s these cracks are fully 

removed and as a result devices manufactured from 0.5Y alloy wire, annealed at 300°C for 

30mins, could inconsistently (3 of 5) survive expansion to 4mm, though in devices with no strut 

fractures cracks were still observed along the ID of the waves.  

In contrast, 0.5Y devices annealed in the vacuum tube furnace were shown to be able to survive 

expansion to 4mm without complete strut fracture when not electropolished. However, it was 

shown that in these devices and those polished for only 20s (as opposed to the 30s applied for 

the bulk of expansion testing) cracking was observed along the ID of some waves in devices 

expanded to 4mm. This shows that the oxide layer present on the wire prior to manufacture of 

the device can lead to cracks forming during scaffold expansion. In the coarse-grained devices, 

annealed in the vacuum oven, it was shown that these cracks propagate through the complete 

strut, leading to complete device failure in all the devices tested. However, in the refined grained 

devices annealed in the vacuum tube furnace these cracks did not lead to any complete strut 

failures. The effect of grain size on device failure will be discussed further in Section 5.4.4.2.  

In the 2Y devices (when annealed for optimal performance – 250°C for 10mins) and those 0.5Y 

devices when improperly annealed, complete strut fracture was still observed. As such device 

failure cannot be solely attributed to crack initiation within the oxide layer. However, it is shown 

that if the complete oxide layer is not removed it can increase the likelihood of cracks developing 

along the ID of the waves, which will likely compromise the structural integrity of the device and 

accelerate failure due to fatigue. Therefore, electropolishing is a key step in the design of these 

devices. However, failure is still observed in the 2Y devices that cannot be attributed to improper 

polishing conditions alone.  

5.4.4.2 Grain size 

From the work conducted across the two annealing studies, there was a clear difference 

observed in the grain size of devices annealed in the vacuum oven and tube furnace, 

consequently leading to variation in device performance. In the 0.5Y devices treated in the 

vacuum oven, the struts of the waveform and neutral access of the wave had a refined grain size 

whilst coarse grains developed either side of this refined band. In the 0.5Y and 2Y devices treated 

in the vacuum tube furnace, a refined grain structure was maintained through the entire 

waveform with a skin of coarser grains around the wires surface.  

From investigation of the expansion capabilities of each device, conclusions can be drawn on 

the influence of grain size on device performance. Firstly, no complete strut fractures were 
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observed in the 0.5Y device heat treated in the vacuum tube furnace, including when 

manufactured and tested without an electropolishing procedure conducted post annealing. 

Figure 5.20 did show however that cracking was apparent along the ID of the waves in the 0.5Y 

devices treated in the vacuum tube furnace without an electropolishing procedure conducted. 

These cracks are assumed to be caused by the oxide layer as they are not present in the devices 

electropolished for 30s. With cracks forming within the oxide layer of unpolished 0.5Y devices 

treated in the vacuum oven and vacuum tube furnace but failure only occurring in the coarse 

grained 0.5Y device treated in the vacuum oven, the influence coarse grains have on crack 

propagation should be considered.  

Owing to the Hall-Petch effect, where the mechanical properties of a metal are increased with 

refined grain size, it can be assumed the coarse grained, vacuum oven annealed 0.5Y devices 

will have reduced ductility compared to the devices annealed in the tube furnace.215 However, 

when electropolished, these devices can inconsistently survive expansion to 4mm. Which 

suggests the alloy is sufficiently ductile to survive expansion. Owing to the coarse grains the 

device will naturally have fewer and larger grain boundaries. Grain boundaries can act as both 

an easy path for crack initiation and propagation, and as barriers to crack propagation from the 

interior of grains.216 As such in the coarse-grained device, there are fewer boundaries to 

suppress crack propagation from the interior of grains and should cracks develop along the large 

grain boundaries (that in some cases are close to half the diameter of the wire) they will have 

an easy path to propagate along. In the refined grained device, the increased number of grain 

boundaries will act to impede crack growth. As such rapid crack propagation along the large 

grain boundaries in the 0.5Y device treated in the vacuum oven may be responsible for their 

failure when not electropolished. However, when electropolished it was shown that inconsistent 

expansion to 4mm from the crimped state can be achieved in the 0.5Y devices treated in the 

vacuum oven, meaning device fracture cannot be attributed solely to surface effects and coarse 

grains. 

Further, a study by Tian et al.217 revealed how an uneven grain size distribution in a Mg alloy led 

to the concentration of deformation within the small grains, resulting in intergranular fracture 

occurring at the boundaries between the large and small grains. The authors noted that cracking 

at the interface between small and coarse grains was increased when there was a large 

misorientation between the two grains, as slip within the small grains will not be easily 

transmitted into the neighbouring coarse grains.217 Consequently, in the coarse skin developed 
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around the surface of the 0.5Y and 2Y devices treated it is shown that both of these conditions 

are met, where large coarse grains are developed adjacent to more refined grains with 

approximately a 90° misorientation. Figure 5.37 shows a kernel average misorientation (KAM) 

map (where a higher KAM corresponds to a higher dislocation density) of the 2Y device following 

expansion to 3mm. It can be seen that there is a higher dislocation density within the regions of 

refined grains about both the OD and ID of the device compared to the coarser grains. 

Considering that the coarser grains are further from the centreline of the waveform, it would be 

expected that they would undergo increased deformation compared to the regions of refined 

grains closer to the centreline of the waveform. Therefore this agrees with Tian et al.217 that the 

dislocation density is increased within the smaller grains, leading to uneven strain distribution 

at the interface between the small and refined grains. Therefore, despite failure not being 

observed in the 0.5Y device annealed in the tube furnace the presence of this uneven 

microstructure may contribute to early failure in the 2Y device and may limit the performance 

of the 0.5Y device should more extreme loading cycles (i.e. reduced crimped diameter) be 

applied.  

5.4.4.3  Texture  

EBSD analysis was only conducted on the devices heat treated in the vacuum tube furnace, 

where a transverse basal texture was developed along the OD of the waves whilst along the ID 

the basal plane was rotated ≈90° relative to the OD texture. The formation of different textures 

along the OD and ID of the devices was discussed in detail in Section 5.4.3.2 however the 

consequences these textures will have on the deformation of the device was only briefly 

described. 

Owing to the differences in texture along the ID and OD of the waveforms they will experience 

different loading relative to their c-axis during the crimping and expansion processes, this is 

represented in Figure 5.38. During crimping of the devices, the ID of the wave is loaded in 

compression whilst the OD is in tension, Figure 5.38a. Owing to the different textures developed 

along the ID and OD this loading regime results in the c-axis of grains along both the ID and OD 

being loaded in compression. Thus, tensile twinning will be restricted and consequently Mg 

alloys typically loaded in this manner have reduced ductility.218 The tensile testing conducted as 
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part of this work loaded the grains in a similar manner to that expected about the OD of the wire 

and as such it can be assumed that the results obtained from tensile testing will appropriately 

Figure 5.37: KAM map of the 2Y device following expansion to 3mm 
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represent the behaviour of the wire along its OD. Owing to the anisotropic properties of Mg, the 

tensile tests will not appropriately represent the behaviour along the ID. Compression testing of 

the alloy wire perpendicular to its DD would be required to accurately represent the loading 

occurring along the ID of the wire, however for such fine wire, this testing is not possible. The 

loading regime experienced by the grains along the OD and ID will both limit the activation of 

basal slip and tensile twinning. However, the grains along the OD of the wire are favourably 

aligned for prismatic slip, whereas along the ID prismatic slip will be restricted.  Figure 5.39 

shows that the Schmid factor for basal slip is similar through the entire cross-section of the 

waveform.  However, along the OD of the wave the grains are loaded more favourably for the 

activation of prismatic slip. Consequently, with fewer easily activated deformation mechanisms 

along the ID, cracking will be more likely during crimping, compared to the OD.  

During expansion the loading along the ID of the devices will be different to that experienced 

during crimping. The loading experienced by the crimped devices during expansion is 

represented in Figure 5.38b. As can be seen, the ID and OD are both loaded in tension, meaning 

Deformation during crimping 
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Deformation during expansion 

 

 

C
 

 

C 

 

 

Figure 5.38: Loading of the c-axis during a) crimping b) expansion 
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that the loading along the OD is the same as what is experienced during crimping. Along the ID, 

the loading is reversed compared to that during crimping, meaning the grains are loaded in 

Figure 5.39: Schmidt factor colouring during loading along the x-axis for the as manufactured  devices of both 
alloys for a) basal slip in the 0.5Y device  b) basal slip in the 2Y device c) prismatic slip in the 0.5Y device d) factor 

prismatic slip in the 2Y device 

a) 

 

b) 

 

c) 

 

d) 
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tension, parallel to their c-axis. Compared to the compressive loading experienced during 

crimping this loading will promote the activation of tensile twinning. However, similarly to the 

crimping stage, the activation of basal and prismatic slip along the ID is limited, as shown by 

their relatively low Schmid factors in Figure 5.40. Consequently, it would be expected that with 

restricted prismatic slip along the ID of waves, that ductility would be reduced and as such could 

be a contributing factor in why failure is observed initiating along the ID of waves. Although, as 

the 0.5Y devices, when annealed for optimal expansion capabilities, do not fracture, this texture 

split cannot be fully responsible for the fractures seen in the 2Y device. However, the texture 

developed along the ID is undesirable for ductility and even although it does not cause failures 

in the 0.5Y device, it will affect the performance of the device and may play a role in the fractures 

observed when crimped down to an ID of 1mm. The texture developed along the ID of the 

waveform in the 0.5Y device will limit the ability to undergo more extreme loading cases and 

consequently considerations should be made on how alloy design and processing of the device 

could be altered to prevent this shift in texture along the ID of devices. 

5.4.4.4 Secondary Phase Particles 

It was shown that both alloy wires used to manufacture the devices contained secondary phase 

particles with an increased number present in the 2Y alloy wire. These particles remained in the 

final device, with Figure 5.24 showing that the 2Y devices contained a large number of these 

particles distributed throughout the matrix. Secondary phase particles are, generally, associated 

with strengthening and reduced ductility, as they act as obstacles for dislocation motion.219 

Dislocations can pile up at secondary phase particles, meaning they can effectively act as stress 

concentration sites, which can lead to crack initiation.220  

Investigation of the microstructure of the 2Y devices found evidence of cracks initiating close to 

secondary phase particles. Considering that the 2Y device developed a relatively similar 

microstructure to the 0.5Y devices in terms of grain size and texture but did contain an increased 

number of secondary phase particles it may suggest that these particles play a key role in the 

failure of the 2Y devices. However, it was shown that 2 in 3, 2Y devices treated in the vacuum 

tube furnace could survive expansion to 4mm. This demonstrates that despite the high number 

of particles developed in the devices, failure does not always occur during expansion and 

consequently it cannot be said that the high density of these particles in the 2Y devices, alone, 

explains the failures observed.  
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Figure 5.40: Schmidt factor colouring during loading along the x-axis for the 
crimped devices of both alloys for a)  basal slip in the 0.5Y device  b) basal slip in 
the 2Y device c) prismatic slip in the 0.5Y device d) prismatic slip in the 2Y device 

a) b) 

c) d) 
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5.4.5 Radial Force 

Radial force testing found that only the devices annealed in the vacuum tube furnace could 

achieve a radial force greater than 1N/mm. The 0.5Y alloy devices annealed in the vacuum oven 

had radial force values of 0.58 and 0.75N/mm when expanded to 3 and 3.5mm respectively. In 

contrast the 0.5Y alloy devices treated in the vacuum tube furnace that had a radial force of 1.15 

and 1.32N/mm at diameters of 3 and 3.5mm respectively. The relatively, low radial force of the 

devices treated in the vacuum oven was attributed to the large grains present around the peak 

of the waveform. Consequently, the higher strength of the devices treated in the vacuum tube 

furnace is attributed to the more refined grain structure developed. At a diameter of 3mm, the 

2Y alloy devices treated in the vacuum tube furnace exhibited similar strength to the 0.5Y at 

3mm. However, it was shown that when expanded to 3.5mm, the 2Y device exhibited higher 

radial force than the 0.5Y device expanded to the same diameter. It is unexpected that the 2Y 

device would exhibit higher force than the 0.5Y device at only one diameter.  

5.5 Conclusion  

At the outset of this chapter two criterion for device performance were set, to indicate they 

were suitable for the treatment of BTK arteries. Firstly, the devices had to be capable of surviving 

expansion to an ID of 4mm from a crimped ID of 1.5mm. Exhibiting a similar performance to the 

Magmaris device which exhibited consistent expansion to 4mm for their device with 3mm 

nominal diameter during benchtop testing.210  Also, at their nominal diameter (3mm) they were 

required to have a radial force of at least 1N/mm. It was found that only devices manufactured 

from 0.5Y alloy wire and heat treated in the vacuum tube furnace were capable of achieving 

both of these criteria. Devices manufactured from the 2Y alloy wire could achieve inconsistent 

expansion to 4mm, with 2 in 3 devices surviving expansion to 4mm. However, the 2Y devices did 

meet the radial force criteria set whilst the 0.5Y devices treated in the vacuum oven did not 

meet either criterion.  

One of the key findings of this chapter was the shift in texture developed along the ID of the 

devices. It was shown that the transverse basal texture present in the wire was maintained 

around the OD of the waveforms of devices manufactured from both alloy wires. However, 

around the ID a rotation of ≈90° of the grains occurred, with the basal plane aligning 

perpendicular to the DD of the wire. This was attributed to the deformation during forming of 

the waveforms being dominated by tensile twinning, and the recrystallised grains developed 
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during annealing, maintaining the texture of the deformed microstructure. The texture 

developed along the ID will restrict the activation of prismatic slip during crimping and expansion 

of the device, consequently increasing the likelihood of fracture along the ID of the waveforms. 

In all devices that showed signs of cracking during expansion, the cracks were observed along 

the ID of waves. However, this split in texture was present in the 0.5Y devices annealed for 

optimal expansion capabilities in the vacuum tube furnace, that were shown to be capable of 

consistent expansion to 4mm. Consequently, failure in the 0.5Y devices treated in the vacuum 

oven and the 2Y devices cannot solely be attributed to this shift in texture.  

The microstructural investigation of the 0.5Y and 2Y devices annealed in the vacuum tube 

furnace revealed they both developed similar microstructures, in terms of grain size and texture. 

However, the 2Y device contained an increased number of secondary phase particles. Cracks 

were observed close to these secondary phase particles in the 2Y device, indicating their 

contribution to the failure of these devices. Although, as the failure of the 2Y devices was 

inconsistent and 2 in 3 devices survived expansion to 4mm, it cannot be stated that the high 

density of particles, alone, is responsible for failure, as it would be expected that all of the 2Y 

devices would fail. However, SEM analysis of the 2Y devices, did reveal the presence of a large 

coarse particle present in the microstructure of an unexpanded device. Voids were observed 

either side of the coarse particle, that would act as favourable sites for crack initiation. With an 

increased number of particles present in the 2Y device, it can be expected that there is increased 

likelihood of large, coarse particles being present in the microstructure. If these particles are 

present close to the regions of the device that experience the highest strains during deployment 

such as along the ID of the waveform, it follows that failure will be initiated from these regions.  

It is therefore proposed that the failure seen in these devices is attributed to some combination 

of the altered texture, secondary phase particles and coarse grains. These factors may all play a 

role in the fracture of these devices. The texture developed along the ID of the devices will limit 

the activation of basal and prismatic slip during expansion. Cracks will initiate close to coarse 

secondary phase particles owing to their high density, and lack of available deformation 

mechanisms to overcome these barriers. Finally, the coarse grains present on the wire’s surface 

result in large grain boundaries that allow for easy propagation of cracks initiated close to 

secondary phase particles. Therefore, if one of these contributing microstructural features could 

be improved it may result in the 2Y devices being capable of expansion to 4mm. Potential steps 

to address these microstructural features will be described in more detail in Chapter 6.  
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Chapter 6: Conclusions and 

Recommendations 

This work presented herein investigated two new Mg-Li-Y alloy wires and their application in the 

manufacture of a novel wire form BVS scaffold. The two alloy wires were provided cold drawn 

to a diameter of 125µm and a series of annealing treatments were conducted to maximise their 

ductility. The alloy wires were characterised through investigation of their microstructure and 

mechanical properties. Following this, both alloy wires were applied in the manufacture of a 

new wire form BVS device and their performance characterised and microstructure investigated. 

From these studies, an optimised annealing protocol was developed for both alloy wires using 

the bespoke vacuum tube furnace, designed, and manufactured as part of this research 

programme. Characterisation of the microstructure and mechanical properties of the two new 

alloy wires identified them as suitable new materials for application in BVS technology owing to 

their relatively high ductility and strength. Application of both alloys in the novel wire form BVS 

and optimisation of the processing applied during manufacture demonstrated that the 0.5Y 

device exhibits comparable performance, during benchtop testing, to the current best in class 

Mg based BVS devices available on the market.  

This chapter summarises the key conclusions found during this work. Based on these 

conclusions, a series of recommendations is provided to further understand the underlying 

mechanisms behind both alloy wires behaviour and further advance the development the BVS 

device investigated as part of this work.  

6.1 Conclusions 

• During annealing of the two cold drawn alloy wires, recrystallisation initiates first from 

regions close to the OD of the wires and progresses towards the wire core as 

recrystallisation progresses. This is attributed to the regions of wire closest to the 

surface undergoing increased deformation during the cold drawing process resulting in 

increased internal strain (and hardness) of these regions compared to the wire core. As 

internal strain acts as the driving force for recrystallisation, it follows that 

recrystallisation will initiate first close to the OD of the wire and progress towards its 

core.  
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• Both alloys develop a basal texture following annealing, however a weaker basal texture 

is developed in the 2Y alloy wire compared to the 0.5Y alloy. This shows that there is 

sufficient Y content in the 2Y alloy wire to activate texture weakening however the RE 

texture, associated with many MgRE alloys, is not observed to develop in either alloy.  

• The increased Y content restricts abnormal grain growth at higher temperatures. During 

annealing at high temperatures (>400°C) abnormal grain growth is observed in the 0.5Y 

alloy wire, whilst the 2Y alloy wire maintains a more homogeneous grain size 

distribution. The underlying mechanism behind this behaviour was not identified but 

may be attributed to both the increased number of Y-rich secondary phase particles and 

Y in solution restricting boundary mobility during thermal processing.  

• Despite the weaker texture and increased number of secondary phase particles 

developed in the 2Y alloy wire, both alloys exhibit relatively similar mechanical 

properties following annealing for optimal ductility. When annealed for maximum 

ductility in the vacuum tube furnace (250°C for 30mins) the 0.5Y alloy wire has an 

elongation to failure, YS and UTS of 20.3±0.4%, 133±2.6MPa, and 196 ±0.8MPa 

respectively. Whilst the 2Y alloy wire has an elongation to failure, YS and UTS of 

19.7±1.1%, 150±2.0MPa, and 207±0.4MPa respectively following annealing for 30mins 

at 300°C. Both alloy wires can survive idealised bending strains of 48%. This shows that 

the weaker texture developed in the 2Y alloy wire does not translate to improved 

ductility. The 2Y wire exhibits slightly increased strength compared to the 0.5Y alloy 

wire. However, the increase is relatively small meaning that the increased number of 

secondary phase particles in the 2Y alloy wire does not result in a significant 

strengthening effect. Both alloys exhibit comparable mechanical properties to similar 

alloys being developed for BVS technology and as such are identified as suitable 

materials for application in bioresorbable medical devices.  

• A split in texture is developed through the waveform of devices manufactured from both 

alloy wires, post annealing in the vacuum tube furnace. Along the OD of the waveform 

the transverse basal texture of the as supplied wire is maintained. Along the ID of the 

waveform the basal plane is rotated by approximately 90°, aligning itself to be 

perpendicular to the DD of the wire. This texture split is attributed to the deformation 

along the ID of the waves, likely, being dominated by tensile twinning, which results in 

the reorientation of the basal plane by 86°. The recrystallised texture is subsequently 
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dominated by grains nucleated from within these twins, along the ID of the wire, which 

grow with the same orientation as the deformed microstructure.  

• Fracture of devices is observed to initiate from the ID of the waveforms at their apex. 

Only devices manufactured from the 0.5Y alloy wire and heat treated at 250°C for 

10mins in the vacuum tube furnace, consistently survive expansion from a crimped ID 

of 1.5mm to an ID of 4mm. Inconsistent expansion of the 2Y devices (following annealing 

at 250°C for 10mins) is achieved, however, 1 in 3 devices fail during expansion. Both the 

0.5Y and 2Y devices develop relatively similar microstructures in terms of grain size and 

texture, however the 2Y device contains an increased number of secondary phase 

particles. Cracking is observed close to these particles in the 2Y devices. Although, as 

inconsistent expansion to 4mm of the 2Y devices can be achieved, device failure cannot 

be attributed to the high density of secondary phase particles alone.  

• The texture developed along the ID of waves along with the high density of secondary 

phase particles and layer of coarse grains around the wires surface are all expected to 

contribute to the failure of devices. The texture developed will limit the activation of 

prismatic slip during the crimp and expansion process. Coarse secondary phase particles 

will act as stress concentration sites. Once cracking occurs close to these particles the 

coarse grain boundaries offer any easy propagation path. Each of these factors will 

influence failure of the devices and should one contributing factor be resolved improved 

device performance could be achieved.  

• The 0.5Y devices are capable of consistent expansion to 4mm and have a radial force of 

greater than 1N/mm at their nominal diameter. These devices exhibit comparable 

mechanical performance to current BVS technologies available. Consequently, of the 

two alloys investigated in this work the Mg-4Li-0.5Y alloy is recommended for 

application in the manufacture of the novel BVS device under investigation. Devices 

manufactured from the Mg-4Li-0.5Y alloy should be investigated further through in vivo 

studies where the biocompatibility and degradation profile of the alloy/device can be 

better understood.  

 

6.2 Recommendations  

This work has demonstrated that the two alloy wires under investigation have similar 

mechanical properties to current Mg alloy wires being developed for bioresorbable medical 
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devices. BVS devices manufactured from the 0.5Y alloy wire are shown to meet the required 

performance criteria set out at the start of the project. The investigations both answered many 

questions and revealed interesting avenues for future work, both in terms of device 

development and material investigation. The key packages of future work are described below. 

They are broken into alloy and device development, though of course alloy development will 

directly impact device performance.  

6.2.1  Alloy Development 

• Considering the high density of secondary phase particles in the 2Y alloy wire it would 

be beneficial to investigate the prior processing of the cold drawn alloy wires to 

understand at which stage these particles are developed. If this could be identified the 

processing could be appropriately altered to reduce the precipitation of Y-rich 

secondary phase particles. Two potential benefits of this are improved strengthening 

and reduced early fractures of the final device. Firstly, it was shown that despite the 

high density of these particles in the 2Y alloy wire, in its cold drawn state and when 

annealed for optimal ductility, it exhibits similar strength to the respective 0.5Y alloy 

wires. Thus, these particles provided little, to no strengthening effect. Y is known to be 

one of the most effective solid solution strengtheners in Mg alloys, meaning if increased 

Y could be maintained in solution, it may lead to strengthening of the alloy wire. Further, 

cracking was identified initiating close to these secondary phase particles in the final 

device, whilst large coarse particles were observed in the microstructure that left voids. 

It follows that if a reduced number of particles were present, as in the 0.5Y alloy wire, 

cracking (and hence early failure) in the final device would be reduced.  

• The work identified that a weaker basal texture was developed in the 2Y alloy wire 

compared to the 0.5Y alloy. Considering the literature, it would be of interest to 

investigate an alloy with an Y content closer to the limiting range for texture weakening 

(≈0.6wt%). Although the alloys investigated in this work contain less Y than the widely 

applied WE43 alloy there is still preference for bioresorbable metals to have as little REE 

content as possible. Though weakening of the texture was not shown to be beneficial in 

this work, it is expected that weakened texture may improve the 2Y alloy wire’s 

performance in the final device if the other factors limiting its application could be 

improved. Therefore, if weakening of the texture could be achieved with lower Y 
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content, the performance of the wire in the final device may be improved whilst the REE 

content will be minimised. 

• It would be of benefit to investigate the effects of increasing the Li content to close to 

5.5wt%. It is expected that increasing the Li content will improve ductility but reduce 

strength. With the alloy wires exhibiting relatively high strength there may be some 

benefit in increasing the Li content to achieve ductility enhancement if the trade off in 

strength is not substantial. It is recommended to not go beyond 5.5wt% Li as above this 

threshold a Li rich phase will develop that is generally associated with decreased 

corrosion resistance despite offering improved ductility.  

• Characterisation of the alloy wires supplied with a final annealing step post cold 

drawing, that are used in the manufacture of the final devices, were shown to have a 

layer of coarse grains about their outer diameter. Steps should be taken to investigate 

the origin of this layer. As was demonstrated with the annealing studies conducted in 

this work, a process can be developed where this layer is not formed. As coarse grains 

and inhomogeneous microstructures are associated with increased likelihood of 

cracking it may lead to improved device performance should this layer be removed. 

• Finally, this work optimised an annealing procedure for each cold drawn alloy wire and 

characterised their microstructures. Key microstructural differences were observed 

between the annealed alloy wires produced as part of this work and those supplied from 

the manufacturer. Limitations in the bespoke furnace setup meant that a sufficient 

length of cold drawn wire could not be annealed in the vacuum tube furnace to 

manufacture a complete device. If this could be achieved it would be of benefit to apply 

the alloy wires, post annealing in the vacuum tube furnace, in the manufacture of the 

BVS device. If this were conducted it would be expected that devices could be produced 

without a layer of coarse grains about the wire surface, potentially leading to improved 

device performance.  

6.2.2  Device 

• Repeat radial force testing should be conducted to ensure the repeatability of the tests 

conducted. 

• It was demonstrated that the 0.5Y devices could be repeatedly expanded to 4mm from 

an ID of 1.5mm. Although suitable for progressing the design towards pre-clinical animal 

trials it would be beneficial to investigate the minimum diameter these devices could be 
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crimped to and achieve consistent expansion as minimising the crossing profile of 

devices will improve deliverability.  

• The texture developed along the ID of the alloy wires was attributed to recrystallisation 

being dominated by grains nucleated from tensile twins, maintaining their orientation. 

It would be of interest to confirm this through investigation of the deformed 

microstructure to identify if deformation was dominated by tensile twinning.  

• The texture developed along the ID of the devices is expected to be less favourable for 

ductility and consequently device performance. Methods should be investigated to 

prevent this texture developing along the ID of the final device. One method would be 

to investigate manufacturing the devices at elevated temperatures. It is known that the 

CRSS of deformation twinning is independent of temperature whereas slip is thermally 

activated. Therefore, if the devices were manufactured at elevated temperatures, 

deformation via slip would increase and consequently reduce the activation of 

deformation twinning.  

• Owing to the pulsatile nature of the arteries, where BVS devices will be deployed, a 

study into the fatigue life of these devices should be conducted. As BVS devices are 

temporary in nature, they are not required to remain in situ for the remainder of a 

patient’s life as with permanent stents. However, a fatigue study on the final device 

should be run to understand the response of the device to the cyclic loading expected 

in vivo to ensure it can maintain structural integrity post deployment. 

• Within the alloying limits investigated in this work these alloys are assumed to be safe 

in vivo however biocompatibility testing should be conducted to ensure this is the case. 

This could first begin with in vitro cytotoxicity tests and progress through to small animal 

studies to better understand the in vivo response of these alloy wires. These tests could 

initially be run on the individual alloy wires. The final progression would be to advance 

the final BVS device towards a pre-clinical animal trial, preferably in a porcine model, to 

best understand the biocompatibility of the device. From this study information will also 

be gained on the corrosion rate and mechanical response of the final device in vivo and 

help provide the necessary data to progress to first-in-man clinical trials.   

• This work has demonstrated that devices manufactured from the 0.5Y alloy wire exhibit 

similar mechanical performance to comparable devices. Therefore, the next stage of 

device development should investigate the biocompatibility and in vivo corrosion 

response of this alloy through a pre-clinical animal trial. The 2Y alloy wire should also be 
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investigated as, if the limitations identified in this work can be resolved, through the 

above recommendations, it may demonstrate improved corrosion resistance compared 

to the 0.5Y alloy wire.  
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