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Abstract

Magnesium-based medical implants have the potential to overcome several complications
that arise with permanent metallic implants. Magnesium-based implants are biodegradable
such that they can undergo absorption once their load-bearing function has been completed,
thereby avoiding a secondary removal surgery. However, several challenges must be overcome
as non-uniform and highly localised pitting corrosion mechanisms can lead to early failure
of implants. Despite this, the majority of experimental studies to date tend to consider bulk
measures of corrosion by measuring mass loss, while the role of localised surface corrosion
mechanisms have been largely ignored, or evaluated using qualitative approaches. As a con-
sequence, there is limited quantitative understanding on how pit formation (e.g. severity
and spatial distribution) affects the overall mechanical performance of magnesium-based al-
loys. The objective of this thesis is to investigate the relationship between spatial corrosion
performance with the corresponding mechanical integrity of a magnesium WE43 alloy for
orthopaedic implants by means of an experimental and numerical approach.
In this thesis, a three-dimensional automated detection framework, ’PitScan’ was developed
to systematically evaluate the extent and morphology of surface-based pitting corrosion of
cylindrical magnesium specimens undergoing corrosion through in-vitro immersion. PitScan
used a Python-based approach to analyse micro-computed tomography images (µCT) of
cylindrical specimens undergoing corrosion. It was used to establish relationships between
local pitting parameters and mechanical performance, which was determined through uniax-
ial mechanical testing. Additionally, a finite element surface-based degradation model was
implemented to further explore the correlation between the severity of localised corrosion
mechanisms and mechanical integrity. These experimental and computational approaches
were then used to investigate the influence of a plasma electrolytic oxidation (PEO) surface
treatment on the corrosion performance of a Magnesium alloy. Finally, the degradation model
was utilised to demonstrate its potential within the design development chain of degradable
implants.
The Pitscan algorithm was able to systematically identify pitting morphology on the corrod-
ing surface, enabling full spatial characterisation of pitting parameters, including pit density,
pit size, pit depth as well as pitting factor according to ASTM G46-94. It was found that
bulk measures of mass loss during corrosion were not suitable predictors of the mechanical
integrity of corroding magnesium specimens. Instead, PitScan showed that features linked
to the reduction of the cross-sectional area seem to be the best predictors for the remaining
strength. This thesis also provides the first quantitative evidence that a surface-based non-
uniform corrosion model could capture both the geometrical and mechanical features of a
magnesium alloy undergoing corrosion. By considering a wide range of corrosion scenarios,
it was demonstrated that parameters described in ASTM G46-94 showed weaker correlations
to the mechanical integrity of corroding specimens, compared to parameters determined by
Pitscan. Similar to experimental observations, the minimal cross-sectional area parameter
was the strongest predictor of the remaining mechanical strength (R2 = 0.98), with this re-
lationship being independent of the severity or spatial features of localised surface corrosion.
It was also shown that uniform degradation models are not suitable to predict the mechan-
ical performance of samples undergoing corrosion. This thesis also demonstrated that PEO
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surface treatment on the magnesium alloy continued to protect the samples from corrosion
throughout the entire corrosion process, and not just in the early stages of corrosion. Fur-
thermore, the phenomenological surface features were used to calibrate the surface-based
corrosion model to fully predict the mechanical performance of both unmodified and PEO
surface modified magnesium WE43. Finally, the surface-based corrosion model was used to
demonstrate how simulated design adaptations could optimize material usage, while main-
taining similar mechanical integrity during corrosion. Overall, this provides significant tech-
nical advances and enhances the scientific understanding of corrosion in magnesium alloys,
and could inform future work in this area.
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Chapter 1

Introduction

1.1 Orthopaedic implants

1.1.1 Conventional implants

Each year, there are almost 200 million bone fracture events across the world [1, 2]. Many

of these traumatic fractures require surgical intervention, whereby a variety of orthopaedic

fixation devices are implanted to stabilise the fracture region to ensure healing. Currently,

the majority of orthopaedic implants are made of Titanium or Stainless steel, which exhibit

mechanical properties that provide sufficient support to the surrounding tissue during the

healing phase. However, these permanent metallic implants can cause issues in later stages

of healing as their high stiffness compared to the native bone can result in stress shielding,

whereby loading is directed through the implant, leading to unwanted resorption of the sur-

rounding bone tissue [3]. As a consequence, implant removal may be necessary through a

second surgical procedure. This removal of fixed-metallic implants is the most common or-

thopaedic procedure in industrial countries, accounting for approximately 5 % of orthopaedic

surgeries and contributing to an estimated annual cost of over 250 million Euro in Germany

alone [2, 4–6]. Biodegradable implants have the potential to form the basis for the next gen-

eration of orthopaedic fixation implants, as they can reduce the need for removal surgeries

[7] and avoid certain late-stage issues associated with conventional permanent implants.
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2 INTRODUCTION

1.1.2 Biodegradable implants

Biodegradable materials are a category of biomaterial that gradually degrade once implanted

in a biological environment. There has been increasing interest in biodegradable materials

over the last number of decades to provide alternative materials for both orthopaedic and

vascular implant applications. Polymer- and metal-based biodegradable implant materials

have been developed, with the specific aim to provide structural support to the fractured

region during the healing process, with the device subsequently degrading fully, once healing

has been completed and the functional role of the implant is no longer needed [8]. Compared

to permanent metallic implants (e.g. titanium, stainless steel, nitinol), this eliminates the

need for an additional removal surgery, which reduces the risk on the patient and overall

cost burden on health systems.

The target functional properties of biodegradable orthopaedic implants presents a diffi-

cult balancing act between (i) providing enough structural support in the first number of

months and (ii) minimising subsequent absorption time to reduce the possibility of late-stage

events. Figure 1.1 shows the optimal degradation performance for a biodegradable implant,

whereby its degradation process is carefully synchronised with the natural growth and heal-

ing timescales of the surrounding tissue. During the initial phase, the load at the fracture

site is carried by the implant until both the inflammatory and soft callus phases of healing

have completed. As the hard callus begins to form, the tissue increases in stiffness and load

can be transferred to the tissue again. [9].
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Figure 1.1: Optimal degradation performance for a biodegradable implant in bone fracture sce-
nario, including the theoretical healing procedure of a fractured bone (adapted from Zhao et al.
[9])

At this point, implant degradation can take place, with the load-bearing capacity of

the implant gradually degrades so that the surrounding tissue can fully undergo long-term

remodelling. This represents an idealised scenario and there is substantial variability de-

pending on the degradable material itself and the surrounding environmental conditions,

such as anatomical location, loading conditions, levels of inflammation and blood flow [10,

11].

Apart from the load-bearing function of the biodegradable implant, the chosen biomaterial

must also be able to fulfil a wide range of other functional properties [12, 13]. Specifically,

biodegradable materials should be biocompatible and not cause inflammatory responses once

implanted, with their degradation products being non-toxic such that they can be excreted

or resorbed by the body. These materials should also exhibit good processability during

manufacturing and should be sterilisable. Both polymer- and metal-based biodegradable

implant materials have been developed, although several issues relating to low mechanical

properties and/or rapid degradation behaviour, respectively, still must be overcome.
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1.1.2.1 Polymers

Biodegradable polymers can be categorized as either natural or synthetic, with both groups

undergoing degradation processes when exposed to aqueous environments. Synthetic poly-

mers are more widely used, with polylactic acid (PLA), poly-glycolic acid (PGA) and their

co-polymers, having been approved for use as implantable materials by the US Food and

Drug Administration (FDA) over fifty years ago. Generally, synthetic polymers, approved

for medical purposes, show good biocompatibility and controllable degradation rates. Poly-

mer degradation takes place through hydrolysis, which results in water-soluble oligomers

or even monomers as final degradation products [8, 14]. This degradation process takes

place through either surface- or bulk-erosion processes [15]. The first approved polymer-

based implants were biodegradable sutures in the 1960s (Poly-glycolic Acid (PGA)) [15, 16].

Nowadays, a wide variety of applications for polymer-based implants exists, with Figure 1.2

showing an overview of polymer implants currently on the market.
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GrandFix®SonicPin Rx® and Resorb x

(a) (b)

(c)

Abbott Vascular AbsorbTM

(d)

BioScrew®

Figure 1.2: Polymer-based biodegradable implants (a) Material: PDLLA, plates and screws for
maxillofacial applications (KLS Martin GmbH & Co, Tuttlingen, Germany) (b) Material: PLLA,
Gunze, Kyoto, Japan (c) Material: PLLA interference screw (CONMED Largo, FL, USA) (d)
Material: PLLA stent (Abbott Vascular Inc., CA, USA).

Several major industry players, including KLS Martin GmbH, have polymer-based bioab-

sorbable implants on the market that have achieved clinical success in relatively low load-

bearing applications, such as soft-tissue reattachment. However, polymer-based implants

generally exhibit lower mechanical stiffness and strength compared to metal-based implants

[17], which has limited their wider application. More generally, biodegradable polymers are

widely used in tissue engineering, drug delivery applications, regenerative medicine, gene

therapy, and as coatings on implants [16]. A major disadvantage of implantable polymers

is that they can be impacted by enzymes, resulting in heavy inflammatory responses. For

example, while Abbott Vascular have pioneered the development of polymer-based bioab-

sorbable stents for vascular applications, with significant clinical data already generated,

late-stage clinical data demonstrate an increased risk of late-stage adverse events compared

to permanent metallic drug eluting stents. Consequently, Abbott was forced to withdraw
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this device from the market (Figure 1.2 (d)) [18].

1.1.2.2 Metals

Compared to polymer-based implants, degradable metallic implants are more suitable for

load bearing applications due to their higher mechanical properties. Several candidates as

bioabsorbable metal alloys have been proposed, including magnesium, zinc, iron and their

various alloy combinations. Iron-based alloys exhibits high strength and good ductility, but

its corrosion process takes place too slowly, which means that it can face similar long-term

issues that are encountered by permanent metallic implants [19–21]. While zinc-based al-

loys have more favourable corrosion properties, they tend to have low tensile strengths and

poor creep resistance, which limits their capacity in long-term load-bearing applications [22,

23]. On the other hand, magnesium-based alloys have mechanical properties that are highly

suited to orthopaedic applications, and recent strategies to improve their corrosion perfor-

mance mean they are becoming a viable alternative to permanent metallic biomaterials.

Magnesium is an essential trace element in the human body. The corrosion products of mag-

nesium are absorbed by macrophage cells and then excreted by the kidneys [24]. Magnesium

was first used in the medical field by the physician Edward C. Huse, who implanted mag-

nesium wires as a ligature for bleeding vessels [25]. However, this, and many early attempts

using magnesium as a biomaterial failed due to the amount of impurities that resulted in a

rapid corrosion. Since the turn of the millennium, there has been increasing interest in mag-

nesium as an implantable material [26]. In 2005, Witte et al. [27] conducted an in-vivo study

and examined four different alloys, AZ31, AZ91, LAE442, and WE43, which were implanted

as small rods into the bone marrow of guinea pig femurs. Compared to a reference with

PLA, results showed that LAE442 had the slowest degradation rate and bone formation was

significantly increased around all four magnesium alloys. They reported an osteostimulative

effect, whereby the release of the corrosion products actually promote bone formation in the

implanted region, has also been reported in several other studies [10, 28–32]. Magnesium-



INTRODUCTION 7

based alloys also have similar mechanical properties to the native bone, which reduces the

risk of stress shielding compared to permanent metallic implants made from Titanium or

Stainless steel [3, 33]. Table 1.1 provides a summary of the material properties of various

implantable materials, although it should be noted that values reported can vary depending

on the exact alloy compositions, manufacturing process and applied heat treatments.

Table 1.1 Material properties of Medical device materials and human bone (values vary with
exact compositions, manufacturing process, post-processing steps. Further, the values taken from
standards are the minimal requirements for the certain alloy

Tensile

strength [MPa]

Compression

strength [MPa]

Yield strength

[MPa]

E-modulus

tensile [GPa]

Max. elon-

gation

[%]

Density

[g/cm3]

Cortical Bone

[34, 35]

35-283 160-240 115 5-23 6-10 1.8-2.0

Trabecular Bone

[34, 35]

1.5-38 1.5-9.3 0.01-3 1.0-1.4

Magnesium pure

[34, 36]

90-190 20-115 20 45 10 1.74

Titanium [37] 860 758 100-125 8 4.4

Stainless steel

[38–40]

490 1080 190 193 40 8

MgZn [41, 42] 288 227 40 21 1.8

MgZnCa [43] 276 178 40 25

WE43 [44, 45] 250 500 160 44 4 1.84

AZ31 [44, 46] 240 350 145 44 7 1.78

In the development of magnesium alloys for orthopaedic applications, it is generally de-

sirable that the corrosion takes place at a controlled rate and that it takes place uniformly

to ensure appropriate mechanical properties in the later stages of degradation. A wide va-

riety of magnesium alloy compositions have been explored and Figure 1.3 shows the most

used alloy elements for magnesium in orthopaedic applications. First magnesium-aluminium

alloys (up to 6 wt.% Al) generated interest due to their improved ultimate tensile strength

and elongation, as well as to their improved corrosion resistance due to a protective Al2O3

film on the surface. Nevertheless, the addition of aluminium is problematic as it results in

neurotoxic properties [19]], which has meant that it is not used in any magnesium-based

orthopaedic implants. Zinc (up to 4 wt.% Zn) as alloy element also increases ultimate tensile

strength and elongation, while adding 0.2 wt.% calcium can further refine the microstruc-
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Mg

Mg-Ag

Mg-Ca

Mg-Re

Mg-Y

Mg-Zn

Mg-Zr

Figure 1.3: The most used Mg-based binary alloys for orthopaedic applications. (adapted from
[24])

ture and substantially decrease the degradation rate [19, 47], but has little effect on the

mechanical properties. Other alloying elements include rare earth elements, such as yttrium,

neodymium, gadolinium. In general, these rare earth elements aim to improve the strength,

ductility, and corrosion resistance through solid solution and precipitation hardening [48].

Neodymium is only partially soluble in magnesium, though its addition can greatly improve

the corrosion resistance [49]. Yttrium is often induced to enhance the creep and corrosion

resistance [50]], although this element can impose adverse effects on DNA transcription fac-

tors [51, 52]. Further in-vitro and in-vivo studies of rare earth elements are required to fully

evaluate any potentially harmful effects of these alloying elements [50, 53]. Table 1.1 presents

the mechanical properties of some magnesium alloy combinations, and how these compare

to permanent metallic materials and bone tissue itself.

Furthermore, through specific manufacturing processes or post-manufacturing, such as heat

treatments or solid solution strengthening, the mechanical properties can be tailored to im-

prove material strength and creep resistance [47, 48, 54]. Other treatments, such as coatings

or surface modifications, are mainly used to enhance the corrosion resistance. Magnesium

alloys for medical applications can be produced through a range of techniques like casting

followed by extrusion [55, 56], sintering of magnesium powders [57], or even through 3D
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printing by laser powder bed fusion [58, 59].

At present, there are several magnesium-based medical products on the market including

orthopaedic screws, pins and wires, as well as vascular stents for coronary applications. In

2013, the first CE-approved bioabsorbable WE43-based implant, the MAGNEZIX® hollow

compression screw from Syntellix AG (Figure 1.4 (b)) was made available. These screws

are mainly used for foot and hand surgeries. In 2016 BIOTRONIK SE & Co. KG received

the CE-approval for their Magmaris coronary stent, which is based on a WE43 alloy with

a 7 µm PLLA coating (Figure 1.4 (a)). MgCa based orthopaedic implants are also available

from U&i Corporation (Figure 1.4 (d)), with the ResometTM product group receiving CE-

approval in 2018. More recently, in 2020, Medical Magnesium GmbH received CE-approval

for their mm.X orthopaedic implants (Figure 1.4 (c)), which are also made from a WE43

alloy equipped with a PEO surface treatment. While these devices have demonstrated initial

clinical success and have even reached the market, magnesium-based implants are still not

widely adopted, and many technologies remain in development phase, with several obstacles

still to be overcome. In particular, the degradation mechanism of magnesium results in the

release of hydrogen gas, which can lead to severe cell damage and cavitations forming in the

surrounding tissue [60]. Furthermore, the corrosion of magnesium-based implants can take

place too quickly and through non-uniform processes such as pitting-based mechanisms [61–

65]. This localised corrosion mechanism is caused by microstructural inhomogeneities and

impurities and can result in early failure of the implant in load-bearing applications. While

the spatial and temporal evolution of corrosion is controllable to some degree by varying

alloying composition and/or by applying a surface modification [47, 66–69], a better under-

standing of the corrosion process is required to optimise the performance of magnesium-based

medical implants and therefore enable their widespread implementation in the medical field.
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Magnezix® Magmaris® stent

mm.IF mm.CS mm.PIP

(a) (b)

(c)

ResometTM

(d)

Figure 1.4: Magnesium-based implants (a) Magmaris stent (BIOTRONIK SE & Co. KG, Berlin,
Germany) (b) Magnezix product group: bone screw, compression screw, pin, arthrodesis system,
interference screw (Syntellix AG, Hannover, Germany) (c) mm.X products: interference screw,
compression screw, Proximal phalanges implant (Medical Magnesium GmbH, Aachen Germany)
(d) ResometTM Headless Screw, Cortex Screw, K-wire and Pin (U&i Corp. Seoul, Republic of
Korea).

1.2 Corrosion of Magnesium

1.2.1 Background

The term corrosion describes a natural process whereby the exposed surface of a metal reacts

with its environment, which results in the gradual degradation of the metal through chemical

and/or electrochemical reactions. Corrosion is dictated through different ion concentrations

in the media, as well as through the alloys’ microstructure itself. Research is still ongoing

to fully understand the corrosion of magnesium in various aqueous solutions [70–74]. Once

magnesium is exposed to air, a thin, more stable oxide layer is formed. However, once this
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stable layer becomes damaged through exposure to aqueous solutions, corrosion progresses

through the formation of electrochemical cells. This leads to the migration of ions into

the solution from the metal surface itself and results in the formation of a hydroxide layer,

Mg(OH)2, on the surface [47]. Typical types of corrosion that take place under physiological

conditions are galvanic, intergranular and pitting corrosion. These mechanisms tend to pro-

mote localised corrosion by the presence of impurities and inhomogeneities that are present

throughout the material due to the manufacturing process. Pitting corrosion occurs when

magnesium is exposed to an aqueous solution containing chloride ions [75], which break down

the passive layer due to the formation of MgCl2. Through impurities or secondary phases in

the alloy, local internal galvanic cells form that result in localised corrosion taking place [75].

A quantitative understanding of the onset and evolution of localised corrosion in magnesium

alloys is critical to avoid premature implant failure.

1.2.2 Experimental characterisation of Magnesium corrosion

To investigate the corrosion mechanisms of magnesium-based alloys, in-vitro biocorrosion

testing is most widely used, whereby samples are immersed in aqueous solutions to enable

the corrosion process. Corrosion testing is set out by two ASTM standards, ASTM F3268-

18a and ASTM NACE TM0169/G31-21 [76, 77]. Both documents provide guidance on the

general test setup, which includes the type of immersion media, testing timeframe, while

also providing guidance on evaluation methods, including how the corrosion rate should be

measured. While these two standards provide a general framework for corrosion testing,

there is still significant room for interpretation, and a wide range of immersion test setups

have been used across the literature to experimentally characterise corrosion performance of

magnesium-based materials and implants.

Generally, in-vitro testing of magnesium evaluates the corrosion of samples by tracking weight

loss measurements at discrete time points, or by capturing measurements of hydrogen evolu-
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tion during testing, whereby 1 mol of hydrogen corresponds to 1 mol of released magnesium

[78]. Other approaches used micro-CT scanning of the samples and a subsequent 3D recon-

struction to determine the change in volume, and mass, during the experiment. However,

to date, most studies that perform in-vitro testing consider only bulk measurements of mass

loss, with the progression of localised surface-based corrosion generally ignored. If pitting

corrosion is considered, it is generally assessed through qualitative approaches such as sim-

ple visual inspection [79–81]. However, previous studies have demonstrated that localised

corrosion clearly influences the mechanical integrity of specimens, with a disproportional

relation between bulk mass loss and mechanical strength observed for different magnesium

alloys undergoing corrosion [82–84].

ASTM G46-94 [85] provides a guideline to examine and evaluate pitting corrosion in metals.

Here, several metrics are proposed that provide information on the extent and severity of

surface corrosion. These include pitting factor, which is the ratio of the deepest pit depth to

mean pit depth, mean pit size, and pit density. However, this standard has rarely been used

to assess magnesium-based corrosion, with only limited examples from Witte et al. (2010)

[79], Kappatos et al. (2010) [86], Kalb et al. (2012) [87] using pitting factor within their

studies to assess the severity of localised corrosion. Despite this, there is still no clear link

between pitting factor and the mechanical integrity of a specimen undergoing corrosion. This

outlines a clear need for a quantitative method to determine the spatial formation of corro-

sion and how the phenomenological progression of corrosion corresponds to the mechanical

integrity.

1.2.3 Enhancing Magnesium corrosion through surface treatments

Most magnesium alloys tend to degrade too fast, especially for late-stage load bearing ap-

plications. To overcome this, surface coatings and modifications are commonly used. They
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aim to slow down and unify corrosion, while also enhancing properties such as biocom-

patibility or providing antibiotic or drug-elution mechanisms [88]. Polymers like synthetic

aliphatic polyesters (e.g. Polylactic acid, Poly (lactic-co-glycolic) acid), natural polymers

(e.g. Collagen, Chitosan) or hydroxyapatites [89, 90] are used as coating material for var-

ious magnesium alloys. However, several of these coatings have poor wear resistance [47,

89, 91]. Surface modification is also a promising approach to enhance corrosion properties

of magnesium-based samples. Plasma electrolytic oxidation (PEO), where the outer sur-

face is transformed into a hard ceramic layer in an electrolytic bath, under the influence of

an electrical potential [55, 68, 91], is a technique that enhances the corrosion performance

compared to unmodified magnesium. PEO coatings have already been demonstrated to de-

celerate corrosion rates across different geometries and different magnesium alloys in in-vitro

and in-vivo studies [55, 56, 63, 68, 92, 93]. Further, PEO modified samples provided ex-

cellent adhesion to the core material, as well as providing enhanced biocompatibility and

improved osseointegration compared to unmodified samples [55, 56, 63]. While PEO sur-

face modification improves corrosion performance, there is limited information available on

how surface-corrosion evolves in the presence of this surface-modified layer. Furthermore,

there is limited quantitative information on the mechanical performance of PEO modified

magnesium undergoing corrosion.

1.2.4 Computational models for Magnesium corrosion

Current modelling approaches to simulate the degradation of magnesium-based alloys are

mainly categorised as either phenomenological or physical-based models. Physically-based

degradation considers the chemical processes taking place at the interface of the specimen’s

surface and its environment. However, those modelling approaches are computationally pro-

hibitive and mostly assuming uniform degradation [94–96].

Phenomenological models are more widely used, whereby continuum damage mechanics
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(CDM) is utilized in combination with element removal to predict the effects of corrosion

on the exposed surface. These models have been used to predict uniform corrosion [97,

98], and localised corrosion, which used weighted probability functions to simulate localised

corrosion mechanisms [82, 83, 99–102]. It was demonstrated, that these localised corrosion

models result in a significantly better agreement of the relation between specimens’ mechan-

ical strength and corresponding mass loss [82–84]. However, little quantitative information

has been provided by these studies, in particular how pit development, including severity

and spatial distribution, influences overall mechanical performance.

Furthermore, it is challenging to experimentally characterise the whole spectrum of corrosion

scenarios. The vast range of conceivable alloy combinations results in different spatial and

temporal progression of corrosion. Due to this, a comprehensive mechanistic connection be-

tween surface-based corrosion and the metals’ mechanical performance is nearly impossible,

and necessitates the need for alternative strategies through computational modelling.

1.3 Thesis Objectives

The global objective of this thesis is to investigate the corrosion performance of a magnesium

alloy through a combined experimental and numerical approach. In particular, this thesis will

focus on establishing relationships between the localised phenomenology of surface corrosion

and mechanical performance of a WE43 magnesium alloy. This will be achieved through the

following specific objectives:

(i) To develop an automated approach to systematically evaluate the severity and phe-

nomenology of localised surface corrosion in WE43 magnesium alloy and use it to

establish relationships between local pitting parameters and mechanical performance.

(ii) To implement an enhanced surface-based corrosion model that predicts both the phe-

nomenology of corrosion and mechanical performance to provide new mechanistic in-
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sight into the performance of magnesium-based materials undergoing corrosion.

(iii) To investigate the influence of plasma electrolytic oxidation surface treatment on a

WE43 magnesium alloy by characterising both surface-based corrosion formation and

the corresponding mechanical integrity through an experimental and computational

approach.

(iv) To validate the surface-based corrosion model by investigating the performance of

unmodified and plasma electrolytic oxidation surface-modified WE43 bone plate sam-

ples, and use this framework to carry out further numerical design optimisation of bone

plates.

1.4 Thesis Structure

The outline of this thesis is as follows:

Chapter 2 presents the recent relevant literature for magnesium-based implants. A sum-

mary of in-vitro immersion testing for magnesium corrosion is presented, as well key pa-

rameters that influence corrosion behaviour and mechanical performance of magnesium. A

review of the current state-of-the-art for numerical modelling of surface-based corrosion of

magnesium alloys is also provided.

Chapter 3 outlines a summary of the theoretical frameworks used in this thesis, including

techniques for automated image processing, fundamental theory of continuum mechanics and

its application within the finite element method.

Chapter 4 presents an automated detection framework for tracking the spatial formation of

corrosion for circular shaped magnesium samples by calculating several geometrical surface

features during corrosion. An in-vitro immersion study was performed, which serves as data

basis for geometrical and mechanical characteristics. Furthermore, several correlations are

drawn between those surface-based features and the remaining mechanical strength.
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In Chapter 5 a surface-based corrosion model is implemented within the finite element

framework to predict geometric features of pitting corrosion and resulting mechanical per-

formance of WE43. Several new relations between severity of localised corrosion and the

mechanical performance are established, by simulating different severities of localised corro-

sion.

Chapter 6 investigates the influence of plasma electrolytic oxidation (PEO) surface treat-

ment on the corrosion behaviour and the corresponding mechanical performance of WE43

specimens, characterised through an extensive in-vitro immersion study. Furthermore, the

surface-based corrosion model is calibrated to predict the performance of both unmodified

and PEO modified specimens, matching phenomenological features, as well as, mechanical

parameters.

In Chapter 7 the calibrated degradation model from Chapter 6 is applied to a generic bone

plate geometry in an effort to validate the degradation model. With this design, an exper-

imental study is performed with in-vitro immersion testing and four-point bending tests.

To highlight the potential of the numerical degradation model, not only the experimentally

tested bone plate design is simulated, but also two additional design adaptions. All designs

underwent degradation and four-point bending simulations to highlight the importance to

consider also the degradation performance during the design development of a degradable

implant.

Chapter 8 presents the main conclusions of the thesis, as well as an outlook on possible

future work in this field.
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Chapter 2

Literature Review

This chapter provides an overview of the literature relevant to the subject areas of this

thesis. Within the following sections, background details are provided on the general corro-

sion process of magnesium and its alloys (Section 2.1). An overview of the in-vitro testing

approaches that have been used to characterise magnesium corrosion is provided in Sec-

tion 2.2. Section 2.3 provides an overview on coating technologies. Finally, a summary of

the model frameworks used to predict the corrosion behaviour of magnesium and its alloys

is summarised in Section 2.4.

2.1 Magnesium corrosion

2.1.1 Corrosion mechanisms

Corrosion describes the reaction of a metal with its surrounding environment, leading to

changes of the materials’ surface itself. In general, the magnesium corrosion process takes

place through an electrochemical reaction that leads to the formation of oxides, hydroxides,

and hydrogen [1] on the material surface. As soon as magnesium is exposed to air, mainly

a thin oxide layer is formed on the surface that functions as a protective barrier against

corrosion. However, this oxide layer can be damaged if it is exposed to an aqueous solution.

In the presence of chloride ions and impurities, such as iron, copper, nickel or beryllium,

local electrochemical cells are formed between the material and its surrounding environ-

ment, leading to what is termed galvanic corrosion [2]. In general, galvanic corrosion occurs

29
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when two dissimilar metals with different electrochemical potentials come into contact in an

electrolyte. Whereby the less noble metal serves as the anode which evolves by-products

and therefore corrodes at the contact point. In terms of magnesium corrosion, magnesium

itself is always the anode due to its high negative standard electrode potential of -2.372 V

[3]. Microgalvanic or inter-granular corrosion evolve between impurities or intermetallic el-

ements in the magnesium matrix itself, which then act as cathode [4]. These mechanisms

result in a magnesium ions release into the media [1, 5]. However, Song et al. reported that

not all magnesium alloys suffer from intergranular corrosion because the secondary phase

is more corrosion resistant compared to the magnesium matrix itself [6]. Another corrosion

mechanism arises due to the presence of chloride ions, as in saline solutions. Chloride ions

tend to break down the passive layer due to the formation of magnesium chloride. Since

magnesium chloride is highly soluble in water, local corrosion (e.g. pitting) occurs in these

areas [3]. This pitting corrosion gets intensified through impurities due to the galvanic dif-

ferences in the alloy. Figure 2.1 shows a schematic representation of the different pitting

morphologies caused by surface corrosion [7]. Most commonly, pitting occurs in magnesium

(a) (b) (g)(c) (d) (e) (f)

Figure 2.1: Schematics of different pit shapes occurring of corrosion in metals (a) elliptical (d)
deep and narrow (c) wide and shallow (d) vertical (e) subsurface (f) undercutting (g) horizontal.
(adapted from [7])

alloys in the form of elliptical deep and narrow or wide and shallow pits (Figure 2.1 (a)-(c))

[8, 9]. Hiromoto et al. [9] identified for AZ31 in in-vitro tests filiform pits (Figure 2.2 (a)),

corresponding to the schematic vertical pit in Figure 2.1 (d), and elliptical shapes for in-vivo

tested specimens (Figure 2.2 (b)), respectively. In-vitro testing was performed in Eagle’s

minimum essential medium with 10 vol.% FBS, and in-vivo testing was performed in mice
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[9]. Cui et al. [8] observed different pit morphologies on AZ31 plate samples, depending

on the concentration of added ammonium nitrate to 0.1 M NaCl solution. Whereby, more

deep pits were observed on the magnesium surface after 24 hours with an addition of 0.01 M

ammonium nitrate solution (Figure 2.2 (c)), and more shallow pits by using 0.1 M ammo-

nium nitrate solution (Figure 2.2 (d)). Through an in-vitro study, Han et al. [10] observed

that elliptical pits formed in an AZ31 alloy subject to static uniaxial loading undergoing

corrosion in Hank’s Balanced Salt Solution. While pitting corrosion is a dominant corrosion

mechanism in magnesium alloys, there are only limited studies that quantify the morphology

of pit formation during corrosion. Generally, corrosions studies may only indicate whether

pitting corrosion is visible or not, but little quantitative information on the morphology of

pitting is provided [11–15].

(a) (b) (g)(c) (d) (e) (f)

(a) (b)

(c)

Deep pits

(d)

Shallow pits

Figure 2.2: (a) SEM cross-sectional images of an AZ31 sample immersed for 14 weeks in-vitro in
Eagle’s minimum essential medium including FBS [9], (b) SEM cross-sectional images of an AZ31
rod implanted for 16 weeks in-vivo in mice [9], (c) 3D profiles of AZ31 magnesium surface after
immersion for 24 hours in 0.1M NaCl solution with 0.01M ammonium nitrate (NH4NO3) [8] and
(d) immersion for 24 hours in 0.1M NaCl solution and 0.1M NH4NO3 [8].

For magnesium alloys in general, the formation of pits depends strongly on both the en-

vironmental conditions and material characteristics. Here, the aqueous environment, the

flow conditions, the alloy composition, the microstructure configuration and the presence of

impurities influenced the formation and evolution of localised corrosion [8, 16, 17]. Several
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extensive reviews on fundamental principles of magnesium corrosion in aqueous solutions are

available elsewhere [2, 6, 18, 19]. The following section provides a brief overview of mag-

nesium corrosion mechanisms in simulated body fluid, while more details on quantitative

phenomenological corrosion tracking are given in Section 2.2.5.

2.1.2 Corrosion in simulated body fluid

Within this section, more details are provided on the corrosion process examined in recent

literature for a rare earth magnesium alloy WE43 in simulated body fluid (SBF). This is the

examined alloy throughout this thesis, using the TRIS buffered simulated body fluid (c-SBF)

for in-vitro testing. In general, SBF aims to replicate the same ion concentration as human

blood plasma for in-vitro assessment of biomaterials [20]. SBF is usually prepared in the

laboratory itself and not distributed directly by a supplier. Figure 2.3 gives an overview of the

corrosion process for a WE43 alloy in c-SBF, which is divided into four stages. Figure 2.3 (a)

shows the first stage, where magnesium is exposed to an aqueous solution and directly an

electrochemical cell forms. This results in an anode surface, where Mg2+-ions as well as free

electrons are built, while a cathodic reduction takes place with H2O resulting in hydrogen

formation. The overall reaction is:

Mg + 2H2O→ Mg(OH)2 + H2 ↑ (2.1)

leading to the formation of magnesium hydroxide Mg(OH)2 on the outer surface. With the

anodic reaction:

Mg→ Mg2+ + 2e− (2.2)

and the cathodic reaction being

2H2O + 2e− → 2OH− + H2 ↑ (2.3)
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Mg Core Mg Core

Mg + 2H2O →Mg(OH)2 + H2 ↑

2H2O + 2e-
→ H2 ↑ + 2 OH-

Cathode

Mg    → Mg²+ + 2e-

Anode

Cl-

Mg(OH)2 + 2Cl-
→MgCl2 + 2OH-

Mg Core Mg Core

H2PO4
- + OH-

→ HPO4
2- + H2O

OH-

HPO4
2- + OH-

→ PO4
3- + H2O

Mg(OH)2

Precipitate:

Ca2+ / Mg2+
PO4

3-

H2PO4
-

HPO4
2-

OH- / O2

(a) (b)

(c) (d)

Figure 2.3: Schematic overview of different stages of the corrosion mechanism of WE43 alloy in
c-SBF. (adapted from [21])

Stage two is shown in Figure 2.3 (b). Due to the reaction of Cl--ions with Mg(OH)2 to soluble

MgCl2, pH rises and corrosion progresses through the removal of Mg(OH)2 from the material

surface. This is described by the following reaction:

Mg(OH)2 + 2Cl− → MgCl2 + 2OH− (2.4)

In the third stage, phosphate ions increase the density of the passive layer, protecting the

core material from the attack of the Cl--ions [22] (Figure 2.3(c)). Jamesh et al. found that

within the fourth stage, shown in Figure 2.3 (d), finally Ca10(PO4)6(OH)2, Ca3(PO4)2·3H2O
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and Mg(OH)2 are formed on the metal surface while immersed in c-SBF solution [21].

Ca10(PO4)6(OH)2 is hydroxyapatite, which is a natural component of bone mineral and

is essential to bone growth, while Ca3(PO4)2·3H2O is an amorphous calcium phosphate,

which is a precursor of bioapatite and plays a key role in biomineralization [21, 23]. The

above described mechanism is in alignment with several other studies [24–26].

2.2 Corrosion testing of Magnesium

Within the product development chain, in-vitro characterisation must be carried out to

evaluate the corrosion performance of biodegradable implants in a simulated environment

through immersion testing. While these corrosion tests aim to replicate physiological con-

ditions as closely as possible, several factors influence the process, including temperature,

ion-concentrations of the media, buffer system, pH, sample surface to solution volume ratio,

static or dynamic flow conditions in the tests. Other factors related to the specimen itself

can also affect corrosion, including the loading history and whether the tests are carried out

in static or loaded configurations. Together, these factors influence not only the corrosion

rate, but also the formation of the degradation layer and its composition [27]. Consequently,

prior to testing, the selection of the testing conditions is an important step. In the following

sections, first an overview is given on variables that influence the testing (Section 2.2.1).

Then, details are provided on two commonly used setups to determine the corrosion per-

formance (i) immersion testing with gravimetric methods and/or the hydrogen evolution

method (Section 2.2.2) (ii) electrochemical testing (Section 2.2.3). Section 2.2.4 summarises

studies examining the relation between mass loss measurements and mechanical parameters.
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2.2.1 In-vitro testing variables

Two standards are available to describe the appropriate experimental approaches for eval-

uating the in-vitro degradation of absorbable metal samples, which are (i) Standard Guide

for in vitro Degradation Testing of Absorbable Metals (ASTM F3268-18a) [28] and (ii) Stan-

dard guide for laboratory immersion corrosion testing of metals (ASTM G31-21) [29]. These

standards aim to provide a framework to control the corrosion test environment through

standardisation of conditions and using physiologically relevant electrolyte fluids. Specific

guidelines are provided on the samples’ surface area to media volume ratio, which must

exceed 0.2 mL/mm2. Standard methods are provided to calculate and report the corrosion

rate, which is defined as the speed of corrosion in a specific environment at which the metal

deteriorates, defined in terms of mm/year for example. However, while these standards state

that an appropriate media and immersion time should be used, there is no strict instruction

on the media type to be used for specific absorbable metals, although corrosion performance

is highly sensitive to media selection, ion concentrations and buffer system. It is known that

the immersion media is the pivotal parameter in dictating the corrosion process, resulting

in different corrosion rates and products [20]. Given that there is substantial room for inter-

pretation within these protocols, it can be difficult to compare data from in-vitro corrosion

studies from different research groups due to various combinations of test set-ups used. Fig-

ure 2.4 provides a summary of several immersion media and illustrates that the complexity

progressively increases with the addition of inorganic ions, organic molecules, and proteins

to provide a solution more similar to body fluid e.g. blood serum, plasma. Table 2.1 shows

the ion concentrations for the most common immersion media that are used for in-vitro

corrosion studies for magnesium alloys [31]. Here, isotonic NaCl solution represents the

simplest immersion media for in-vitro corrosion testing of magnesium and typically results

in the highest corrosion rates among the media. While it has little resemblance to phys-

iological fluids, its high corrosion rate can be advantageous to provide accelerated results
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Figure 2.4: Commonly used immersion media for testing absorbable metals. (adapted from [30])

in preliminary testing in biomedical and other engineering applications [32–35], although

the corrosion mechanism can be vastly different as in-vivo and more advanced media are

required for reliable results. Phosphate buffered saline (PBS) is commonly used to test

the biocompatibility of a certain alloy and contains more inorganic ions compared to NaCl

solution [36–40]. Media like Hanks balanced salt solution (HBSS), Earle’s Balanced Salt

Solution (EBSS), or own mixed simulated body fluids are most commonly used in corrosion

testing of magnesium alloys. However, it must be noted that there are several formulations

of simulated body fluids (SBF) that can result in substantial variation in ion composition

[20].

Across the literature, significant variations of the corrosion rate have been reported among

studies, even when testing was performed with the same immersion media and alloy. For

example, Grogan et al. [41] reported a mean degradation rate of 0.084 mg/cm2 per hour for

an AZ31 alloy tested in HBSS over a testing period of 80 hours. On the other hand, Han et
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Table 2.1 Commonly used degradation media and their composition. Concentrations are given
in mmol/L (values taken from [31])

Ions Blood plasma SBF HBSS DMEM

Na+ 142.0 142.0 141.6 155.3

K+ 5.0 5.0 5.4 5.3

Ca2+ 2.5 1.6-2.5 1.3-2.5 1.8

Mg2+ 1.5 1.0-1.5 0.75-0.87 0.8

Cl− 103 103.0-148.8 144.0-147.0 115.7

HCO−
3 22-30 4.2-4.7 4.2 44.1

HPO2−
4 1.0 1.0 0.3 0.9

SO2+ 0.5 0.5 0.26-0.8 0.8

Glucose (g/L) 3.6-5.2 – 5.5 25

Amino acids unknown – – 10.6

Vitamines unknown – – 0.15

al. [10] calculated for an AZ31 alloy over a testing period of 120 hours a mean degradation

rate of 4 g/m2 per day which is 0.016 mg/cm2 per hour, which is 5 times lower compared to

Grogan et al. This difference may arise through different geometries or immersion time.

Several studies have directly compared the effect of immersion media on the corrosion rate

of magnesium, comparing different types of media [42] or the addition of specific proteins

[43]. Marco et al. [42] compared the corrosion performance of three different alloys (pure

magnesium, Mg-10Gd and Mg-2Ag) in PBS, HBSS and Dulbecco’s Modified Eagle’s Medium

(DMEM) under cell culture conditions. While testing was only conducted over four to seven

days, it was found that HBSS caused the fastest corrosion rate, followed by PBS, while

DMEM resulted in the slowest corrosion rate. They showed that DMEM maintained a phys-

iological pH of ∼ 7.4 and achieved a comparable degradation rate to in-vivo studies. They

also found that the degradation on DMEM samples had similar characteristics to those ob-

served in-vivo. Liu et al. (2010) investigated the influence of the addition of albumin (10 g/L)

in a 0.9 wt.% NaCl solution on a Mg1.5Ca alloy [43]. They measured over a period of 120 h

an average degradation rate of 15 mL/cm2 per day, while with the addition of albumin the

rate reduced to 4.5 mL/cm2 per day. Other similar studies have proven that the addition

of fetal bovine serum (FBS) to cell culture media also inhibited corrosion process in mag-

nesium alloys [44–48]. While the addition of such proteins and sera should better replicate
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the physiological environment, there is a major disadvantage with DMEM or the addition

of FBS to any media in that it can be difficult to maintain sterile conditions, which can lead

to a contamination of the media and inaccurate results [30]. To overcome this issue, antibi-

otics have been added to inhibit mould formation [30]. However, high concentrations (e.g.

0.001 mol/L and 0.01 mol/L) of penicillin or streptomycin have themselves been found to

significantly accelerate the corrosion rate. As a result, lower concentrations (0.0001 mol/L)

of antibiotics are recommended, where no differences were found for CP-Mg and Mg-0.8Ca

tested in MEM and SBF [49].

In addition to the solution itself, the buffer system plays a decisive role in the degradation

process. In general, the buffer system ensures a constant pH during the test, with a desired

pH in the range of 7.2-7.6 [28] for in-vitro testing of magnesium. It is known that syn-

thetic buffers like HEPES or TRIS accelerate the degradation [50] significantly. Therefore,

a CO2 buffered atmosphere with the resulting bicarbonate buffer as in the human body is

favourable, if testing aims to replicate physiological conditions [31]. The bicarbonate buffer

in the human body is dictated through breathing, where a crucial part of the acid load

evolves in the form of volatile CO2. This CO2 reacts with H2O to carbonic acid (H2CO3),

which is in equilibrium with HCO−
3 , according to the following equation:

CO2 + H2O ⇆ H2CO3 ⇆ H+ + HCO−
3 (2.5)

leading to a reduction of the pH value. During the corrosion process of magnesium, the pH

rises constantly due to the release of OH-, H2 and Mg into the environment [50, 51]. The

use of CO2 incubators provide favourable conditions for in-vitro testing, where the incubator

system maintains a constant CO2 concentration, thereby controlling the pH of the system.

On the other hand, few studies have also used an active pH controller by incorporating CO2

in the solution directly [50, 52]. Although, Schinhammer et al. [50] showed for a WZ21 al-

loy, tested in SBF buffered with HEPES (100 mmol/L) that the corrosion rate was 60 times
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higher compared to testing in SBF buffered with CO2 only. Furthermore, pH indicators

like phenol red are included to observe pH changes over time. Mei et al. showed that the

addition of pH indicators have no significant influence on magnesium corrosion [49].

Martinez-Sanchez et al. summarized a range of in-vitro and in-vivo studies in terms of the

degradation rate and came up with one to five orders of magnitude lower reported rates

for in-vivo tests [53]. Even though with some electrolytes (DMEM, HBSS, and only CO2

buffered SBF) similar rates can be observed [50].

As mentioned, the immersion media is the decisive part within in-vitro setups. The elec-

trolyte not only influences the rate, but also contributes to the formation of the passivation

layer [54]. Further reviews on the role of immersion media on the corrosion of magnesium

are available elsewhere [1, 31, 55–57].

2.2.2 In-vitro characterisation of mass loss

The primary purpose of in-vitro immersion testing is to characterise how material degrada-

tion is taking place on the corroding surface of the material. To quantify the rate of material

removal, immersion testing is combined with several techniques that quantify the mass or

volume loss of material. These measurements can be directly quantified through gravimetric

and 3D X-ray imaging techniques, or most commonly indirectly by measuring hydrogen evo-

lution from the corroding specimens during the immersion test. Through hydrogen evolution

measurements, the specimen mass loss can be determined through Equation (2.1), whereby

1 mol of dissolved magnesium leads to the formation of 1 mol H2. Thus, the overall volume

of hydrogen released, provides an indirect measure of the mass loss from the magnesium

specimen undergoing corrosion. Figure 2.5 shows three commonly used immersion setups

that quantify mass loss by measuring hydrogen evolution from the corroding magnesium

specimens. Inverted burettes with a funnel or eudiometer systems are commonly used to

manually read the liquid level [4]. Figure 2.5 (a) shows an example from Song et al. [4],
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who used a simple funnel setup placed over the specimen (pure magnesium and AZ91D)

and a burette was attached for testing. As media, this study used different concentrations

of NaCl and HCl solutions. pH changes were not monitored, and testing was performed at

room temperature. Figure 2.5 (b) shows a setup used by Schinhammer et al. [50], whereby

(a) (b)

(a) Song et al 2001

(b) Schinhammer 2013

(c) Liu et al 2018

(c)

Figure 2.5: Examples for test setups for the hydrogen tracking taken from (a) Song et al. 2001
[4], (b) Schinhammer et al. 2013 [50], (c) Liu et al. 2018 [58].

one reservoir was equipped with several burettes for simultaneous testing of WZ21 samples

for different immersion media (e.g. SBF, PBS; α-MEM). Among other things, the setup

used an active pH control through CO2 release, to highlight the difference in degradation

rates for different buffer approaches. Figure 2.5 (c) shows the setup published by Liu et

al. [58], which was used to examine the corrosion of pure magnesium, Zinc, and different

alloy compositions. Testing was performed in HBSS at a target temperature of 37 °C. These

three setups demonstrate the variety within the test setups themselves. A major advantage

of the hydrogen evolution method is the possibility of real-time data recording, which en-

sures that time-dependent corrosion phenomena are captured, in particular the initial high

rates of corrosion that are observed in the early phase of corrosion. However, the capture

of hydrogen also results in inaccuracies and the method is sensitive to errors due to both

atmospheric pressure changes and leakages through the equipment. Additionally, the redox

reaction described in Equation (2.1) is not yet fully explored, and it is not clear whether
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hydrogen is used in other reactions within the different immersion media [2].

Several studies identified challenges in a correct determination of the mass loss through

hydrogen tracking, leading to an underestimation of the corrosion rate [55, 59–61]. These

studies have typically compared the measure from hydrogen evolution to mass loss measured

through gravimetric methods. A major challenge with gravimetric methods is the require-

ment to remove the passive layer from the corroding surface. This is typically carried out

using a chromic acid solution, although this is hazardous and can dissolve applied coatings

[31] and requires a special recycling process to dispose of the solution. Furthermore, the

gravimetric method can only capture the final mass loss of the specimen as once the sam-

ple is cleaned, it cannot be returned to the corrosion set up. Despite these disadvantages,

gravimetric methods do provide accurate final mass loss values. In terms of testing WE43

magnesium alloys, Galvin et al. [62] determined a degradation rate of 0.52 mm/year for

wires and a rate of 0.99 mm/year for dog bone specimens by sample weighing after cleaning

in chromic acid. Testing was performed in HBSS at 37 °C with 5 % CO2. Cao et al. [63] mea-

sured a corrosion rate of 38.41 mm/year for a reference WE43 material and 15.12 mm/year

for WE43 samples which underwent an extra friction stir process. Testing was performed

here in TRIS buffered SBF at 37 °C. Corrosion rate was measured through sample weighing

after chromic acid cleaning.

Several studies have compared the corrosion rates from gravimetric methods and hydrogen

evolution. In particular, Marco et al. [59], Liu et al. [60] and Denkena et al. [64] have

measured up to three times higher mass loss through gravimetric methods in comparison to

values derived from the hydrogen evolution. Within these studies, they have also used micro-

computed tomography (µCT) scanning to provide a detailed measure of material loss from

the corroding surface. In general, it was found that gravimetric measurement compared well

to micro-CT measurements, and it is favourable to use a combination of hydrogen track-

ing and gravimetric measurements, or micro-CT scanning [60]. However, if the objective

of immersion testing is to demonstrate differences between different materials (e.g. surface
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treatments or alloy composition), it is suitable to use only one method and to compare the

relative mass losses. From all this information, it is advisable to identify a clear target of

the in-vitro testing prior to testing, and then to define the testing boundary conditions and

suitable characterisation procedures.

2.2.3 Electrochemical testing of corrosion

Electrochemical tests have also been used to quantify the extent of corrosion. They take

advantage of the effect that electrochemical reactions produce measurable electric energy or,

vice versa, applied electric energy leads to chemical reactions. As mentioned in Section 2.1,

the corrosion of a metal in an electrolytic solution is an electrochemical reaction whereby an

electric potential is formed and current flows through the sample [65]. Most electrochemical

tests in the literature are the potentiodynamic polarisation (PDP) and the electrochemical

impedance spectroscopy (EIS) method, which require an additional electrode to provide a

constant potential.

The PDP method initially records the open circuit potential (OCP) in a defined time win-

dow. OCP is the potential between the reference electrode and working electrode without

applying current [66]. It contains information on the corrosion tendency of the examined ma-

terial, whereby the more negative this potential, the higher is the tendency for spontaneous

corrosion [67]. After a stabilising phase of the material surface in the media, a potential

is induced between the counter electrode (anode) and working electrode (cathode) and this

potential is continuously increased (e.g. 1 mV/s), and the required current is measured [27].

Another non-destructive electrochemical test method is EIS, that provides results on the for-

mation and growth of the passive layer during corrosion. It is an accelerated measurement

for the corrosion performance with quantitative results [18, 30]. Here, a low AC polarisation

magnitude is used over a range of frequencies, which oscillate from anodic to a cathodic

peak, whereby for every tested frequency the resistant and capacitance value is measured
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[27]. However, EIS is susceptible to errors evolving from corrosion that occurs over time by

the change of the surface area and proceeding degradation itself during testing. Further-

more, choosing an appropriate equivalent circuit can be difficult, which is indispensable for

a correct evaluation [55].

Electrochemical testing of magnesium alloys has proven to be a valuable tool in assessing

corrosion behaviour. With the use of PDP and EIS methods, results can be obtained quickly,

with a single PDP measurement taking only 5 minutes. However, it should be noted that

these methods measure the corrosion rate at a specific time point, which may not accurately

represent the overall corrosion rate in cases where non-uniform and localissed corrosion ef-

fects are present. Despite this limitation, electrochemical testing remains a highly useful and

efficient means of evaluating the corrosion behaviour of magnesium alloys [27].

2.2.4 Immersion testing and mechanical performance

While many in-vitro studies have characterised corrosion of magnesium alloys, these studies

focused on corrosion rate or on formation of the degradation layer. In numerous instances,

the corrosion of different alloys and/or different manufacturing processes are directly com-

pared to one other. Detailed studies that evaluate the mechanical performance of magnesium

alloys undergoing corrosion are more limited. Although localised corrosion has been qual-

itatively associated with accelerated loss of mechanical integrity of specimens exposed to

corrosion [41, 68], the mechanistic relationships between corrosion and mechanical perfor-

mance have not been adequately investigated. Tables 2.2 - 2.4 provide a summary of the

relevant studies that have focussed on the mechanical integrity over the degradation pro-

cess. Comparing results across these studies can be difficult as there has been substantial

variation in the experimental test conditions used, with a range of media, immersion times,

specimen geometries and different magnesium alloys, in particular AZ31 and WE43. Fur-

thermore, the mechanical performance of specimens has been characterised through a range
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of different loading conditions such as uniaxial tensile tests, three-point bending, four-point

bending and compression testing. Despite the variability in test setups and conditions, gen-

erally a disproportional behaviour between the tracked mass loss and reduction in mechanical

strength, is reported. No study reported a linear behaviour, which supports the statement

that uniform corrosion is non-existent for magnesium alloys.

While the primary focus of this thesis is the corrosion performance of magnesium WE43,

Table 2.2 shows that several authors have quantified the mechanical performance of other

alloys undergoing corrosion. In particular, earlier studies (∼2010) have tended to be per-

formed with AZ31 [41, 69, 70], although the suitability of Aluminium containing alloys is

controversial, due to its neurotoxic ability [3]. Of these studies, the specimen geometries that

have been examined include foil specimens [41], rectangular plates [69–72], dog bone tensile

specimens [69, 71–73] and coins [73]. Across these studies, testing times varied between 30

minutes and 9 months, while the immersion media used included SBFs, NaCl-Solution, PBS,

HBSS and DMEM.

Grogan et al. [41] provided a detailed study on AZ31 foil specimens measuring 0.23 mm

thickness that were immersed in HBSS for a period of 72 hours, tracking hydrogen evolution

and mass loss from gravimetric measurements. Here, it was found that at only 20 % mass

loss, foil specimens showed a five-fold reduction in specimen strength. This disproportionate

reduction in specimen strength with mass loss is shown in Figure 2.6 (a). The study also

examined the behaviour of foil specimens under constant applied stress, showing that the

time to fracture was considerably reduced with increasing levels of applied load (see Fig-

ure 2.6 (b)). Adekanmbi et al. [71] used rectangular plates for 4-point bending tests and

dog bone specimens for uniaxial tensile tests measuring 2 mm thickness. Testing was per-

formed in PBS, renewed every 2-5 days, over a test period of 9 months. It was found that

at only 18 % mass loss, the tensile specimens only had 2 % left of the initial observed tensile

strength. However, within this study, the mass loss measurements were derived through

sample weighing without removing the degradation layer.
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(a) (b)

Figure 2.6: (a) Reduction of specimen strength with corrosion mass loss; (b) The effect of me-
chanical loading on specimen fracture time. (taken from [41])

Boland et al. examined ungrounded WE43 rectangular shaped bar specimens (2 mm x 2 mm

x 50 mm) over an immersion time of 4 weeks in HBSS [68]. After 20 % mass loss, the samples

had only one third of their initial strength and after 50 % mass loss, the samples had almost

completly lost their initial strength. Galvin et al. measured for WE43 dog bone samples

(0.14 mm thick, width 0.12 mm, length 10 mm) at 40 % mass loss after immersion for 11 days

in HBSS, a 54 % reduced maximum strength [62]. Although characterisation techniques and

test conditions have varied somewhat, across these studies, there is generally a dispropor-

tionate reduction in load-bearing capacity compared to corresponding mass loss. While the

underlying relationship is not clearly defined, the reason for the drastic reductions in me-

chanical performance has been hypothesised to be attributed to pitting corrosion observed

across specimens [41, 68, 71]. However, there remains little quantitative understanding on

how pit formation (e.g. severity and spatial distribution) affects overall mechanical per-

formance, with other studies generally examining pitting corrosion in magnesium through

largely qualitative approaches [41, 68].

Variations within the studies from Tables 2.2 - 2.4 arise through different objectives of the

studies, and a lack of standardisation (see Section 2.2.1). Interestingly, several studies did

not actually track mass loss at all [69, 74], or instead different samples were used for mass
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loss observations and mechanical testing [63, 75]. Also, within one study no statement was

given whether corroded samples were cleaned or not, prior to weighing [72]. Mostly uniaxial

tensile tests [15, 41, 62, 63, 68, 69, 71, 73, 76, 77] or compression tests [16, 74, 75, 78]

were performed for mechanical tracking. Few studies performed 3-point bending [15, 70] or

4-point bending tests [71, 72].

No trend can be identified in terms of identifying an evolution of immersion testing over the

last 10 years. Variations in boundary/testing conditions still arise. It is also striking that no

studies within the tables used DMEM as immersion media, though it is favourable due to

similar reported corrosion rates and corrosion layers, but has a high ability to contaminate

(Section 2.2.1). Consequently, studies stick to simpler media like different SBFs, HBSS,

PBS.
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2.2.5 Phenomenological corrosion tracking

ASTM G46-94 [7] is the Standard Guide for Examination and Evaluation of Pitting Corro-

sion, providing guidance on techniques that can be applied to the inspection and assessment

of pitted metals in general. This standard provides an overview of both destructive (e.g.

cross-sections through metallography) and non-destructive techniques (e.g. X-ray, ultra-

sound, profilometry) to assess the severity of pitting corrosion. Figure 2.1 highlights the

variations of the appearance of pit shape in corroding metals, while Figure 2.7 provides a

standardised scheme from ASTM G46-94 that estimates the severity of pitting corrosion

in terms of either average pitting depth, average pit size, and/or the pit density, which is

the number of pits per unit area. The degree of metal penetration may also be expressed

in terms of a pitting factor, which is the ratio defined as the largest depth divided by the

average depth. However, this scheme is not applicable to some magnesium alloys as they do

A Depth

B Size

C Density

1 2 3 4 5

0.4 mm 0.8 mm 1.6 mm 3.2 mm 6.4 mm 

0.5 mm² 2.0 mm² 8.0 mm² 12.5 mm² 24.5 mm² 

2.5x10³/m² 1x104/m² 5x104/m² 1x105/m² 5x105/m²

Figure 2.7: Evaluation scheme of pitting corrosion from ASTM G46-94 which rates the pits in
terms of density, size and depth. (adapted from [7])

not corrode exclusively by pitting corrosion and the pitting is not always clearly visible in a

simple visual inspection. Until now, few studies have been published that describe corrosion

of magnesium under in-vitro test conditions using this schema. Kappatos et al. [69] exam-

ined corroding AZ31 for up to three days in a fog environment through salt spray according
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to ASTM G46-94. They reported a linear increase in the pitting density over exposure time

and an exponential relation of the average depth until the pits went completely through the

sample’s thickness. Whereby, only a small amount of cross-sections was used for the metal-

lography analyses, and testing was performed in a simple environment. Most studies only

describe corrosion in terms of bulk measurements of mass loss e.g. [68, 73, 80, 81], while a

limited number of studies providing information on pitting corrosion, obtained their results

through visual inspection only. Primarily, these studies have only stated whether pitting

corrosion has occurred or not [11–15, 82], while no study to date has provided quantitative

information on the extent of localised corrosion in magnesium alloys. However, Tables 2.2 -

2.4 clearly outline a disproportional reduction of mechanical strength with mass loss, with

studies attributing this to the existence of pitting corrosion [41, 68, 76]. This phenomenon

is independent of the examined alloys (e.g. AZ31, WE43, ZX).

A key challenge in this area is that there is no established methodology to systematically

evaluate localised pitting parameters. Only a limited number of studies have proposed meth-

ods to automatically track pitting corrosion in other metals, through techniques such as 3D

surface examination through profilometry [58, 83–85]. However, these have never been ap-

plied to magnesium. To gain a better quantitative understanding of how the severity of

corrosion affects the mechanical integrity of the corroding samples, standardised detection

methods are required.

2.2.6 In-vivo testing

To enable safe medical devices, in-vivo testing is mandatory in the development process

chain. Many studies already performed in-vivo testing for several magnesium alloys in dif-

ferent animal models. For biocompatibility and initial assessment of corrosion, sub-cutaneous

models of mice and rodents are commonly used. For functional performance testing of or-

thopaedic implant designs, the femur of guinea pigs or rabbits are commonly used models.
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So far, mostly lower degradation rates compared to in-vitro testing are observed. Though,

establishing a reliable relation between in-vitro and in-vivo experiments is still part of cur-

rent research [42, 51, 53, 86, 87]. Different studies already came up with first correlation

[42, 51, 61, 88–92], though results among each other are not in agreement and reporting a

one to four times higher rate in-vitro than in-vivo. For example, Marco et al. [42] examined

pure-Mg, Mg-10Gd and Mg-2Ag in-vitro in PBS, HBSS and DMEM solution and performed

an in-vivo study with Prague-Dawley rats where cylindrical pins were implanted in the fe-

mur. In-vivo the mean degradation rate was 0.15 mm/year for pure magnesium, while the

in-vitro rates were in PBS 1.8, HBSS 4.8 and DMEM 7.1 times higher. For the other two

alloys, the ratio of the in-vitro to in-vivo corrosion rate was between 0.37 and 53, depending

on the immersion media. Differences in the ratios of in-vivo and in-vitro corrosion rates arise

mainly due to differences in alloy composition and the testing media, whereby difficulties in

replicating the complex physiological conditions are always unavoidable [93].

In-vivo studies demonstrated the osteoconductive effect and anti-inflammatory properties of

magnesium-based devices [51, 94–98], but also demonstrated the major drawback with the

formation of by-products like hydrogen [98]. This gas was mostly resorbed by the surround-

ing tissue, it had no negative impact on bone healing. In 2010, Witte et al. [11] and Xu et

al. (2009) [92] reported in their in-vivo studies no appearance of subcutaneous gas cavities.

Chaya et al. [99] showed a good clinical outcome of a pure Mg plate and screw for treating

bone fractures of the ulna in New Zealand White rabbits. Fracture healing with bone over-

growth was visible in the 8 weeks control X-rays. The evolving hydrogen gas did not affect

the fracture healing, new bone formation nor another negative effect on the surround tissue

was found.

As mentioned in Section 1.1.2.2, only few magnesium-based devices are on the market and

human clinical studies are available on those products. For example, one study regarding

ZX (Mg-Zn-Ca) screws for the treatment of isolated, bimalleolar or trimalleolar ankle frac-

tures showed good outcome and after 12 months the majority of the screws were degraded
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[100]. Other studies examining the performance of WE43 based devices also showed their

safe usage for treating wrist bone fractures, tibial tubercle osteotomy, osteosynthesis of the

mandibular condyle, treatment of hallux valgus etc. [101–105].

2.3 Surface treatments

A major challenge of magnesium as biodegradable material is its rapid corrosion behaviour

and the occurrence of localised, non-uniform corrosion [106]. In an effort to reduce corrosion

rates, and make corrosion more uniform, several surface coatings and modifications have

been examined. In general, the material properties of magnesium dictate the mechanical

integrity, while the surface properties are essential for several physiochemical processes that

take place through the interaction of body fluids, adhesion of biomolecules and cells with

the final implant, which initiate the corrosion process [3]. The surface of magnesium alloys

can be adapted by either (i) coating deposition, typically using polymer/composite materials

or (ii) by surface modification through conversion treatment(s) [107]. Conversion coatings,

are formed on the surface of the material at the interface between the environment (e.g.

electrolyte) and the core material through an electrochemical reaction process. Typically,

an oxide layer is formed on the material surface that results in an outer inorganic, ceramic-

like layer [106]. On the other hand, deposited coatings consist mostly of organic-based

materials, but also metals or inorganic materials have been used [106]. Generally, surface

treatments should not hinder the biodegradation process completely, which means that they

should only provide a certain amount of protection and still allow the degradation process

at a controlled rate. In addition to corrosion protection, surface treatments for biomedical

applications can also be used to improve biocompatibility, osseointegration for orthopaedic

applications, antibiotic property, or enable local drug delivery [106, 107].
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2.3.1 Deposited coatings

Deposited surface coatings include organic and inorganic polymers, and even in some cases

metallic compounds, with a range of approaches used to improve the corrosion performance

of several magnesium alloys. Deposited surface coatings are applied through a range of dif-

ferent techniques like spraying, dip coating, sputtering, etc. [106], which results in a thin

micron-scale coating over the surface of the component. Polymer surface coatings consist

of inorganic, synthetic aliphatic-polyesters, while natural polymers such as collagen, chi-

tosan and silk fibroin have also been extensively used [1]. PLA is one of the most widely

used degradable inorganic polymers in medical devices, having applications such as surgi-

cal sutures, drug carriers, stents, tissue engineering, etc. It exhibits good biocompatibility,

biodegradability, and it is FDA approved [108]. Using dip coating, Alabbasi et al. [109]

created a PLA coating that improved the corrosion resistance of AZ91, immersion testing in

TRIS buffered SBF showing the coated AZ91 alloy had a significant higher corrosion resis-

tance, which was in the range of an order of magnitude, compared to uncoated AZ91 even

among an immersion time of 48 h. Testing was performed though Electro Impedance Spec-

troscopy (EIS). While synthetic polymer-based coatings can prevent corrosion, they can also

increase the acidity in the local environment and, when implanted in the human body, this

can lead to foreign body reactions, such as inflammation and thrombosis [110, 111]. In com-

parison to inorganic polymers, organic polymers generally show better biocompatibility, due

to the absence of strongly acidic corrosion products [112]. They even show antithrombotic

[113] properties and an improved corrosion performance. For example, Gu et al. [114] used

a Chitosan coating on a MgCa alloy, showing improved corrosion properties within in-vitro

testing in SBF over a test period of 10 days. They also demonstrated that the later corrosion

performance depend on both the chitosan molecular weight and the coating thickness, which

corresponded to the number of applied layers.

However, one of the disadvantages of deposited surface coatings is their lack of adhesion to
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the magnesium substrate. While quantitative studies characterising the adhesion of poly-

mer coatings to the bulk material are limited [1, 112, 115], several studies have observed

coating delamination from metallic substrates. This can be particularly problematic when

load-bearing applications area considered, particularly where high-contact stresses might be

experienced, such as orthopaedic devices, or when devices may be required to undergo large

deformations, such as minimally-invasive vascular devices. To date, there are no polymer-

coated magnesium-based orthopaedic implants available on the market. Though, for vascular

application, the Magmaris stent by BIOTRONIK SE & Co. KG, Germany is equipped with

a 7 µm thick bioabsorbable Poly-L-Lactide (PLLA) coating.

2.3.2 Conversion coatings and plasma electrolytic oxidation (PEO)

As an alternative to deposited coatings, conversion coatings transform the outer surface

structure through an electrochemical reaction process to modify the surface through the

formation of an oxide layer that provides a protective barrier on the material. Typically,

the treatment is performed in an electrolytic solution, which results in a reaction of the

precipitation from the electrolyte and metals’ dissolution that results in an outer inorganic,

ceramic-like layer [106]. It must be noted that this treatment will slightly influence the

samples’ geometry. Many studies have already shown that such conversion coatings are an

effective treatment to increase the corrosion performance of various magnesium alloys. As

well as reducing the corrosion rate, these surface modifications can also improve osseointe-

gration [106].

One of the primary techniques for surface modification of magnesium alloys is plasma elec-

trolytic oxidation (PEO), also referred as micro-arc oxidation (MAO). PEO is an electro-

chemical process that uses a high voltage anodising procedure, whereby plasma discharges

on the metallic surface leading to the formation of an outer porous oxide film.

The PEO process is carried out in an electrolytic bath, which contains a working electrode
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composed of the connected Mg alloy component and a counter-electrode, which often is

the wall material (e.g. Stainless steel), contained within the electrolytic solution [106]. In

general, PEO coating on magnesium alloys takes place through four stages: (i) passivation,

(ii) spark anodising, (iii) plasma electrolytic oxidation, and (iv) arc discharge [116–118] (see

Figure 2.8 (a)). In the passivation phase, as soon as the metal gets in contact with the

electrolyte, dissolution degradation starts and the formation of a passive layer occurs. Here,

the thin insulting oxide layer causes a rapid linear increasing voltage, and gas bubbles are

formed. Blawert et al. [118] described the chemical reaction taking place during the first

stage, as follows:

Mg→ Mg2+ + 2e− (2.6)

Mg2+ + 2OH− → Mg(OH)2 (2.7)

Mg(OH)2 → MgO + H2O (2.8)

Following this, spark anodizing takes place, whereby the breakdown current depends on the

electrolyte and once reached this voltage, sparks appear over the surface, and the initial

passivation layer starts to break down. In Figure 2.8 (a) this breakdown current is labelled

as dielectric breakdown, and the second phase starts. The current continues to increase

linearly, although with a lower rate and once critical voltage is reached plasma electrolytic

oxidation is initiated, where nearly a constant voltage is reached. In this third and main

phase, magnesium oxide (MgO) is formed by the reaction of the melted substrate with the

ionised oxygen of the electrolyte, upon the breakdown current:

2H2O→ 2H2 + O2 (2.9)

2Mg + O2 → 2MgO (2.10)

Following this, depending on the electrolyte, different phases are formed. For example,

with phosphate-ions containing electrolytes, trimagnesium phosphate (Mg3(PO4)2) is formed
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[118]. If the voltage is further increased, the process enters a stage of increasingly stationary

and high-energy spark discharge. However, this effect is unwanted because the occurrence

of these burns lead to a destruction of the previously formed layer. Consequently, in most

applications, the voltage is limited to avoid these burnings [119, 120].

Mg core

thick and solidified MgO-layer

dense interface layer

porous outer layer

Electrolyte

Charge transfer

O²-

O²-

Electrochemical 

reaction

Produced by 

plasma chemical 

reaction

Thermal diffusion

(a) (b)Stage

Process Time

V
o
lt

ag
e

I II III IV

Dielectric breakdown

Critical voltage

Figure 2.8: (a) Schematic PEO process plot: applied voltage over processing time with the four
stages (adapted from [116, 117]), (b) surface layers of a PEO modified Mg sample, consisting out
of porous outer MgO-layer, intermediate dense layer, a dense interface layer and the Mg substrate.
(adapted from [121])

Figure 2.8 (b) shows the evolving layers after coating. First there is a porous outer layer

with poor mechanical properties, followed by a thick and solidified MgO-layer, providing

good corrosion resistance. Below is a very thin but dense interface layer before the initial

magnesium alloy core arises [121]. Three different reactions take place simultaneously during

the coating process: electrochemical reaction, oxygen thermal diffusion, and plasma chemical

reaction [122].

Figure 2.9 shows sample SEM images from [81] that shows the (a) a surface of an unmodified

WE43 sample and (b) a PEO surface treated sample, whereby the evolving porous structure

of the modified surface is clearly visible.

The properties of the surface layer are controlled by the different process variables: (i)

composition and concentration of the used electrolyte [123, 124], (ii) temperature [125], (iii)

applied voltage, (iv) type of the used substrate, (v) exposure time [119]. Though, it is known

that the electrolyte has the most impact on the later surface layer [119, 123–125].
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(a) (b)

Figure 2.9: Scanning electron microscopy of the surface of (a) a WE43 unmodified sample and
(b) a PEO modified sample. (adapted from [81])

Zhang et al. [126] were the first to apply a PEO surface treatment to a magnesium alloy for

a biomedical application. Here, magnesium AZ91 plates measuring 25 mm x 25 mm x 2 mm

underwent the PEO process and were then immersed in Hank’s solution over a test period

of 21 days. The PEO process was found to reduce the corrosion rate substantially, with 15

times more mass loss observed in the untreated control group compared to the PEO modi-

fied group. Xu et al. [127] applied a PEO treatment to WE42 alloy and showed a 30 times

higher corrosion resistance for modified samples trough electrochemical testing of machined

plate samples (10 mm x 10 mm x 2 mm) in Hank’s solution, compared to unmodified WE42.

Jo et al. [128] examined PEO modification on pure magnesium plates (30 mm x 20 mm x

3 mm), also demonstrating significant improved corrosion rates by electrochemical testing

and immersion testing for 7 days in SBF. PEO modified magnesium has also shown good

biocompatibility properties though in-vitro testing, typically examining cell attachment, al-

kaline phosphatase (ALP) tests and DNA measurements. Results showed about a 6 to 10

times higher DNA levels of the PEO modified group than the pure magnesium [128]. In

terms of the ALP activity, two times higher levels were observed for the modified samples

[128]. Fischerauer et al. [129] performed in-vivo testing in rats over 24 weeks of ZX50

pins which were unmodified and PEO treated samples. Interestingly, they observed within
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the PEO modified group that almost no corrosion took place in the first week, although

an accelerated corrosion rate was observed in week three, compared to unmodified ZX50

implants. Histological images revealed a positive effect on bone and tissue response in the

initial stage due to the decelerated corrosion rate in the PEO modified group. Rendenbach

et al. [130] performed in-vitro and in-vivo testing in Göttingen Miniature Pigs of unmodi-

fied WE43 and WE43 PEO-modified samples. Through cell viability testing, a favourable

response for the PEO modified group was found, although the unmodified group was also

found to be biocompatibility. In-vitro immersion testing for 14 days in c-SBF showed again

a significant lower corrosion rate for PEO modified samples, whereby up to 25 times more

hydrogen was released through the unmodified group. Additionally, it was highlighted that

WE43 PEO-modified plate systems had improved osseointegration and resulted also in a

significant reduced corrosion rate in-vivo. Through µCT analysis, it was concluded that up

to 2 times more screw material was left for the WE43-PEO modified group after 6 month

implantation.

While PEO modification clearly reduces the corrosion rate of magnesium-based specimens,

surprisingly few studies have quantified its effect on the mechanical integrity of specimens

undergoing corrosion. Kopp et al. [82] examined additive manufactured WE43 magnesium

scaffold structures using laser powder-bed fusion, which underwent PEO modification and it

was shown that these scaffolds also had significantly decelerated corrosion rates compared to

unmodified samples. Furthermore, they also showed that the remaining compression strength

of PEO modified scaffolds is up to 5 times higher after an immersion time of 7 days in DMEM.

While this study demonstrated that the PEO modification is effective in improving the me-

chanical performance of magnesium undergoing corrosion, the specimens used were scaffolds

with complex geometries fabricated through additive manufacturing. While this indicated

that bulk mechanical stiffness and strength of the scaffolds were improved, it was not possi-

ble to quantify material-level properties of the corroding samples due to the complex shape.

Therefore, even though bulk corrosion rates are decreased on PEO modified specimens, it is
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not yet clear how this surface treatment influence the progression of localised corrosion on

the samples’ surface. To enhance the corrosion performance of magnesium-based implants

through surface treatments, a more detailed understanding is required due to the potential

to alter localised corrosion mechanisms, and ultimately its mechanical performance.

Additionally, conversion coatings are used within a composite coating strategy to improve

the adhesion of outer deposited polymer coatings, whereby the intermediate porous layer

is used to enhance the generally weak mechanical adhesion. For example, Liu et al. [131]

sealed a poly-L-lactic acid (PLLA) coating on a previous Plasma electrolytic oxidation (PEO)

modified layer, whereby micropores evolve on the surface, of an AZ31 wire. This combined

treatment resulted in significant enhanced degradation properties compared to unmodified

AZ31. However, data is missing on the wear resistance again and only PEO modified wires

resulted in a similar remaining strength after immersion for six days as the composite treat-

ment of PLLA and PEO. Details on the PEO treatment are given in the next Section.

2.4 Numerical modelling of Magnesium degradation

2.4.1 Background

Currently, the medical device industry relies almost completely on experimental testing

during the development phase of new medical implants, whereby “trial-and-error” design

practices generally require large amounts of physical prototyping of devices, which leads to

high costs and unsustainable practices [132]. Numerical modelling of the corrosion behaviour

of magnesium-based implants has so far played a minor role in their development. However,

there is increasing interest in the development of predictive tools that provide insights into

performance of implants during the design process to reduce the large amounts of design

iterations required during physical prototyping and testing. In the pre-clinical phase, each

design iteration requires an extensive suite of bench tests that contributes to high develop-
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ment costs. Computational models offer the possibility to optimise designs at an early stage

of the design process and thus save time and costs during the development process.

Several approaches are available to predict corrosion formation of magnesium, with mod-

els most commonly using either physically-based or phenomenological frameworks. While

physical models consider the electrochemical interactions that are taking place between the

corroding surface and its environment, phenomenological models use continuum-based dam-

age mechanics (CDM), often in combination with element removal, to predict material loss

from the corroding surface. The following sections cover both approaches, with Tables 2.5

and 2.6 provide a summary of recent publications in these areas.

2.4.2 Physical models

Physical-based models consider the electrochemical- and physical interactions of the mate-

rial itself and with its environment [133]. Abdalla et al. [133] further divided these model

types into either (i) activation-controlled and (ii) transport-controlled corrosion models [80,

133]. Activation-controlled models consider the potential difference of the surrounding so-

lution and the anodic material, which results in a faster release of Mg2+-ions than the

rate at which Mg(OH)2 is formed on the surface (see Equation (2.1)). It was shown that

this activation effect only plays a minor role in long-term degradation [134]. Alternatively,

transport-controlled models include the formation of the protective outer degradation layer,

whereby the diffusion of Mg2+-ions from the corroding surface into the solution is controlled

[133]. These physically-based models are still outnumbered today. Most studies that use

physically-based models aim to replicate the corrosion rate (mass loss over time) [80, 135–

137] and predict the formation and dissolution of the corrosion layer [135]. Nevertheless,

these models present substantial challenges due to high computational cost, which means

that the majority have examined uniform corrosion [138], or instead simulated corrosion

at the scale of an individual pits. Larger models that examine non-uniform and localised
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corrosion over a material surface have not been possible. Furthermore, the physical nature

of these models means that it is very difficult to accurately describe model parameters, as

experiments on this scale are challenging. As a consequence, only a limited number of stud-

ies have used physically-based models to predict the mechanical performance of materials

undergoing corrosion [80, 137, 139]. Bajger et al. (2017) used a transport-driven model to

predict corrosion rate across a pure magnesium solid and scaffold specimen [135]. Here, the

geometrical formation of the corroding surface was compared to experimental data through

a quantitative approach by visual inspection. However, they were only able to simulate

two-dimensional models of the samples due to computational limits. Grogan et al. [80]

developed a three-dimensional physically-based model to predict the corroding surface of a

bioabsorbable metallic stent through a diffusion-controlled corrosion process that was imple-

mented through the finite element method. This model predicted uniform corrosion through

a moving mesh algorithm and enabled comparisons to other phenomenological corrosion

models for these devices. In this study, correlations were established between the solubility

of the alloy and the diffusion rate of the dissolved alloy constituents in the corrosion envi-

ronment, but no prediction of localised or non-uniform corrosion was made.

More recently, Marvi-Mashhadi et al. [136] simulated pitting corrosion in a diffusion-based

model to predict the response of a 3D printed WE43 scaffold. This study predicted the

overall mass loss of the scaffold over time and achieved a reasonable agreement between the

predicted mechanical properties of the degraded scaffolds at different stages of corrosion in

subsequent compression tests.

Further examples of physically-based models are summarized in Table 2.6, with more detailed

reviews available elsewhere [140].
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2.4.3 Phenomenological models

Phenomenological models of magnesium corrosion are more commonly used because they are

relatively easy to implement compared to physical approaches. Generally, phenomenological

models are based on continuum damage mechanics (CDM) and have been implemented

through a finite element framework. Gastaldi et al. were the first to develop and apply such

an approach to a magnesium alloy [138]. Within this model framework, a damage variable

(D) was allocated to every element in the structure, with the fundamental equation describes

the effective stress tensor σ, as

σ = (1−D)σ̃ (2.11)

where σ̃ is the undamaged stress tensor and the damage variable has a value in their initial

work of D = 0 for undamaged elements, whereas D = 1 indicates fully degraded elements.

Gastaldi et al. used their modelling approach to predict a uniform corrosion process, assum-

ing that localised corrosion in-vivo plays only a minor role in the later implant performance

[147]. Here, the evolution of uniform corrosion DU was described by the following equation:

ḊU =
δU
Le

ku (2.12)

Where δU represents the critical thickness of the evolving corrosion film, kU a time dependent

kinetic parameter and Le the characteristic element length. This model framework [138] was

also extended to consider the role of stress during the corrosion process through the addition

of several stress-based terms as follows:

ḊSC =
Le
δSC

(
Sσ∗

eq

1−D

)R

(2.13)

Where σ∗
eq is the equivalent stress corrosion, dictating the threshold for stress corrosion

mechanism, while S and R are kinetic constants, which can be linked to the environment.
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δSC is a characteristic dimension for stress corrosion, which is linked to the thickness of the

degradation layer. Once an element reaches D > 1, it is removed from the simulation, and

adjacent elements become activated as they become part of the exposed surface to the outer

environment [138]. While this model captures some features of non-uniform corrosion, these

are purely a result of the stress distribution across the specimen and are not represented

any of the mechanisms of localised corrosion that occur in magnesium-based devices due

to pitting and/or micro-galvanic processes. Furthermore, this framework was developed in

Abaqus/Explicit (Dassault Systemes Simulia Corp., RI, USA) by means of a user subroutine

(VUSDFLD).

To capture non-uniform corrosion, the model framework of Gastaldi et al. was extended by

Grogan et al. [41], introducing localised/pitting corrosion mechanisms by assigning a set of

pseudo-random numbers (λe) to all elements on the exposed surface. This random number

distribution was implemented using a Weibull-shaped probability density function, which is

described as follows:

f(x) = γ(x)γ−1e−(x)γ (2.14)

with γ as a dimensionless shape parameter of the probability density function, with x ≥ 0

and γ ≥ 0, ensuring a non-uniform distribution (as shown in Figure 2.10 (a)) to capture

aspects of localised corrosion (e.g. inter-granular corrosion, pitting, etc. [1]). The extent of

localised corrosion is controlled by the distribution generated, with high values of γ being

associated with more uniform corrosion (e.g. γ > 5), while smaller values of γ providing

progressively more pitted profiles. The parameter x of Equation (2.14) is a scale factor and

initially attributed to the corrosion rate. The implementation of pseudo-random numbers

λe in Equation (2.12) leads to Equation (2.15):

ḊU =
δU
Le

λeku (2.15)



LITERATURE REVIEW 67

Figure 2.10 (b) shows a sample 2D finite element mesh that demonstrates the basic principle

𝜆𝑒

𝐷𝑒
≥ 1

𝜆𝑛𝜆𝑒

𝜆𝑒

𝜆𝑒

𝜆𝑒

𝜆𝑒

𝜆𝑒

(a) (b) Exposed surface

1.

2.

3.

Figure 2.10: (a) Probability density function of Weibull curve for random numbers for different
γ values; (b) Sample 2D FE mesh showing the exposed surface area with the basic principle of
element removal including the heritage of the random numbers. (adapted from Grogan et al. [41])

of element removal, including the heritage of the random number. Here, once the element

reaches D ≥ 1, its adjacent element gets activated and they inherit the random number of

the removed element according to the following equation:

λe = βλn (2.16)

where λn is the random number of the deleted element, λe the random number of the adja-

cent newly activated elements, and β a constant factor that dictates the acceleration of the

pit evolution [41]. Model calibration was performed through in-vitro immersion testing (see

Section 2.2) of foil samples undergoing tensile testing. This enabled model calibration by

capturing mass loss over time, in addition to mass loss vs. overall specimen strength, which is

shown in Figure 2.6 [41, 68]. Figure 2.6 (a) clearly shows the non-linear relationship between
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mass loss and specimen strength for a metallic sample undergoing non-uniform corrosion.

This phenomenological model from Grogan et al. (2011) [41] has been widely used by others

to predict the performance of magnesium specimens and devices undergoing corrosion [68,

141, 143, 144, 146]. Grogan and co-workers used this corrosion model themselves to predict

the performance of bioabsorbable metallic stents made from AZ31 [41]. This study high-

lighted the need for including the simulation of pitting corrosion to fully capture the device

performance over time. Both models were able to follow the experimental data of the mass

loss over time, while the uniform model fails to predict the mechanical strength with regard

to the corresponding mass loss (see Figure 2.6).

Boland et al. [68] also used this model to calibrate a set of parameters for WE43 samples

that underwent immersion and mechanical testing. This study used rectangular WE43 rods

and similar to Grogan et al. [41], showed that uniform corrosion was unable to replicate the

disproportional relation between mass loss and failure strength. Boland et al. [68] applied

their calibrated corrosion model to investigate the performance of a bioabsorbable metallic

stent implanted within an artery that was undergoing remodelling. Gao et al. [144] also im-

plemented the Grogan model to simulate the performance of a bioabsorbable metallic stent.

Through immersion testing, it was demonstrated that the amount of corrosion depended on

the exposed surface area of the specimen/device. Therefore, this study extended the model

framework by including a factor that accounted for the exposed surface area of each element

to better predict the corrosion of the bioabsorbable metallic stent. This corrosion model pro-

vided more insight into morphology and mechanics of corrosion of magnesium-based stents.

Similarly, Debusschere et al. [143] also translated the Grogan model to the implicit finite

element solver, to reduce the simulation time and expand the general applicability of this

model. Their implicit implementation meant that the model no longer required the ex-

plicit finite-element integration scheme, which could be computationally expensive due to

the small element size required to model corrosion mechanisms in vascular stent applications

in particular.
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2.4.4 Magnesium corrosion of orthopaedic devices

To date, the vast majority of computational studies that have predicted corrosion of magnesium-

based materials have been for cardiovascular stent applications, with models that predict

corrosion of orthopaedic implants much more limited. Of these, Ma et al. [141] implemented

a pitting corrosion model to predict the corrosion process of a WE43 magnesium bone plate

and screw configuration during fracture repair. This study developed a fracture repair model

for a fractured tibia, by considering tissue differentiation and healing through a mechano-

regulatory model. Figure 2.11 (a) shows the developed simplified 3D model including the

fractured tibia, the evolving callus and the fixation screw-plate system. In Figure 2.11 (b)

the results from the pitting model with the damaged elements in red, are shown. The degra-

dation of this tibia-fixation device assembly was simulated in 3D, including physiological

loadings, during a 16-week period in conjunction with the healing of a fractured tibia. The

simulated data are in agreement with experimental findings they have taken from other stud-

ies.

Day 40

Day 80

Day 120

(a) (b)

Figure 2.11: Overview of the pitting corrosion model in combination with fracture repair of a
tibia by Ma et al. [141] (a) Geometry of the 3D model with the fractured tibia and the magnesium
WE43 plate-screw fixation system (b) Results of the degradation model of the internal fixation
WE43 magnesium implant, whereby a corrosion damage value of 0 indicates a fully undegraded
element and a value of 1 is attributed to fully degraded elements. (adapted from Ma et al. [141])

While few studies have implemented a physical-based model, Gartzke et al. [139] simulated
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the corrosion progression of a scaffold geometry of a LAE442 magnesium alloy through a

diffusion based uniform model. This study showed the reduction of the magnesium concen-

tration within the interface of the sample and environment. The model also predicted a

reduction of the effective Young’s modulus as corrosion progressed. However, a robust com-

parison with experimental data was not possible, with only qualitative visual comparisons

of experimental cross-sections.

Barzegaria et al. [148] also relied on a diffusion-based model to simulate the diffusion of

Mg2+-ions into the environment of pure magnesium. As calibration, they performed immer-

sion tests in 0.85 wt. % NaCl-solution and SBF of 0.5 g metallic chips under hydrogen gas

measurement, as well as pH measurements were taken directly at the sample’s surface. This

calibrated framework was finally translated to a generic bone screw. However, they focused

only on the prediction of mass loss and neglecting any mechanical features.

Although Marvi-Mashhadi et al. [136] simulated pitting corrosion in a diffusion-based model

to predict the response of a 3D printed WE43 scaffold. This study predicted the overall

mass loss of the scaffold over time and achieved a reasonable agreement between the pre-

dicted mechanical properties of the degraded scaffolds at different stages of corrosion in

subsequent compression tests. For the model calibration, the same cubic scaffold geometry

was additive manufactured by LPBF and immersion testing was carried out with hydrogen

gas measurements over a period of 7 days.

2.5 Conclusion

Magnesium and its alloys have emerged as an alternative material for orthopaedic implant

applications over the last decade. Bioabsorbable magnesium implants have the potential to

support the fractured tissue during the healing period, while gradually degrading once their

functional role is completed, which eliminates the need for a later removal surgery. However,

the surface-based degradation of magnesium tends to take place through localised corrosion
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mechanisms, which can lead to early failure of the implant systems. This literature review

has revealed several crucial areas of interest, which require further understanding.

While there are many experimental studies available that characterize the corrosion process

of various magnesium-based alloys, it is difficult to compare findings among them due to

the lack of standardisation of testing approaches despite formal guidance being available [28,

29]. Furthermore, the vast majority of studies neglect the local morphological evolution of

surface corrosion, which actually aligns with two available ASTM standards on degradation

testing for biodegradable metals, ASTM F3268-18a [28] and ASTM G31-21 [29], which only

provide guidelines for bulk measurements like mass loss and the corrosion rate. There is a

distinct need to develop a quantitative, reproducible and robust methodology to quantify

the severity and distribution of localised surface corrosion for magnesium-based alloys. This

is increasingly important as it is known that localised corrosion is highly detrimental to

the mechanical properties of specimens undergoing corrosion. Already, several studies have

identified the disproportional relationship between the bulk mass loss and specimen strength

through in-vitro testing. However, there remains little understanding on the relation be-

tween the extent and distribution of localised surface corrosion and mechanical performance.

Therefore, there is a need to design in-vitro studies that provide a mechanistic link to geo-

metrical corrosion features that dictate the mechanical performance.

This literature review highlighted that a range of approaches is available to model the degra-

dation progress of magnesium and its alloys. While these models were able to predict the

non-linear relationship between bulk mass loss and mechanical strength, these approaches

tended to calibrate models directly to capture these features. To date, there has been no

study that has sought to capture the specific geometrical features of localised surface corro-

sion of magnesium samples, which would enable a better phenomenological model description

of specimens undergoing corrosion. This again highlights the need for more quantitative in-

vestigation on geometrical surface corrosion, and the implementation of a suitable numerical

model to capture key features that describe the extent and distribution of corrosion, which
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could be described by parameters such as average pit depth, pitting factor, pit density etc.

Addressing these critical elements will facilitate a better understanding of the influence

of localised corrosion mechanisms on the mechanical integrity of magnesium-based alloys,

which could streamline the industrial development process and reduce the overall need for

cost-intensive design optimisations.
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Chapter 3

Theory

Within the current chapter, a fundamental theoretical background is provided on topics

related to this thesis, including image processing (Section 3.1), continuum mechanics (Sec-

tion 3.2), elasto-plastic constitutive laws (Section 3.3) and the Finite Element Method (Sec-

tion 3.4).

3.1 Digital image processing

Digital image processing is an automated way of processing of image-based data through

some kind of algorithm by a digital computer. Over the last number of decades, digital

image processing has become significantly less expensive due to powerful digital computers

becoming widely available. Combining advanced image detectors with powerful comput-

ers, results in powerful systems that can create, manipulate and analyse image-based data.

Common applications in the medical field include the reconstruction of X-ray or magnetic

resonance images, with wider applications including the analysis of aerial and satellite im-

ages, autonomous driving and motion capture [1, 2]. In general, an image is described by a

function f(x, y) of two spatial variables (for two-dimensional images), where f represents the

brightness and x, y are the Cartesian coordinates of a single pixel. Prior to image processing,

the information within the image must be converted into an array of integers, which is easily

processed or manipulated through computational means. Typical processes include image

transformation, enhancement, restoration, segmentation, recognition or coding [1, 3]. Im-

age enhancements can increase the perceptibility for the observer, or could be necessary for
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pre-processing for subsequent automatic image analysis. The following steps are commonly

performed [4, 5]:

• Original image is acquired as input.

• Converting to gray scale image. Prior to testing, mostly images are converted to gray

scale image where a value from 0-255 (white to black) is assigned to every single images,

which is then the input array for following processes.

• Optional resizing in cases where a faster enhancement is needed.

• Image filtering algorithms to eliminate noise.

• Enhancement of image contrast and edge sharpening.

• Enhanced output image for further processing.

An almost infinite number of applications are conceivable where image processing is used.

Thus, in the following subsections, more details are provided on filtering and noise reduction

algorithms and edge detection.

3.1.1 Image noise

In general, image noise is an undesired effect during the image acquisition that results in

random small variations in either colour or brightness, which can occur due to damaged

camera sensors, incorrect memory locations in hardware, or the transmission was processed

through a noisy channel [5, 6]. For computer tomography images, the main reason for the

presence of noise is a result from statistical errors caused by the detection of a limited number

of transmitted x-ray quanta. In addition, structural noise and artefacts can appear in CT

scans, as well [7]. Medical images, in general, tend to have always a certain amount of noise

that results in a mottled, grainy, textured, and/or snowy appearance [5]. Different types of

noise include:
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• Salt-and-Pepper Noise: Described randomly occurring black and white pixels, also

called spike or impulsive noise, which is most frequently seen in images. It occurs

under rapid transients, like defective swapping.

• Gaussian Noise: Usually while Gaussian noise occurs, each value of a pixel varies

a small amount from its true value, which leads to a blurry looking image. These

variations are represented by a probability density function of a normal distribution.

• Speckle Noise: It is mostly seen in ultrasound images as a granular noise. This type

of noise is caused by interference of a bunch of waves with the same frequency, with

different amplitudes and phases.

• Shot or Poisson Noise: Dominant in lighter parts of an image due to statistical

quantum fluctuation. This means a variation of the amount of photons detected at the

current exposure level. It can be modelled through a Poisson process (which describes

randomly located points on a mathematical space [8]).

3.1.2 Filtering

An image filter is a predefined array that is applied by a kernel to each pixel and its neigh-

bouring pixels within the image. It is a beneficial technique to smooth, sharpen, remove noise

and detect edges. Many types of filters are available for image de-noising, with the most

common being median, Gaussian and mean filters [4] which commonly available in image

processing software. The median filter is commonly used due to its ability to remove noise

while preserving edges. Figure 3.1 (a) shows an example of a 3x3 median filter with its basic

principle. Here, for every pixel, its neighbouring pixel is also included (e.g. a 3x3 matrix)

to detect whether it is a true representation of the surroundings, by replacing the value of

the pixel with the median of the adjacent pixel values [9]. The output value of the current

pixel is the median value that replaces the existing pixel at position (x, y). The mean filter
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is similar to the median filter, while taking the average of the pixel values in the predefined

kernel (Figure 3.1 (b)). Again, commonly a kernel of a 3x3 matrix is taken. Increasing the

kernel size leads to a higher smoothing effect [10]. The Gaussian filter is a low-pass filter

21 14 19

10 9 18

14 20 10

21 14 19

10 14 18

14 20 10

Adjacent pixel values (in order):
9, 10, 10, 14, 14, 18, 19, 20, 24

21 14 19

10 9 18

14 20 10

24 14 19

10 15 18

14 20 10

Mean value:

= 
21+14+19+10+9+18+14+20+10

9

(a)

(b)

Figure 3.1: Basic principle of a (a) Median filter and (b) Mean filter with a 3x3 kernel.

that is commonly used to overcome noise by suppressing high-frequency details like noise

and edges, while conserving the low-frequency details [5]. However, this filter results in an

unavoidable decrease in the quality of the edges. The values inside the kernel are computed

by following Gaussian function [4]:

G(x, y) =
1

2πσ2
e−

x2+y2

sσ2 (3.1)

with x, y again representing the Cartesian coordinates, and σ the standard deviation of the

Gaussian distribution. σ is the most important value, since it controls the extent of the

kernel and consequently the degree of smoothing. Furthermore, for most applications the

kernel size (e.g. 3x3 matrix) must be defined [4, 11].
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3.1.3 Edge detection

Edge detection is the localisation and identification of sharp discontinuities, which are sudden

changes in pixel values in an image. It is assumed that these discontinuities are related to

boundary structures of the examined image. The basic principle is that filters applied to

images are sensitive to large gradient differences and return zero values for uniform areas.

A variety of different edge detection algorithms exist, although these are typically classified

into two groups: (i) Gradient based Edge Detection and (ii) Laplacian based Edge Detection.

While the gradient-based method detects the minimum and maximum of the image through

the first derivative (see Figure 3.2 (b)), the Laplacian method uses zero crossing of the second

derivative to identify edges (see Figure 3.2 (c)). The gradient method implies a predefined

threshold. Once the gradient of a certain pixel of the image exceeds this threshold, it is

defined as edge [12]. Within this thesis the Python package OpenCV is used where two edge

(a) (b) (c)
f(t) f’(t) f’’(t)

t t t

Figure 3.2: (a) Image signal with a jump in the intensity (b) Gradient of the signal (First derivative
with respect to t) (c) Second derivative of the signal. (adapted from [12])

detection algorithms are mainly used (i) Sobel detection and (ii) Canny detection.

3.1.3.1 Sobel Edge Detection

The Sobel Edge Detection is a widely used detection algorithm and is based on the gradient

method, where the minimum and maximum values of the first derivative of the intensity

function of an image is detected (see Figure 3.2 (b)). Here, two kernels can be used to detect

edges in the x or y direction, or even combined in both directions. For the x directions, the
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following gradient gets calculated by convoluting (with convolution operator ∗) the original

image intensity I with the kernel ([12, 13]):

Gx =


−1 0 +1

−2 0 +2

−1 0 +1

 ∗ I (3.2)

and the respect Gradient in y direction:

Gy =


+1 +2 +1

0 0 0

−1 −2 −1

 ∗ I (3.3)

The gradient magnitude is then given by:

G =
√
G2
x ∗G2

y (3.4)

and the angle of the edge orientation is:

θ = arctan

(
Gy

Gx

)
(3.5)

3.1.3.2 Canny Edge Detection

The Canny filter algorithm is also classified as a gradient filter [14] and it is considered

one of the most accurate edge detectors available. The Canny filter algorithm is based on

three main criteria: (i) low error rate, (ii) optimal localization of the edge pixels and (iii) a

single response to one edge [12, 14]. The algorithm first removes noise by smoothing using a

Gaussian filter (see Section 3.1.2) and this is followed by the gradient calculation to detect

areas with high spatial derivatives. Whereby, first filtering is conducted with the Sobel kernel

in horizontal and vertical direction to compute the first derivative in horizontal direction, Gx
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(Equation (3.2)) and vertical direction, Gy (Equation (3.3)). Again, from these two tensors,

the edge gradient is achieved:

G =
√

G2
x ∗G2

y (3.6)

and the angle of the edge orientation is:

θ = arctan

(
Gy

Gx

)
(3.7)

These pixel regions are further processed by suppressing pixels that are not at the maximum.

Then, a hysteresis is applied within an upper and lower threshold. If the magnitude is below

or above these set thresholds, the pixel is set to zero and declined as an edge. In cases where

the magnitude is within the range of the two thresholds, the pixel is defined as an edge, only

in cases where the pixel has a direct path to another one, which has a magnitude above the

high threshold [12].

3.2 Continuum Mechanics

Within this Section, the theoretical background is given on the fundamentals of Continuum

Mechanics, with its application in Finite Element Analysis. Here, continuum-based formula-

tions are used to describe the response of materials under specific loading conditions. Finite

Element Simulations conducted in this thesis are implemented in the commercially available

software Abaqus (Dassault Systèmes Simulia Corp., RI, USA) with more details on the Fi-

nite Element Method (FEM) provided in Section 3.4.

Throughout the following sections, regular italic typeface (e.g t, σ) represent scalar quan-

tities, while bold typeface describes vectors, tensors and matrices (σ,D). Further, these
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vectors can be shown in their component form. so in the case of a 3D-vector:

u = ui =


u1

u2

u3

 (3.8)

Analogously, a 3x3 tensor has two indices (e.g: ui,j) with i, j = 1, 2, 3. Information in this

section is mostly taken from [15–18].

3.2.1 Deformation and Stress

The fundamental theory of a body undergoing a deformation is represented in Figure 3.3.

Here, a body undergoes a deformation/motion χ from the reference configuration (ΩR) at

time t = 0 to the current configuration (Ωc) at time t = t. The position of point P at t = 0 is

defined by the vector X, and its position at t = t changed to x, which is calculated through:

x = χ(X, t), whereby the components of X define the material coordinates of P and the

single components of x define the corresponding spatial coordinates. The displacement of P

is mapped by the deformation vector u [16, 19].

u = x−X (3.9)

Moreover, the relation between two points (here point P and Q) in the body under the

deformation is defined as dX in the reference configuration and dx in the current configura-

tion. Whereby, a deformation gradient F defines the conversion from dX to dx, while the

body moves between the two configurations. This deformation gradient tensor F is defined

as follows:

F =
∂x

∂X
(3.10)



THEORY 99

e1

e2

e3
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Current 

configuration Ωc

dX
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χ

Figure 3.3: Fundamental schematic overview of a body undergoing between a reference and the
current configuration. (adapted from [16])

and can be used to determine corresponding strain values. One commonly used value is the

so called Green-Lagrange strain E which is given by:

E =
1

2
(F T · F − I) (3.11)

with F T as the transpose of F and I the identity tensor which results in F = F · I. The

corresponding index notation is given as

Eij =
1

2

(
∂ui
∂Xj

+
∂uj
∂Xi

+
∂uk
∂Xi

∂uk
∂Xj

)
(3.12)

With the assumption that the product of infinitesimals is zero
(
∂uk
∂Xi

∂uk
∂Xj
≈ 0

)
, the final in-

finitesimal strain is described as:

εij =
1

2

(
∂ui
∂Xj

+
∂uj
∂Xi

)
(3.13)
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Measurements to determine the stretch are B and C indicating the left and right Chauchy-

Green tensor, respectively, as follows:

B = F · F T C = F T · F (3.14)

With the left and right stretch tensors V , U and an orthogonal rotation tensor R the

deformation gradient F is decomposed, according to the polar decomposition theorem to:

F = RU = V U (3.15)

These two stretch tensors are directly linked to the left and right Cauchy-Green tensors

with V 2 = B and U 2 = C. Eigenvalues of U are the principal stretch (λi=123) and the

eigenvectors are the respective principle referential axes. With V the logarithmic strain is

written as:

ε = lnV (3.16)

As mentioned above, λi represents the stretches and by combing λi, three principal invariants

are derived as follows:

I1 = tr(C) = λ1
2 + λ2

2 + λ3
2 (3.17)

I2 =
1

2
[I1

2tr(C2)] = λ1
2λ2

2 + λ1
2λ3

2 + λ2
2λ3

2 (3.18)

I3 = det(C) = J2 with J = det(F ) (3.19)

The velocity of point P (see Figure 3.3) is expressed as:

v =
∂x

∂t
(3.20)

being the rate (partial derivative with respect to time) of changes of x for fixed X. The

spatial velocity gradient tensor L is used to describe the difference in velocity of two neigh-
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bouring elements:

v =
∂x

∂t
dx = Ldx (3.21)

L is also directly related to the deformation gradient F :

L =
∂v

∂x
dx =

∂v

∂X
· ∂X
∂x

=
∂F

∂t
· F−1 = Ḟ · F−1 (3.22)

and L can be further decomposed into (i) a symmetric rate of deformation tensor D and

(ii) an asymmetric spin tensor ω:

D =
1

2

(
L + LT

)
= sym(L) and (3.23)

ω =
1

2

(
L−LT

)
= asym(L) (3.24)

The true strain rate ε̇ is based on the definition of the symmetric rate tensor D and is

identified as:

ε̇ = D (3.25)

The FE solver used within this thesis is Abaqus (Dassault Systèmes Simulia Corp., RI, USA)

and within this software the logarithmic strain ε is defined in the theory manual [15] as:

ε(t) =

∫ t

0

Ddt (3.26)

under the assumption that the principal reference axes are fixed with regard to the material

coordinates. Figure 3.4 depicts a scheme of the traction vector t, which is the force per unit

area on an infinitesimal surface body cut dS by a plane with the normal vector n, in the

vicinity of a material Point P. The corresponding Cauchy true stress (σ) is expressed as:

t = σ · n (3.27)
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e1

e2

e3

P

dS

n

t

O

Current 

configuration Ωc

Figure 3.4: Scheme representing a traction vector t acting on an infinitesimal surface cut dS by
a plane with the normal vector n in the current configuration. (adapted from [16])

which can be further decomposed into two parts: (i) the deviatoric stress S, which determines

the shape changes of the body and (ii) the hydrostatic pressure stress part p. This results

in,

σ = S − pI with p =
−Tr(σ)

3
(3.28)

Within this thesis, elasto-plastic material models are used to describe the constitutive be-

haviour of magnesium. In this context, the von Mises equivalent stress is useful, which is

expressed as:

σe =

√
3

2
SijSij (3.29)

Another measure of stress is the Kirchhoff stress τ , which is a symmetric tensor:

τ = Jσ (3.30)

with J as the ratio of infinitesimal volumes in the vicinity of Point P in the current config-

uration (dΩ) and the reference configuration (Ω0). A third expression for stress is the Piola
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stress, which is a non-symmetric tensor:

P = JσF−T (3.31)

The transposed tensor of P is equivalent to the nominal:

σ̃ = JF−1σ = P T (3.32)

3.3 Material Constitutive Behaviour: Elasto-Plasticity

The investigated magnesium alloy in Chapters 4 - 7 is assumed throughout as homogenous,

isotropic, rate-independent and thus perfectly elastic-plastic, which results in a reversible

elastic deformation followed by an irreversible plastic deformation. The constitutive formu-

lation is described as:

F = F e · F p (3.33)

with F e as the elastic component and F p the plastic component. Under the assumption that

the elastic strain component is small (suitable for metal simulations) the total strain rate

(ε̇) is decomposed again into an elastic (ε̇e) and plastic (ε̇p) strain rate, following classical

additive decomposition:

ε̇ = ε̇e + ε̇p (3.34)

This can be expressed in integrated form using the common notion of corotational measures

as follows:

ε = εe + εp (3.35)

Since isotropy is assumed, the elastic strain component is determined through the bulk

modulus K and the corresponding shear modulus G. Both moduli are defined through the

material constants E (Young’s modulus) and ϑ (Poisson’s ratio) according to:
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K =
E

3(1− 2ϑ)
(3.36) G =

E

2(1 + ϑ)
(3.37)

Volumetric and deviatoric components of the elastic strain are attributed to (i) the hy-

drostatic pressure p and (ii) the deviatoric stress S, respectively, as follows:

εevol = tr(εe) = − p

K
(3.38)

and the corresponding deviatoric elastic strain ee and deviatoric stress S is:

ee = εe − 1

3
εevolI (3.39)

and

S = 2Gεe (3.40)

Throughout this thesis isotropic yielding is assumed, whereby the uniaxial yield stress is a

function of uniaxial equivalent plastic strain that forms the input values for yield behaviour.

This von Mises plasticity formulation, also known as J2 plasticity, results in equal yield

strengths in tension and compression. Plastic yielding is assumed to be independent of

the equivalent pressure stress (p) in the von Mises plasticity formulation, implying that the

plastic component of deformation is incompressible. The corresponding yield criterion is

defined as:

F = J2 + κ2 = 0 (3.41)

Where J2 is the second invariant of the deviatoric stress tensor, which is already given in

another form in Equation (3.18), and κ is a hardening parameter. The uniaxial yield stress

of a material can be defined as σy =
√

3κ, if the material is under uniaxial stress. This leads,

under substituting in Equation (3.41) the definitions of κ and J2, to the final von Mises yield
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criterion:

F =
3

2
SijSij − σ2

y = 0 (3.42)

3.4 Finite Element Method

The finite element method (FEM) is a computer aided simulation method whereby the

examined part is divided into a finite amount of single elements connected through nodes into

a so-called finite element mesh. Under the application of physical properties (e.g. material

properties, loading condition, flow conditions, temperature etc.), the behaviour of a certain

body can be predicted, whereby the governing equations are calculated for each element. The

first publication of the FEM arise from the early 1940s [20, 21] and the method is currently

widely used in the automotive, marine and aircraft industries to conduct structural analysis

under predefined boundary conditions [22].

The FEM forms a global system that describes the behaviour of the body as a whole, which

determines the governing equations for each element in a mesh. The fundamental equation

for the finite element approach is given by the principle of virtual work, and the principle

that all work performed through all forces in the system in static equilibrium is zero, which

is expressed as: ∫
V

δεTσdV =

∫
S

δuT tdS (3.43)

With V as the reference volume on which the equilibrium is performed and S is the surface

area limiting the reference volume. σ is the corresponding stress vector, t the traction vector,

and δε, δu are the virtual- strain and displacement vectors, respectively. Equation (3.43) is

calculated for every element e of the finite element mesh, which results in following formu-

lation for displacement and strain:

δu = Neδue (3.44)
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and

δε = Beδue (3.45)

where Ne is a matrix of shape function in the element e, and ue is the nodal displacement

vector of the element, and Be is the element’s gradient matrix of the shape function. By

substituting Equation (3.44) and Equation (3.45) back into the principle of virtual work

(Equation (3.43)) results in:

∑
e

∫
Ve

δuTeB
T
e σ(ue)dV =

∑
e

∫
Se

δuTeN
T
e tdS (3.46)

where the summations are conducted over all elements in the mesh. The element values

can be combined into global values, and the arbitrary virtual displacement δuTe can be

eliminated. The overall expression appears as follows:

∫
V

B̂Tσ(u)dV −
∫
S

N̂T tdS = 0 (3.47)

with B̂T as the gradient matrix of the global shape function, B̂T the matrix of the global

shape function and u represents the global nodal displacements. Since this expression indi-

cates the equilibrium of forces in a simulation, the difference of these forces is equal to the

residual force G, which is not in equilibrium:

G(u) =

∫
v

B̂Tσ(u)dV −
∫
S

N̂T tdS (3.48)

In general, to generate a solution to a predefined continuum mechanical problem, an equi-

librium stress state must be achieved so that G(u) = 0.

The finite element analysis in this thesis was all performed in the commercially available FE

code Abaqus/Explicit (Dassault Systèmes Simulia Corp., RI, USA), to solve the continuum

mechanics problems. An extended description is available in the Abaqus Theory Manual

[15]. Within the two following sections, the fundamental background is provided on the
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implicit and explicit solver. In general, while the explicit approach solves for t + ∆t based

on information at time t, a fully implicit procedure indicates that the state at time t+ ∆t is

determined based on knowledge at time t + ∆t [18].

3.4.1 Implicit Method

The implicit solver applies displacements in increments over time steps ∆t. A linked system

of equations must be solved in order to calculate the new state using an implicit algorithm.

Analyses, using an implicit solver, update the state of the body from time t to t + ∆t.

Non-linear solution algorithms, such as the Newton-Raphson method (used in the Abaqus/-

Standard implicit solver), are necessary for this. Figure 3.5 depicts the basic principle of an

implicit solver, which calculates consecutive approximations of a tangent function f(xi) until

the solution converges to an accurate solution within a predefined tolerance. This tolerance

is defined as:

xi+1 = xi −
f(xi)

f ′(xi)
(3.49)

Point A in Figure 3.5 is the solution of the first iteration, which results in point A in the
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Figure 3.5: Time incrementation of the implicit (standard) solver. Green underlying curve is the
analytical solution and the red curve represents the numerical solution. (adapted from [23])

graph. Then, a back calculation is performed by checking for equilibrium. From this, adapted

assumptions for the matrices are used and a new iteration is performed. This corresponds
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in Figure 3.5 to a solution (2nd thin red line) that is closer to the theoretical target point

Ak than the first result A. This iterative process is performed again and then yields a result

close to the target point Ak. If the deviation in the control is smaller than a limit value, then

convergence is reached. Subsequently, the next solution step is initiated with the new load,

which leads to point B (1st iteration). Again, controls and further iterations are performed

until convergence is reached close to Bk.

Abaqus/Standard implicit uses the Newton-Raphson formulation for each iteration, which

calculates a tangent stiffness matrix K for every ith iteration, which is expressed as:

K
(
ut+∆t
i+1

)
=

∂G(ut+∆t
i )

∂u
(3.50)

These equations are solved until the magnitude of G(ut+∆t
i ) is smaller than the defined con-

vergence tolerance. Furthermore, the tangent stiffness matrix K can be expressed through

the displacements taken from Equation (3.48) (derived in Section 3.4), as follows:

K(u) =
∂G(u

∂u
=

∂

∂u

(∫
v

B̂Tσ(u)dV − Fext

)
(3.51)

with

∂

∂u

(∫
v

B̂Tσ(u)dV

)
=

∫
V

B̂T ∂σ(u)

∂u
dV (3.52)

Multiplying Equation (3.52) with ∂ε
∂ε

results in:

∫
V

B̂T ∂σ(u)

∂ε

∂ε

∂u
dV =

∫
V

B̂T ∂σ(ε)

∂ε
B̂dV (3.53)

under substitution the consistent tangent matrix Dtan = ∂σ(ε)
∂ε

(Jacobian of the constitutive

law) the stiffness matrix K is defined as:

K(u) =

∫
V

B̂TDtanB̂dV (3.54)
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This tangent stiffness matrix K must be solved for every iteration. Analyses with a highly

nonlinear stress–strain response, or large amounts of contact between two surfaces may

become extremely complicated, leading to high computational cost and, in some cases, may

not achieve a converged solution. For highly non-linear problems, where convergence might

be difficult to achieve, the use of explicit solver approaches may be preferred.

3.4.2 Explicit Method

The explicit method calculates the state (displacement) at the time step t + δt and it is

recommended to use this solver for dynamic analysis, or where large deformations or large

amount of contact lead to highly non-linear solutions. While the main disadvantage of

implicit solvers can be long execution time, for explicit solvers the equations using the

tangent stiffness at the time t, and therefore require extremely small increments to avoid

error propagation and ensure a robust solution. Figure 3.6 demonstrates the problem which

may arise under a too large time increment. Therefore, sufficient small time increments must
#CD5C5C

time time

F
u

n
ct

io
n

 v
al

u
e

time time

F
u

n
ct

io
n

 v
al

u
e

A

B C D
E

A
B C

D

E

Ak
Bk Ck

Dk

Ek

Figure 3.6: Left graph: Result for a larger time increments; right graph: Result for smaller time
increments. Larger time increments result in to large errors on the solution (left). Green underlying
curve is the analytical solution and the red curve represents the numerical solution. (adapted from
[23])

be chosen, which follow the stability limit:

∆t ≤ 2

ωmax
(3.55)
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with ωmax as the maximum eigenvalue of the elements. This criterion practically correlates

with the fact that equations can only be solved when ∆t is smaller than the time which is

needed for an elastic strain wave to get through the smallest element. This can be expressed

as:

∆t = min
Le

cd
(3.56)

with Le as the characteristic element length and cd the wave speed. cd is described through

cd =

√
λ + 2µ

ρ
(3.57)

where ρ is the material density, and λ, µ are the Lamé constants.

In general, Abaqus/Explicit always calculates a dynamic equilibrium, which is simply: force

= mass x acceleration. In order to solve this equilibrium for time point t + ∆t, the explicit

finite element solution runs under the assumption that acceleration and velocity are con-

stant at a given time point t. It employs the central difference integration scheme, so the

displacement vector u is defined as:

ui+1 = ui + ∆ti+1u̇i+
1
2 (3.58)

Note that i here, is the increment number, while in Section 3.4.1 (Implicit solver) i was

referred to the number of iterations, which are necessary to solve the equilibrium for one

increment. The belonging velocity vector u̇, is expressed as:

u̇i+
1
2 = u̇i−

1
2 +

∆ti+1 + ∆ti

2
üi (3.59)

with the corresponding acceleration vector ü:

üi = M−1
(
F i − I i

)
(3.60)
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These accelerations are first calculated for every increment, where M is the lumped mass

matrix, defined as:

M =

∫
V

ρNdV (3.61)

where ρ is the material density (must be always given for explicit analysis) and N is the

element shape function matrix (see Equation (3.44)).

F i in Equation (3.60) is the vector of the externally applied forces, which are decomposed

as:

F i =

∫
S

NT tidS +

∫
V

NTP idV (3.62)

with P i as the nodal force vector. The vector I i (Equation (3.60)) is related to the internal

element forces and given by:

I i =

∫
V

BTσidV (3.63)

with B, as the element shape function gradient matrix (see Equation (3.45)). In contrast to

the global stiffness matrix in the implicit solution approach (Equation (3.54)), the lumped

mass matrix (Equation (3.61)) can be easily inverted because it can be diagonalized. Con-

sequently, the solution is more computationally inexpensive to solve for one time increment.

Moreover, mass scaling is an often applied method, especially for rate independent analysis,

to further reduce the solving time for explicit problems.
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Chapter 4

Automated ex-situ detection of pitting corro-

sion and its effect on the mechanical integrity

of rare earth Magnesium alloy – WE43

4.1 Introduction

Magnesium alloys show great potential as biodegradable alternatives to permanent metal-

lic orthopaedic implants as they show an osteostimulative effect [1–6] and their mechanical

properties are comparable to native bone, thereby avoiding stress-shielding, complications

raised by traditional metallic implants [7]. Magnesium-based implants could eliminate the

need for implant removal surgeries, thus reducing additional trauma and recovery time to the

patient. However, rapid degradation behaviour has meant that magnesium-based implants

have been unable to fulfil load-bearing requirements for the duration of the tissue healing

process [8, 9].

Magnesium alloys undergo degradation through a range of surface-based corrosion mecha-

nism, including galvanic, pitting and intergranular corrosion in physiological conditions [10].

Galvanic corrosion results in a protective oxide layer formation on the implant surface. The

surrounding presence of chloride ions is able to break down this partly protective oxide layer,

leading to an ongoing transformation of bulk material to oxide layer. A theoretical uniform

corrosion is practically non-existent for light weight metal alloys, as microstructural inho-

mogeneities and impurities are induced during the manufacturing process. Consequently,

115
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non-uniform corrosion phenomena such as pitting corrosion subsequently take place on the

material surface [11–16]. Pitting corrosion, which describes the locally varying corrosion

rate, induces high variation of mechanical integrity of medical implants, which has lim-

ited their implementation in load-bearing applications [17, 18]. Recent efforts to improve

performance have sought to control the corrosion rate of magnesium by varying the alloy

composition or through the application of protective surface coatings [10, 19–22]. With

these, and the vast majority of other in-vitro studies of magnesium, bulk measurements of

corrosion are generally considered, whereby corrosion rates are determined through tech-

niques such as electrochemical tests [23–26], hydrogen evolution [17, 18, 21, 25, 27–31] or

mass/volume loss measurements [32–34]. However, these studies provide limited information

on how localised corrosion affects mechanical performance. Recent studies have quantified

the non-uniform relationship between bulk mass loss and mechanical strength of both AZ31

and WE43 magnesium alloys undergoing corrosion [17, 18]. While the disproportionate re-

duction in load-bearing capacity of magnesium alloys, compared to corresponding mass loss,

is attributed to the evolution of pitting corrosion observed across specimens, there remains

little quantitative understanding on how pit formation (e.g. extent and spatial distribution)

affects overall mechanical performance with other studies generally examining pitting corro-

sion in magnesium through largely qualitative approaches [15, 26, 35].

Pitting corrosion affects a wide range of metals and is a critical aspect of environmental

degradation of components in other structural applications, including marine and aerospace.

ASTM G46-94 provides the standard guide for the examination and evaluation of metals

undergoing pitting corrosion [36], whereby the severity of pitting is established through met-

allography and visual analysis. Here, material surfaces are examined two-dimensionally and

standard ratings for pitting may be expressed in terms of the pit density, pit size or pit depth.

The degree of metal penetration may also be expressed in terms of a pitting factor, which

is the ratio defined as the deepest surface penetration depth divided by the average depth.

However, only a few studies have examined magnesium alloys using the parameters outlined
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in this standard guide [15, 37] and there are still several limitations with the approaches.

Firstly, there is no established methodology available that can systematically evaluate these

parameters, with current techniques using cross-sectional microscopy or surface examination

through profilometry to determine pitting metrics. The main disadvantage with these ap-

proaches is that they are two-dimensional and do not consider the entirety of the specimen.

Furthermore, they require destructive processing, and a major difficulty is that material will

be actually removed by polishing and cannot be analysed [38]. Secondly, there is little or no

quantitative understanding as to how pit density, pit size, pit depth and/or pitting factor

relate to the mechanical integrity of the specimen. To advance the current understanding

of pitting corrosion, it is critical that standardised detection methods are established to

measure key pitting parameters and their effect on the load-bearing integrity of structure,

determined through concurrent mechanical testing. To date, only a limited number of stud-

ies have proposed methods to automatically track pitting corrosion in metals, but these have

never been applied to magnesium [39–42].

The objective of this study is to develop a three-dimensional automated detection frame-

work that systematically evaluates the severity and phenomenology of corrosion and rela-

tionships between key pitting parameters and mechanical performance are established. This

detection framework (from now on called PitScan) uses a Python-based algorithm to anal-

yse microcomputer-tomography scans (µCT) of cylindrical specimens undergoing corrosion.

The approach systematically identifies several pitting features on the corroding surface, en-

abling full geometric characterisation of pitting parameters, including pit density, pit size, pit

depth and pitting factor. Within this study, pitting corrosion as a term unifies all localised

surfaced-based corrosion effects like pitting and intergranular corrosion [10].
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4.2 Materials and Methods

Cylindrical dog-bone test specimens were produced from a chill-casted and extruded mag-

nesium WE43MEO alloy that had a nominal composition of 1.4 - 4.2 % Y, 2.5 - 3.5 % Nd, <

1 % (Al, Fe, Cu, Ni, Mn, Zn, Zr) and balance Mg (in wt %) (Meotec GmbH, Germany). The

cast material underwent an extrusion process to form 6.5 mm rods, which was followed by a

turning process that produced cylindrical dog-bone samples whose dimensions are shown in

Figure 4.1 (a). Inductively coupled plasma atomic emission spectroscopy (ISC-OES) mea-

surements confirmed the chemical composition according to the manufacture’s specification.

Immersion testing was performed for 28 days to induce pitting-based corrosion in the sam-

ple, as shown in Figure 4.1 (b). At weekly time-points, micro-computed tomography (µCT)

scanning and mechanical testing of corroded samples were carried out. Correlations were

established between mechanical performance and the geometrical pit formation using a novel

pit detection algorithm that describes the pit formation of the corroding magnesium rods.

4.2.1 Immersion testing

Immersion testing followed a similar protocol to that described by Kopp et al. [21] and is

represented schematically in Figure 4.1 (c). Samples were placed in the bottle by mounting

them under a silicone funnel that was fixed to the glass burette. Bottles were placed on

a magnetic stirrer to ensure a homogenous pH level in the solution. Here, a conventional

simulated body fluid (c-SBF) was used [43], whose composition is provided in Table 4.1.

Each bottle was filled with 600 ml, which leads to a volume to sample surface ratio (V/S) of

3.36 mL/mm2, which is more than 10 times greater than the ratio suggested in the standard

(minimum of 0.20 mL/mm2) [44]. Clamping areas were protected with chemically inert

polyolefin shrinking hose to ensure that these areas are not degrading.
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Table 4.1 Chemical compositions of c-SBF in one litre pure water [43]

Reagents in 1 litre

NaCl 8.035 g

NaHCO3 0.355 g

KCl 0.225 g

K2HPO4 0.176 g

MgCl2 0.145 g

CaCl2 0.292 g

Na2SO4 0.072 g

Tris buffer pH 7.5 (1mol/L) 50ml

Stationary base

Moving crosshead

Load cell

Extensometer

Specimen

Holding grips

(d)

4
3

.2
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1
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Magnetic

stirrer

Dog bone under

funnel
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Air exchange to 
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Figure 4.1: Dimensions of the magnesium WE43 test specimens that were turned from a 6.5mm
cylindrical rod a) undegraded sample and b) following 14 days immersion; c) Schematic overview
of immersion test setup [21]; d) Schematic overview of tensile test.

Separate sample groups were immersed for periods of 7, 14, 21 and 28 days, with n = 3

per group. Tests were carried out in a humidified incubator (HERAcell 150i, Thermo Fischer

Scientific Inc., Waltham, USA) at 37 ± 1 °C, under an atmosphere with 5 % CO2. Hydrogen

gas measurement is a widely used method for tracking mass loss for magnesium and its

alloys in in-vitro immersion test setups [45]. The evolved hydrogen gas (H2) was captured

in the burette and tracked by an eudiometer. Mass loss (ML) was derived from hydrogen

gas evolution based on the cathodic reaction equation describing the corrosion process [45],

given by:

2H2O + 2e− → 2OH− + H2 (4.1)
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The corresponding anodic reaction of magnesium corrosion is

Mg→ Mg2+ + 2e− (4.2)

So the overall reaction is described by

Mg + 2H2O→ Mg(OH)2 + H2 (4.3)

The degradation layer (passive layer) mostly consists of magnesium hydroxide (Mg(OH)2).

In the presence of chloride ions, like in body fluids, this layer can be destroyed by the

formation of magnesium chloride

Mg(OH)2 + 2Cl− → Mg(Cl)2 + 2OH− (4.4)

Because magnesium chloride has a greater solubility in water, local corrosion (pitting) occurs

in these areas [46]. Additionally, the corrosion rate can be calculated as described in ASTM

G31-12a [44], according to the following equation that represents corrosion rate in mm/year:

CR =
8.76 · 104W

Atρ
=

8.76 · 104VH2ρH2

AtρMg

(4.5)

where VH2 is the hydrogen gas volume in mL and ρ is the density in g/cm3. M is the molecular

weight in g/mol, A is the exposed surface area in cm2, and t is the overall immersion time

in hours. After removal from the c-SBF immersion media, samples were immediately dried

to ensure the corrosion process had stopped. Then pH of each solution media was measured

with a pH meter (Sartorius PB-11, Satorius AG, Göttingen, Germany).
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4.2.2 Micro computed tomography

Following sample immersion, µCT scans of all dog bone specimens were performed (Skyscan

1272, Bruker, Belgium). Samples were scanned with X-ray emission parameters of 100 kV

and 100 µA, which provided a pixel size of 15 µm and enabled segmentation of both the inner

magnesium core and the degradation layer of each cylindrical sample. This resolution also

means that localised corrosion under 15 µm remains undetected. The work here focuses

on the magnesium core, as it is assumed that the degradation layer does not contribute

to the load-bearing capacity of the specimen. Imalytics Preclinical Software (Gremse-IT

GmbH, Germany) [47] in combination with ImageJ (version 1.52, Wayne Rasband, National

Institutes of Health, Bethesda, MD, USA) was used to generate binary images of the inner

magnesium core, with the process shown schematically in Figure 4.2 (a). Firstly, a Gaus-

sian filter was applied to the raw input stack and the inner magnesium core was identified

by manually adjusting the threshold for the brighter part of the specimen. With Imalyt-

ics software, the total volume of the remaining core was calculated and the corresponding

volume loss (VL) of the gauge length of each dog-bone specimen was determined. With

Equation (4.5) the corrosion rate was determined, and the weight loss was calculated with

W = ∆V LMgρMg. Subsequently, the segmentation file was imported into ImageJ to receive

the single cross-section images from the stack, with the inner core existing only of white

pixels and the remaining part of black ones (binarization).

4.2.3 Mechanical testing

Following micro-CT scanning, uniaxial tensile testing of the cylindrical dog bone specimens

was carried out at a constant velocity of 1.0 mm/min until failure (10 kN load cell, Zwick-

Roell GmbH & Co. KG, Germany). Displacement of the gauge length was tracked through

extensometers (makroXtens, ZwickRoell GmbH & Co. KG, Germany) attached at the sur-
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face (see Figure 4.1 (d)). In all cases, the initial cross-section area of the gauge section

(A = πr2 = π1.52 mm2 = 7.07 mm2) was used to determine the nominal stress.

4.2.4 Pit detection

The algorithms developed within this study for PitScan, enable a standardised detection

of the three-dimensional degradation formation in the cylindrical magnesium specimens

through automated image recognition of micro-CT scans. PitScan analyses a stack of two-

dimensional images of the material cross-section, derived from the micro-CT scan, within an

automated process chain of image recognition implemented in Python with OpenCV. PitScan

uses the binary images of the solid inner magnesium core and starts with radial contouring of

this core, with a subsequent pit detection. All this is individually implemented for each layer,

and then a three-dimensional reconstruction of the pitting formation is performed. Firstly,

radial contouring of each binary image is carried out. The complete tracking is fundamen-

tally based on the correct definition of the initial (before degradation) centre point of the

sample. To exclude the influence of slightly oblique positioned samples in the scanner, the

first and the last image are taken to generate a linear correction equation (see Figure 4.2 (b)).

These two images are processed by the following steps: First, the outer contour is detected

(see Figure 4.2 (c)ii). Then a circle is fitted around this contour, which gives the coordinates

of the centre points. Consequently, two points are identified P1 = (x1

∣∣y1) and P2 = (x2

∣∣y2).
From these two points, a linear equation is computed. To get the centre points of every

single image, the step size s for calculating the x-coordinates is defined by:

s =
x2 − x1

amountofimages
(4.6)

So xi can be calculated by

xi = x1 + (i · s) (4.7)
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The corresponding y-coordinates are calculated by

yi = (xi ·m) + n. (4.8)

After the centre point generation, every image runs through the same process chain,

depicted in Figure 4.2 (c). First, a pit tracking in 2D of the images takes place. The process

starts with the contour detection of the raw black and white image. Second, a circle is

fitted with the radius as the greatest distance from the previous calculated centre point to

the contour. In a subsequent step, the fitted radius is reduced to avoid tiny sharp edges

having any influence on the fitted radius. Hence, a smoothing takes place and the radius is

decreased until a material ratio of 20 % is reached (Figure 4.2 (c)iv) [48]. It indicates the ratio

of the circumference of the decreased radius around the contour to the intersections with the

contour. This radius r1 will be considered for the calculation of the radius loss (r1/r0) in

every cross-section, respectively. It is assumed that r1 is related to the uniform degradation,

which needs to be subtracted to identify pits. In this study r0 is always 1500 µm which is the

initial gauge length radius of the tensile test specimen. With this radius, the radial distances

to the contour are tracked for every two degrees circumferentially (Figure 4.2 (c)v). All these

values are stored in a one-dimensional array: di (with i ∈ {j ← N
∣∣j ≤ 180}) that allows

the start and end points of an individual pit to be tracked. Full details of this process are

described in Algorithm 1. The output array is P , where 1 corresponds to a pit, 0 to no pit. As

mentioned, this process automatically runs through all cross-section images (or layers), while

the output is stored in one combined array: A (with the number of rows corresponding to the

total number of cross-section images). Every row has the following information: (i) Array d

distance from fitted radius to contour every 2 degrees; (ii) Array P : Pit on (Pi = 1) Pit off

(Pi = 0) value for every 2nd degree and (iii) Fitted radius r1. The tracking in three-dimensions

is based on checking whether there are pits at the same range of degrees layer-by-layer. If

there is a pit at the same location in two images next to each other, the algorithm will “bond”
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Figure 4.2: Basic principle of PitScan (a) from µCT cross-section images to the segmentation
of inner Mg core to black and white cross-section images of Mg core; (b) Basic principle of the
correction function to correct oblique positions during the scanning procedure. Left: perfect straight
sample; middle: Oblique positioned sample; Right: description of basic algorithm of the centre
point detection chain (c) Automated image recognition process chain i. Raw input, ii. Contour
detection, iii. Circle plotting, iv. Material portion, v. Depth tracking, vi. Pit on-off tracking,
vii. Determination of deepest point of each pit. Grey dashed line fitted radius, grey dotted line
minimum Mg core width; (d) Output images: left: Heatplot of the surface of the cylinder, right:
total 3D reconstruction of the gauge length, every green cross marks the deepest point of one pit.
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If pit = on, check if the actual 

distance d*1.1 is less than the 

distances right and left 

If the difference (radius r1 –d) is less 

than 0.98 

Read all distances from the contour to 

fitted radius r1

Signal flag for pit = on and 

the pit value = 1

Pit stops

true false

true false

pit value = 1

Algorithm 1: Pit on off definition.

those two as one pit and checks in the next layer to determine if there is also a pit at the same

range of degrees, and so on. One main achievement of this process is that the deepest point

of a pit can be identified for each 3D pit, with its exact position. This principle is further

described in Algorithm 2. As input, the array B is taken. B is generated from A, where

every row belongs to one pit (Pi = 1, with no interruption) with the following information:

(i) The layer of the pit; (ii) Range of degrees; and (iii) Distance contour to r1. Only pits

with a maximum depth greater than 50 µm are considered as a pit. The algorithm provides

the following outputs. Firstly, two images are generated: A surface contour plot of pit

depth around the cylindrical gauge length (Figure 4.2 (d) left); and a total three-dimensional

reconstruction of the specimen where every green cross marks the deepest point of one tracked

pit (Figure 4.2 (d) right). Second, several characteristic parameters are calculated to get a

fully quantified description of the pit formation. All tested dog bone specimens were analysed

by this method (described in detail in Section 4.2.5). Verification of the detection process was

conducted by considering manual measurements across one specimen from each time point.

For each one, radial measurements were taken using ImageJ in 2.5 mm distance increments

along the longitudinal and radial axis (initial radius to the interface – degradation layer – Mg

core) and were compared with the corresponding generated 3D contour plots. This analysis

did not show any discrepancies between manual and automated measurements. These results
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Checking for every pit if in the layer above 

are pits at the same range

Read information for every 2D pit (layer, 

range of degrees, deepest point)

Assign belonging pits (same range of 

degrees, in layers next to each other) the 

same ID (Pitno)

Algorithm 2: Pit tracking in 3D running through the entities of P .

may be found in the Appendix A.

4.2.5 Regression fitting

Subsequent to the three-dimensional analysis, several geometric parameters describing pit

formation are directly calculated by the pit detection tool. Table 4.2 outlines all parameters

that are calculated, along with a detailed description. For samples undergoing corrosion,

correlation between each of these geometric parameters and the residual maximum tensile

strength of the specimen were determined by fitting both linear (y = mx+n) and exponential
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Table 4.2 Detailed description of generated geometrical parameters within the pit detection tool
(d: single pit depth, i: number of cross-section images, r: fitted radius, r0 initial radius).

Parameter Symbol Description

Mass loss H2 (%) ML Mass loss generated by hydrogen evolution during immersion

testing

Volume loss from µCT (%) V L Volume loss calculated in Imalytics software from µCT scans

No pits n Total number of pits

Pits per cm2 n̄ Tracked pits per cm2 (with the average fitted radius)

Volume loss through pits (%) V Lpits Sums up only the volumes of the real pits (d > 50µm)

Av. Radius loss RL Average of all fitted radii for every layer: RL =
∑x=i

0 1−(rx/r0)

i

Radius loss Standard Deviation (std) sRL sRL =
∑x=i

0 (1−rx/r0−RL)

i−1

Pitting Factor [36] PF PF = deepest metal penetration
average metal penetration

Max. pit depth µm dmax Maximum depth of all detected pits: max(dx)

Av. of ten deepest pits (µm) d̄10 d̄10 =
∑x=10

0 dx
10

Av. pit depth (µm) d̄ d̄ =
∑x=n

0 dx
n

Pit depth Standard Deviation (std)

(µm)

sd̄ sd̄ =
∑x=n

0 (dx−d̄)2

n−1

Av. pit opening (µm2) ō This is the average pit opening area of all detected pits:

ō =
∑x=n

0 ox
n

Pit opening Standard Deviation (std)

(µm2)

sō sō =
∑x=n

0 (ox−ō)2

n−1

Av. volume pit (µm3) v̄ Average volume of all detected pits: v̄ =
∑x=n

0 vx
n

Volume pit Standard Deviation (std)

(µm3)

sv̄ sv̄ =
∑x=n

0 (vx−v̄)2

n−1

Minimum fitted radius rmin The minimum of all fitted radii in every cross section (Fig-

ure 4.2 (c,vii), exemplarily for one layer dashed line): min(rx)

Minimum Mg core width dmin Minimum of all detected magnesium core widths (Fig-

ure 4.2 (c,vii), exemplarily for one layer dotted line): min(dMg)

functions (y = a · ebx), with the coefficient of determination calculated for each fit.

4.3 Results

4.3.1 Immersion testing

Figure 4.3 (a) shows hydrogen evolution (left axis) of the magnesium specimens over the

28-day immersion period. The corresponding mass loss of the specimens is also shown in
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Figure 4.3 (a) (secondary y-axis). In general, the hydrogen evolution (or mass loss) rate was

greatest in the first day following immersion, with the rate flattening up to day five, after

which there was a secondary increase. This phenomenon can be attributed to the breakage

of the protective magnesium oxide layer. The measured pH value showed only slight pH

increases during the study, increasing from 7.4 ± 0.15 at day zero over 7.43 ± 0.005 after

seven days, to 7.6± 0.04 at day 21. Within the next week, no further increase was observed,

and the standard deviation even decreased. Ng et al. showed that even a pH of 8 leads to a

similar hydrogen evolution response during in-vitro testing, so the measurements are valid

[49].
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Figure 4.3: (a) Mean measured hydrogen gas evolution during immersion testing in c-SBF over
time. pH values of the solution with standard deviation after immersion; (b) Tensile test data of
every test specimen after specified immersion time. Number after curves is the measured mass
loss calculated from hydrogen evolution. (c) Specimen strength (σmax) plotted against mass loss
(blue solid line: linear fit, red dashed line: exponential fit, grey dotted line: theoretical uniform
corrosion; p-values ¡ 0.05) (d) Young’s modulus plotted against mass loss (blue solid line: linear fit,
red dashed line: exponential fit, p-values ¡ 0.05).
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4.3.2 Tensile testing

Figure 4.3 (b) shows the uniaxial stress strain response from each WE43 dog bone specimen

(corresponding mass loss plotted at the end of every curve). These results show decreas-

ing mechanical performance as maximum stress, yield strength and strain-to-failure of the

samples are reduced as corrosion progresses. Interestingly, this magnesium alloy displays a

distinct upper and lower yield point, with substantial yield elongation, likely a result of a

Lüders front forming in the alloy under tension [50]. Here, engineering stress was used to

emphasize the impact of corrosion. True stress would not exhibit such a significant differ-

ence, as it considers the current minimal cross-sectional area, thereby neglecting the effects

of corrosion on the stress measurements. Additionally, the stress-strain response depicted in

Figure 4.3 (b) shows that as corrosion progresses, there is a transition from a ductile failure

mode to a slightly more brittle behaviour. Plotting maximum specimen strength (σmax) as a

function of mass loss in Figure 4.3 (c), an exponential and linear fit is possible, but the me-

chanical integrity of the specimens is substantially reduced. For example, at approximately

15 % mass loss, the strength has reduced by approximately 50 %. To underline the dispro-

portionate relationship, the theoretical uniform corrosion behaviour is included in the figure

(dotted grey line). Theoretical uniform corrosion is derived from the assumption that with

a material loss of 50 % the remaining specimen strength is 50 % from the initial strength.

Figure 4.3 (d) shows the reduction of the stiffness with increasing mass loss, including the

linear and exponential fits.

4.3.3 Micro computed tomography

Figure 4.4 shows the processing of one dog bone sample, after 14 days immersion time.

Segmentation of the inner magnesium core and outer degradation layer was determined

using Imalytics. Figure 4.5 (a) shows the correlation between the mass loss from hydrogen
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evolution and volume loss determined through µCT. Figure 4.5 (b) shows the yearly corrosion

rate calculated through ASTM G31-12a [44], using both methods, with the rate determined

through volume loss being three-fold higher than the rate calculated from the hydrogen

measurement method.

(a) (b) (c) (d)

Degradation 
layer

Mg core

Figure 4.4: µCT scan process chain of a 14 days immersed dog bone in SBF (a) raw input cross-
section, darker area degradation layer, lighter area inner magnesium core (b) Gaussian filter stddev
= 2.0 pixel (standard deviation of the Gaussian distribution) (c) Segmentation of the complete
gauge length of dog bone (d) segmentation of inner magnesium core only.
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(b)(a)

Figure 4.5: (a) Correlation: measured volume loss of µCT scans to the calculated mass loss
from hydrogen evolution; (b) Mean corrosion rate (CR) calculated from hydrogen evolution and
evaluation of µCT-scans.

4.3.4 Pit detection

PitScan provides a three-dimensional reconstruction of the processed µCT scans, along the

entire gauge length of the dog bone specimens. Figure 4.6 shows contour plots which describe

the spatial distribution of pit depth on the (flattened) surface of the gauge section of each

cylindrical specimen. Here, the contour represents the radial distance from the surface of

the Mg core to the initial radius of the gauge section. Figure 4.7 shows the probability

distribution of pit depths (calculated by Algorithm 2) for each specimen. While Figure 4.6

shows the total depth, which is the loss of material from the original surface, Figure 4.7

shows the quantity of the actual pit depth compared to the current corroding surface (e.g.

uniform corrosion was subtracted). At day 7, pit depths up to 400 µm are measured and

there is a general increase in pit depth over time. At day 21, there is substantial localised

material loss visible in certain specimens. By day 28, pit depths of over 800 µm are visible in

each examined specimen and there is a general flattening of the pitting distribution visible

(Figure 4.7 (d)), which suggest that many smaller pits develop first and these coalesce in

deeper and wider pits over time.
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Figure 4.6: Heat plot of the measured distance from the initial radius to the surface of the
magnesium core of every tested dog bone; a) 7 days; b) 14 days; c) 21 days; d) 28 days.

(a) (b)

(c) (d)

Figure 4.7: Pit depth distribution for every tested sample with n the total number of detected
pits (a) 7 days; (b) 14 day; (c) 21 days; (d) 28 days.
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4.3.5 Regression fitting

The main advantage of the developed method is the automatic and systematic generation

of different geometrical parameters, which describe the phenomenology of pitting formation.

Figure 4.8 presents correlations of a range of geometric parameters that describe pitting

corrosion to the residual specimen strength of the samples. Here, Figure 4.8 (a) shows again

a disproportionality between the detected volume loss through micro-CT scanning and σmax.

This relation is also tracked with the detected mass loss through the hydrogen gas measure-

ment (Figure 4.3 (c)). But since the volume loss measurements are higher than mass loss, the

disproportionality is not that severe. Further, a linear and exponential correlation is visible

(R2
lin = 0.96 and R2

exp = 0.95). The parameters described in ASTM G46-94 [36] are included

in the examination matrix (Figure 4.8 (b-h)). The lowest correlation to the sample strength

was found for pitting factor (Figure 4.8 (b)). Here, the coefficient of determination for the

linear and exponential fits are lower than 0.04. The generated pitting values vary from 2.1 to

3.2, but no systematic correlation was evident. Surprisingly, it was found that the strength

was higher with increasing number of pits and pit density (Figure 4.8 (e, f)). This relation-

ship underlines the tracked behaviour of the pit formation in Figure 4.7, showing initial high

values of single pits, which merge over time to form bigger and deeper pits. Looking at the

two pit features regarding pit depth, suggested in the standard (max. pit depth and the

average of the ten deepest pits), trends of a linear or exponential correlation can be found

(Figure 4.8 (c, d)). Though, the average pit depth and the average opening area of a pit with

the associated standard deviations show slightly better results (R2 between 0.72 and 0.83)

(Figure 4.8 (g-j)). The highest correlating pit features (both linear and exponential) are the

parameters that are directly linked to the reduction of the cross-sectional area (Figure 4.8 (l,

m, p-r))
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Figure 4.8: Correlation of 18 pitting features vs. max. specimen strength (σmax) (a-r); blue
solid line: linear correlation, red dashed line: exponential correlation; p-values ¡ 0.05 except for (b)
pitting factor, (e) Pits per cm2.
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4.4 Discussion

In this study, a three-dimensional automated detection framework that systematically eval-

uates the extent and phenomenology of pitting corrosion was developed. This approach

used a Python-based algorithm that automatically computed geometric features of pitting

from micro-CT scans of cylindrical shape specimens undergoing corrosion. Furthermore,

this framework automatically outputs standardised parameters of pitting corrosion on the

specimen surface, including pit density, pit size, pit depth, and pitting factor (ASTM G46-94

[36]). PitScan was used to evaluate pitting formation in cylindrical tensile specimens of a

magnesium WE43 alloy, and several relationships between pitting parameters and mechani-

cal performance were determined. Interestingly, it was found that several of the parameters

described in ASTM G46-94 showed little correlation to mechanical performance. However,

several other parameters were found to show strong correlations with σmax and these tended

to be directly linked to the reduction of the cross-sectional area of the specimen. Specifically,

the results indicate that the minimum magnesium core width and the average fitted radius

over all layers (including standard deviation) are parameters that are most suited to provide

an indication of the specimen’s mechanical performance. PitScan, which was developed in

this study, has the potential to provide a basis to standardise measurements of pitting corro-

sion across a range of metals. Testing conditions, like considering depths only greater than

50 µm as pits and the reduction of uniform corrosion by implementing a material ratio of

20 %, were equally good applicable for samples with little and much material loss. However,

it must be noted that changing those parameters would have a significant influence on the

calculated features. Moreover, a reliable mechanical strength prediction is possible in the

future, by investigating a wider sample set.

Rapid mechanical deterioration of magnesium-based medical implants has limited their im-

plementation in load-bearing applications [8, 9]. While the accelerated loss of mechanical

integrity has previously been linked to pitting corrosion [17, 18], the current study is the first
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to establish quantitative relationships between key phenomenological parameters of the pit

formation and the mechanical performance of medical-grade magnesium. Here, it was clearly

demonstrated, that the reduction in maximum specimen strength for a WE43 magnesium al-

loy undergoing corrosion is directly linked to pitting formation and is always the predominant

corrosion mechanism in all magnesium alloys. However, the results demonstrate that several

parameters described in ASTM G46-94 provide little insight into the mechanical integrity of

specimens undergoing corrosion. In particular, pitting factor showed poor correlations with

maximum tensile strength. Pitting factor describes the non-uniformity of pitting on the

surface, with values of 1 corresponding to uniform corrosion. However, in scenarios with lots

of similar deep pits, pitting factor does not sufficiently describe pitting formation because it

would be approximately 1 which would be an indicator for uniform corrosion, even though

similar deep pits could exist. The current results also demonstrate that pit number and pit

density are actually negatively correlated with reductions in maximum tensile strength of

specimens. While this may appear counter-intuitive, the detailed information provided by

PitScan shows that many small pits are formed early on in the corrosion process, which even-

tually coalesce into one another over time to form larger pits (e.g. histograms in Figure 4.7)

that are more detrimental to load-bearing capacity. As such, it was found that parameters

that are linked to maximum pit dimensions or specimen’s minimum cross-sectional area bet-

ter represented mechanical integrity. Therefore, pit features such as average radius loss, the

minimum fitted radius and the minimum core width are potentially the best candidates for

predictors of the mechanical strength (see Figure 4.8). It was also observed that variabil-

ities of factors, represented by the associated standard deviations, should be considered as

candidates. The results of this study demonstrate the novel functionality of the automated

detection framework that has been developed, which enables three-dimensional systematic

evaluation of surface-based pitting formation in cylindrical specimens undergoing corrosion.

To date, the vast majority of studies of magnesium alloy corrosion only consider bulk mea-

surements of material loss by monitoring hydrogen gas evolution or mass/volume loss [17,
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18, 21, 25, 27–31]. When studies consider local pitting formation, they generally rely on

techniques where visual inspection of surfaces and/or cross-sections are conducted [6, 14, 22,

51, 52]. This has meant that standardised measurements of pitting have been largely qual-

itative, two-dimensional and may require destructive processes. While certain studies have

used micro-CT based approaches to analyse pitting corrosion [6, 14, 22, 51, 52], PitScan has

the distinct advantage of providing quantitative measures through non-destructive means,

with the capacity to provide complete spatial reconstruction of test specimens, which enables

a complete, reproducible investigation of the corrosion progress. This framework could easily

be applied to other metallic alloys undergoing corrosion and could be adapted to evaluate

corrosion in more complex geometries.

Certain limitations of the study must be noted. In-vitro testing was performed according to

ASTM G31-12a [44], to determine the corrosion process of the magnesium alloy for different

time steps with its mechanical integrity. While this does not fully represent the conditions

of medical implants undergoing corrosion in-vivo, it does provide insight into the correla-

tion between certain pit formations and the remaining mechanical strength. Additionally,

the more aggressive in-vitro environment is helpful to observe earlier specific characteristics

like pitting corrosion. Further testing could be carried out to provide a broader dataset to

establish accurate trends for magnesium corrosion over wider timescales (e.g. mass loss per-

centages). Gastaldi et al. [53] demonstrated that stress corrosion cracking plays a significant

role in the corrosion performance of magnesium alloys. However, this phenomenon was not

taken into account here, as the specimens were immersed in the corrosion setup without

any applied stress. Further testing would be necessary to fully investigate the influence of

stress corrosion on the corrosion behaviour of magnesium. It is also worth noting that, in

this study, there was a three-fold difference between the tracked mass loss calculated from

hydrogen evolution and the actual detected volume loss from micro-CT analysis. Liu et

al. demonstrated similar differences between the corrosion rates calculated from hydrogen

evolution and from micro-CT scans for different magnesium alloys [51]. They reported the
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corrosion rates (from volume loss and mass loss) for pure magnesium immersed in Hank’s

Balanced Salt Solution (HBSS) for 14 days. They measured 0.64 mm/year for the hydrogen

gas measurement (H2) and 1.14 mm/year for the volume loss (micro-CT), which leads to a

ratio of 1.8. In general, pure magnesium degrades more slowly than its alloys [31, 51, 54].

In this study, a mean degradation rate of 2.0 mm/year (H2) and 6.5 mm/years (micro-CT)

was measured, leading to a ratio of 3.2. The ratio difference could be caused by the differ-

ent material itself, immersion time and immersion solution. The lower detected mass loss

values can be explained by the fact that to date, the amount of the reduction of dissolved

oxygen during the corrosion process is not fully understood, and hydrogen is also built into

the degradation layer itself [55]. Further, the collection of hydrogen is susceptible to errors,

like the formation of bubbles on the funnel, diffusion into solution, or diffusion through the

equipment [45]. All this must be considered while comparing the two different approaches

for measuring the material loss. Micro-CT scanning seem to be more reliable in terms of

identifying the overall volume loss. However, this is associated with high costs and greater

effort. Furthermore, the resolution of the micro-CT scanning (15 µm) and the thresholding

for the segmentation serves as pivotal limit in terms of mass loss detection, as well as sub-

sequent pit detection. Thus, careful consideration and selection of appropriate resolution

and threshold values are essential for reliable and reproducible detection of mass loss and

localised corrosion during micro-CT scanning of corroded magnesium samples.

4.5 Conclusion

This study presented for the first time a three-dimensional automated detection framework

that systematically evaluates the spatial progression of pitting corrosion from micro-CT

scans of metallic specimens (PitScan). This framework is non-destructive and automatically

determines a wide range of geometric measures of pitting corrosion on the specimen sur-

face according to ASTM G46-94 [36]. By conducting mechanical tests of magnesium alloy
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specimens undergoing corrosion, it was found that several of the parameters (e.g. pitting

factor, no. of pits) described in ASTM G46-94 showed little correlation to mechanical per-

formance. However, several other parameters (e.g. radius loss, minimum core width) were

found to show strong correlations with the residual specimen strength and these tended to

be directly linked to the reduction of the cross-sectional area of the specimen. This frame-

work could easily be applied to other metallic alloys undergoing corrosion and further be

adapted to evaluate corrosion in more complex geometries. Furthermore, coated specimens

can be investigated in terms of their corrosion formation in conjunction with the mechanical

integrity.
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Chapter 5

Linking the effect of localised pitting corrosion

with mechanical integrity of rare earth Mag-

nesium alloy for implant use

5.1 Introduction

Magnesium and its alloys have significant potential in orthopaedic applications, as they have

osteostimulative properties [1–6] and they have similar mechanical properties to native bone

[7]. Magnesium-based alloys are also biodegradable, whereby the implant is gradually re-

sorbed from the body once its load bearing function is completed. This reduces the need

for revision surgeries, thereby reducing patient risk and costs to health systems. However,

magnesium-based alloys can undergo increased and localised corrosion, which may lead to

an unwanted early failure of the implant. In unloaded physiological scenarios, magnesium-

based alloys degrade through several surface-based corrosion mechanisms including galvanic,

intergranular and pitting corrosion [8]. The localised corrosion mechanisms are generally

caused by impurities and inhomogeneities in the material, which are largely unavoidable due

to the manufacturing process of such alloys. While the spatial and temporal evolution of

corrosion can be controlled to some degree by varying alloying composition and/or by apply-

ing a surface coating [8–12], it is generally not possible to achieve uniform, or non-localised,

corrosion in magnesium-based biomaterials [13–17]. Despite this, many studies investigating

the degradation performance of magnesium alloys only consider bulk measurements of corro-

147
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sion, evaluated by gravimetric methods, hydrogen evolution, µCT images, or electrochemical

tests, and ignore aspects of localised surface corrosion, which can greatly impact overall per-

formance and cause early failures of devices. While some studies provide limited qualitative

assessments of surface corrosion through visual examination, there is a lack of quantitative

data on the spatial progression of surface corrosion [11, 18–31]. Furthermore, only a limited

number of studies give results on the extent of localised corrosion for Mg alloys [32–34] fol-

lowing ASTM G46-94 [35], which provides specific guidelines to evaluate pitting corrosion

and describes several local parameters that quantify the severity and spatial distribution of

corrosion features, including pit size, pit depth, pit density and pitting factor.

To date, few in-vivo and in-vitro studies [19, 20, 36, 37] have quantified the non-uniform re-

lationship between specimen corrosion and mechanical strength of magnesium alloys. While

the disproportionate reduction in load-bearing capacity, compared to corresponding mass

loss, has clearly attributed to pitting corrosion observed across specimens [19, 20, 37], these

studies have provided little quantitative understanding on how pit formation (e.g. extent

and spatial distribution) affects overall mechanical performance. In Chapter 4 an automated

detection framework that enables a fully systematic evaluation of surface corrosion through

a micro-CT based detection algorithms (PitScan), was established [33]. This study identi-

fied a clearly non-linear relationship between overall mass loss and specimen strength for a

magnesium-based alloy and systematically characterised the extent and spatial distribution

of pitting features on the corroding surface. While this study provided important informa-

tion on the relationship between spatial features of corrosion and mechanical performance,

it was limited by the fact that it only considered one magnesium alloy undergoing corro-

sion. Of course, there is a wide range of possible alloy combinations, and the spatial and

temporal progression of corrosion will likely vary extensively across these different material

systems. However, it is difficult to experimentally characterise the full range of corrosion

scenarios. This limits the capacity to fully understand the mechanistic relationships be-

tween surface-based corrosion and mechanical performance of these metals and alternative
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approaches through computational modelling are required.

Modelling approaches to predict corrosion of magnesium-based alloys are generally cate-

gorised as either physical or phenomenological approaches. While physically-based corrosion

models use theoretical frameworks that capture the chemical processes taking place on the

corroding surface, they are computationally prohibitive and their implementation in the fi-

nite element method generally employ moving-mesh approaches, which tend to only allow

uniform corrosion, thereby limiting their ability to predict localised, non-uniform corrosion

[38–40]. On the other hand, a wide range of phenomenological corrosion models have been

proposed for magnesium-based alloys that use combinations of a continuum-based damage

mechanics and/or element removal on the corroding surface to simulate mass loss. While

several of these approaches have also been limited to uniform corrosion [41, 42], many other

models have used random distribution functions to prescribe weighted probabilities across

the corroding surface that enable localised pits to form and evolve [19, 20, 43–45]. These have

been shown to be superior to uniform-based models in capturing the non-linear reductions

in specimen strength during corrosion [19, 20, 42, 44]. However, while these models have

captured non-linear reductions in strength, very few models have been directly compared to

experimental samples undergoing corrosion. Therefore, it is not clear whether these models

actually capture (i) the overall stress-strain behaviour of samples undergoing corrosion and

(ii) whether they actually capture the severity and spatial distribution of pitting features on

the corroding surface. To maximise the utility of these models in corrosion-based investiga-

tions, it is critical that robust validation of these models is carried out to fully understand

how the spatial and temporal progression of corrosion impacts the mechanics of magnesium-

based implants.

The objective of the current study is to establish the mechanistic relationship between the

severity of localised corrosion and mechanical performance of magnesium-based specimens.

To achieve this, a computational modelling approach was used, whereby a range of differ-

ent corrosion profiles were generated through a surface-based corrosion model. Geometric
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features of these corrosion profiles were quantified using the PitScan framework from Chap-

ter 4 [33] and tensile failure of corroding samples was simulated through finite element

modelling. In the first instance, the suitability of the surface-based corrosion modelling

approach in capturing both the (i) geometric phenomenology of pitting corrosion and (ii)

resulting mechanical response of corroded specimens, by comparing to in-vitro degraded

samples (Chapter 4) was evaluated [33]. Following this, systematically the relationships

between key phenomenological features that describe pitting corrosion and the mechanical

performance (ultimate strength, elastic modulus and strain at maximum strength) were in-

vestigated, to establish new mechanistic insight into the performance of magnesium-based

materials undergoing corrosion.

5.2 Material and Methods

5.2.1 Study design

To generate corroding profiles, three-dimensional cylindrical geometries were considered that

had identical dimensions as the gauge sections of the tensile dog bone specimens used in

Chapter 4, with a length of 18.95 mm and a 3 mm diameter [33]. Whereby immersion testing

in c-SBF [46] was carried out over 28 days with weekly time points (37 °C, 5 % CO2). Follow-

ing immersion, samples were cleaned in ethanol and fully dried with the degradation layer

still attached on the sample’s surfaces. Then all samples underwent microcomputer tomog-

raphy scanning with subsequent uniaxial tensile tests (see Chapter 4) [33]. In this study, a

range of corrosion profiles were generated using an enhanced surface-based corrosion model

that was initially developed by Grogan et al. and further developed by Quinn et al. [20, 47]

(described in more detail in Section 5.2.2). The surface geometric features of these corrosion

profiles were fully quantified using the automated detection framework PitScan, which is an

in-house developed Python tool based on automated image processing with OpenCV fully
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described in Chapter 4 [33, 48]. By creating binary cross-sectional images of corroding finite

element geometries, PitScan enables quantification of key corrosion parameters (e.g. aver-

age pit depth, pit density, average radius loss, minimal cross-section, etc.) that describe the

spatial phenomenology of the surface profile (described in more detail in Section 5.2.3). An

elastic-plastic constitutive material model was calibrated from the undegraded experimental

response, and the corroded samples were simulated under uniaxial tension to predict the

mechanical response of samples as corrosion progressed (described in Section 5.2.4). Finally,

correlations were established between mechanical properties and the geometrical features

that describe the phenomenology of surface-based corrosion (Section 5.2.5).

5.2.2 Corrosion model

The corrosion model is based on the model originally developed by Grogan et al. (2011)

[20], which is implemented in a finite element framework through a continuum damage

mechanics (CDM) based approach [49]. This surface-based corrosion model has been widely

implemented [19, 20, 44, 45, 50]. The corrosion model assumes a scalar damage factor (D)

to initialise damage on corroding elements so that the effective stress tensor (σ̃) is:

σ̃ =
σij

1−D
. (5.1)

First, a finite element mesh is created on the geometry with exposed elements to the envi-

ronment defined as active. Including the recent adaptation of the model, described by Quinn

et al. [47], considering an enhanced surface-based approach to corrosion, whereby impurities

within the specimen volume also direct corrosion processes resulting in more realistic pit

shapes compared to the original model by Grogan et al. (2011). Firstly, random numbers

(λe) are assigned to all elements which potentially can degrade, using a Weibull curve, with
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the probability density function described in Equation (5.2):

f(x) = γ(x)γ−1e−(x)γ . (5.2)

Where γ is the dimensionless shape parameter of the probability density function with the

condition x ≥ 0 and γ ≥ 0 (see Figure 5.1 (d)), which enables modelling of localised corrosion

(pitting, intergranular corrosion, etc. [8]). These pre-generated random numbers through-

out the complete mesh mainly depend on the shape parameter γ. The first adaptation
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Figure 5.1: Sectional view of a finite element mesh: Basic principle of pre-processing step for the
adaptation of the initial random numbers (green dashed line symbolizes the active surface) (a) initial
random numbers (b) Redistribution of the random numbers, here: influence of all other elements
on element 6 for the adapted random number (c) removed element where De = 1 (d) Probability
density function for a standard Weibull-Curve for pitting (γ = 0.8) and uniform corrosion (γ = 20).

implemented by Quinn et al. [47] uses a smoothing process to adjust the distribution, as

depicted in Figure 5.1 (a and b). Here, the influence of each element on each other is shown
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schematically for element number 6, to show the influence of impurities/alloying elements

on each other. This smoothing process considers the random number values of all other

degradable elements, including the distance from elements among themselves (dei) and the

initial random numbers (λe):

λemax = max(λsi) = max(λei − (B ∗ dei) ∗ λei), i = 1,Max.ElementNo. (5.3)

Where B describes the loss in pitting per unit distance, which dictates the extent of the

influence of the other random numbers on each other. This step is performed once throughout

the complete mesh. Then, the random numbers are normalised according to Equation (5.4):

λenorm =
λemax∑i
i=0 λemax

,
i∑
i=0

λenorm = 1. (5.4)

During the final degradation step, elements that will be removed for the specified mass loss

are determined by looping through all active elements. The current damage increment dDe

is calculated within each active element according to Equation (5.5):

dDe

dt
= kuλenormLactive. (5.5)

Where ku is a time dependant parameter, and Lactive is the ratio of the exposed active

surface area to the respective element volume. Equation (5.6) represents the addition of the

increment step to the previous calculated total damage for an element:

De = De−1 + dDe. (5.6)

The current total damage (De) of each active element is calculated by adding the current

damage increment (dDe) to the old total damage (De−1). Once De ≥ 1 the element is

removed (Figure 5.1 (c)) and its adjacent elements, which were inactive so far, will get active
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and get included in the loop. To avoid too high single damage increments to ensure that

each element needs at least two steps to degrade, an adaption is implemented following

Equation (5.7):

if De > Demax , dtnew =
Demax

De

dtold. (5.7)

With Demax = 0.5, dtnew and dtold the new and old time step, respectively. Full details on

the localised degradation model are given in the original studies by Grogan et al. and Quinn

et al. [20, 47].

Within this chapter, constant values were assigned to time dependent parameters: ku =

2.7 · 108 to enable appropriate number of loops. In this, and previous implementations of

the original corrosion model [19, 20, 47], executing the code directly in a VUMAT/UMAT

in Abaqus (Dassault Systèmes Simulia Corp., RI, USA) requires substantial computational

power, especially with the implemented adaptation from Quinn et al. [47]. To improve the

efficiency of this code and enable high mesh resolution (> 300,000 elements), the corrosion

model was carried out as a pre-processing step through a Python code, which offers the ad-

ditional advantage of being readily implemented in a range of finite element software codes.

It should be noted that the initial continuum damage mechanics (CDM) [42, 49] was not

considered in this study. This is because the Python code used, only translates the geo-

metrical values of an element, and does not consider the influence of the loading condition.

Since the experimental data used here, were obtained from unstressed specimens, the lack of

CDM is acceptable. However, it would be necessary to consider CDM and stress corrosion

in future studies to obtain a more comprehensive understanding of the material behaviour

under loading.

By varying the shape parameter of the Weibull curve (γ) and the pitting parameter (B) of

the degradation code, eight different corrosion profiles were generated from uniform corrosion

to severe pitting corrosion. First, four profiles with a constant pitting parameter (B = 0.8)

and a varying γ (20.0, 1.5, 0.3) were simulated, and then γ was set constant to 0.8 and

B was changed (B = 1.2, 0.8, 0.5, 0.3). Additionally, γ = 0.5 and B = 0.5 was chosen as
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Table 5.1 Tested input parameter combinations of the degradation code for the model with
different localised corrosion extent.

γ B

0.3 0.8

0.3 0.5

0.8 0.3

0.8 0.5

0.8 0.8

0.8 1.2

1.5 0.8

20.0 0.8

input parameter combination. Each model was degraded to 5, 10, 20, 30, 40, 50 % mass loss.

The input parameter combinations are summarised in Table 5.1. All models considered, had

an element size of 80 µm, whereby the uncorroded geometry consisted of a total of 329,128

elements. To corrode the surface to 50 % mass lass for one input set, the computational

algorithm took approximately 1 h to execute on a computer workstation that had an Intel®

Xeon® Gold 5118 CPU @ 2.30 GHz.

5.2.3 Automated spatial tracking of corrosion (PitScan)

For full spatial reconstruction of the surface profile, the active finite element mesh was

binaries and cross-sectional images taken every 80 µm along the y-axis (equivalent to mesh

size). The approach was the same as the geometrical evaluation conducted with the µCT

images from the in-vitro testing in the previous Chapter 4 [33]. The basic principle for the

image processing for one layer is shown in Figure 5.2, whereby a contour of the magnesium

core and a circle fit provides the depths in 2-degree radial increments. In the second step, the

profile is reconstructed to a 3D geometry to enable all geometrical features to be quantified.

A pit is defined if the detected depth exceeds 50 µm.

The PitScan algorithm provided quantitative information on the geometrical corrosion

formation on the outer surface. Surface contour plots were generated with the tracked
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(a) (b) (c)

(d) (e) (f)

(g)

Figure 5.2: Automated image recognition process chain for FE cross-sectional images (a) Raw
input (b) Contour detection (c) Circle plotting (d) Material portion (e) Depth tracking (f) Pit
on-off tracking (g) Determination of deepest point of each pit. Grey dashed line fitted radius, grey
dotted line minimum Mg core width, similar to van Gaalen et al. [33].

depth from the initial surface. Further, probability distributions were obtained and plotted

that describe the frequency of pit depth ranges at the predefined mass losses. PitScan

also evaluated key parameters that describe the spatial distribution and extent of localised

corrosion. Table 5.2 provides a summary of these parameters and information about how

they are calculated.

Table 5.2 Detailed description of generated geometrical parameters within the pit detection tool
(d: single pit depth, i: number of cross-section images, r: fitted radius, r0 initial radius [33]).

Parameter Symbol Description

Pitting Factor [35] PF PF = deepest metal penetration
average metal penetration

Average of the deepest pits (µm) d̄10 d̄10 =
∑x=10

0 dx
10

Pits per cm2 n̄ Tracked pits per cm2

Volume loss through pits (%) V Lpits Sums up only the volumes of the real pits (d > 50µm)

Av. Radius loss RL Average of all fitted radii for every layer: RL =
∑x=i

0 1−(rx/r0)

i

Minimum fitted radius rmin The minimum of all fitted radii in every cross section: min(rx)

Minimum Mg core width dmin Minimum of all detected magnesium core widths: min(dMg)

Max. area loss in one layer ∆Amax ∆Amax = max(y − A0
Ax

)
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5.2.4 Mechanical model

Computational modelling was carried out in the Abaqus/Explicit finite element code (Das-

sault Systèmes Simulia Corp., RI, USA), with all cylindrical geometries meshed using three-

dimensional reduced integration brick elements (C3D8R). Material input data for the com-

putational model was derived based on uniaxial tensile test data measured for the WE43MEO

alloy in the previous chapter (Figure 5.3 (b)). Here, the Young’s modulus was E = 44.70MPa,

while a Von Mises plasticity formulation was set to define isotropic yielding [51]. The plas-

ticity input curve was calibrated on an axisymmetric model with two different element sizes

with the exact geometry of the dog bones used within the experimental study in Chapter 4

(Figure 5.3 (a)) [33]. The Poisson’s ratio was assumed as ν = 0.3 [52] and the density of

magnesium as ρWE43 = 1.84g/cm3. Only the gauge section was used as model geometry

for the final finite element analysis, to save computational time. To enable uniaxial test

conditions, a layer of non-degradable elements was included at the ends of the model (see

Figure 5.3 (c)). Here, equational constraints were used to implement displacement-based uni-

axial tension on each model. Simulations were carried out on an Intel® Xeon® Gold 5118

CPU @ 2.30 GHz with 30 CPUs and took between 1.5 h and 7 h to complete, depending on

the number of remaining elements following corrosion. The effective stress-strain behaviour

of corroding samples was determined based on the initial cross-sectional area of the cylin-

drical specimens (Ati = At0 = πr2 = π(1.5mm)2). From this, the overall specimen strength

was determined as the ratio of the maximum tracked Force to At0 : σmax = Fmax/At0 , the

effective modulus was the respective elastic modulus of the linear-elastic region, while the

specimen strain-to-failure was determined as the strain at σmax.
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Figure 5.3: (a) axisymmetric finite element model for ϵ = 0% and ϵ = 25% for two different mesh
sizes (200 and 50 µm) (b) Results calibration with axisymmetric model (c) simplified dimensions of
the 3D model undergoing corrosion.

5.2.5 Data analysis

To analyse results, the key geometrical features (described in Section 5.2.3) were plot-

ted against three main material properties, namely the (i) maximum specimen strength

(σmax), (ii) effective elastic modulus (Young’s modulus) and (iii) strain at maximum spec-

imen strength (ϵ at σmax). The coefficient of determination (R2) for a linear fitting was

calculated for all data points (experimental and simulated data) to identify relationships

between mechanical performance and spatial features of corrosion. In this data, results from

the previous experimental study provided in Chapter 4 [33] characterising corrosion of mag-

nesium WE43MEO alloy (Meotec GmbH, Aachen, Germany) were included. This data was
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derived from an immersion study of cylindrical dog bone samples manufactured from a chill

casted WE43MEO alloy for 28 days with weekly time steps in an incubator at 37 °C and 5 %

CO2 in simulated body fluid (c-SBF) [33, 46].

5.3 Results

5.3.1 Corrosion model

Several different corrosion profiles were generated that ranged from uniform corrosion to

severe pitting/localised corrosion. Figure 5.4 (a) shows resulting 3D images of the corroding

cylindrical specimens for the predefined mass losses for one of the corrosion scenarios (B =

0.8, γ = 0.8).

Figure 5.4 (b) shows 2D representations of the resulting corrosion profiles generated by

PitScan, whereby the depth from the original cylindrical surfaces of each specimen is plotted

at 50 % mass loss for each scenario. The influence of the Weibull-shape parameter (γ) on the

severity of localised corrosion is clearly evident in the top row. Here, the spatial distribu-

tion of corrosion is almost uniform for the highest Weibull-shape parameter (γ = 20), while

severe pitting and highly localised non-uniform corrosion becomes evident as the Weibull-

shape parameter is decreased. Meanwhile, variation of the pit parameter B dictates the pit

depth, pit area and pit density (see second row Figure 5.4 (b)). Higher values of B result

in increasing pit density and pit depth, while the opening area of individual pits reduces.

Consequently, lower values of B are attributed with wider but less deep pits and a lower

density. Pseudo-random numbers were used, evolving from a predefined random seed. This

results in the same pit locations being generated each time, with the only variation being the

value of parameter B. As a result, the extent of individual pits varies, while their locations

remain the same, only the Weibull-shape parameter γ influences the pit location. Though,

γ is still the decisive parameter which controls the extent and location of localised corrosion
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Figure 5.4: (a) Final 3D finite element models after degradation for different mass loss (ML) for
one input set (γ = 0.8, B = 0.8); (b) Contour plots at 50% mass loss for the eight different corrosion
scenarios of the 3D circular gauge section (r0=1.5mm) by adapting the input values (γ,B) of the
degradation model; grey highlighted figure shows the same model.

effects due to its influence on the initial random numbers.
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Figure 5.5 shows the probability density functions that quantify the detected pit depths

for all scenarios. Here, the experimental data from Chapter 4 are included as red lines, where

suitable mass losses were available [33]. In the early stages of corrosion, the distributions

for all corrosion scenarios are tight as small single pits develop. Over time, these pits evolve

and coalesce to form larger pits that results in wider distribution functions. Interestingly,

the experimental data showed close correlation to several of the simulated pitting profiles,

in particular for the scenario that had parameters of γ = 0.8 and B = 0.8 or B = 0.5.

PitScan was used to quantify pitting parameters across all scenarios. Figure 5.6 shows this

quantitative information, whereby various pitting parameters are plotted as a function of

mass loss. These curves show the evolution of pitting features as corrosion progressed for each
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Experimental 
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Figure 5.5: Pit depth distribution for seven localised corrosion profiles including similar experi-
mental examined mass losses (a) 5% (no similar experimental sample available), (b) 10%, (c) 20%.
(d) 30%, (e) 40%. (f) 50% Mass loss. (Legend for all given in (a))

simulated corrosion scenario. It must be noted that features relating to the evolution of pits

(Figure 5.6 (a–d)) cannot be calculated for the uniform corrosion model (γ = 20, B = 0.8).

This quantitative information shows the evolution of key pitting parameters in many cases

to the non-uniformity of prescribed corrosion model parameters. For example, features such
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as pitting factor (Figure 5.6 (a), average of 10 deepest pits Figure 5.6 (b), volume of all

pits Figure 5.6 (d)), show the largest increases for (γ = 0.3, B = 0.8), with these changes

becoming more modest as the corrosion scenario is more uniform. This is particularly true

in the case of pitting factor [35], whereby values close to 1 depict more uniform formation,

while higher values are attributed to more pitted profiles (Figure 5.6 (a)). Profiles with the

same initial shape parameter of the Weibull-curve (γ = 0.8) resulted in similar trends in

average radius loss (Figure 5.6 (e)), minimum width (Figure 5.6 (g)) and maximal detected

area loss (Figure 5.6 (h)) across all pit parameter (B) values. For almost all parameters, the

experimental data is distributed throughout the simulated corrosion scenarios indicating that

the corrosion model is quite effective in replicating the spatial phenomenology of surface-

based corrosion. The only exception here is the corrosion model’s capacity to predict the pit

density (see Figure 5.6 (c)), which is limited due to the finite mesh dimensions of an element

size of 80 µm.

5.3.2 Mechanical modelling

5.3.2.1 Model calibration

Model parameter fitting was carried out by calibrating the mechanical model to experimen-

tal data through an axisymmetric model of the tensile dog bone specimens and the results

of this process are shown in Figure 5.3 (b). This model accurately captures key features of

the nominal stress/strain response determined from experiments, with the hardening and

ultimate tensile strength of the magnesium correctly predicted by the model. Furthermore,

the contour plots of these simulations (Figure 5.3 (a)) demonstrate that the ultimate tensile

strength is reached due the predicted necking behaviour of the ductile magnesium alloy,

which was also observed in experiments. The Considère criterion says that necking occurs

when true stress reaches the strain hardening rate [53], whereby dσtrue
dϵtrue

= σtrue. Prior to

necking, the effect of strain-hardening is stronger than the effect of the area reduction. With
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Figure 5.6: Most relevant phenomenological corrosion features vs. detected mass loss. (Plots with
features related to localised corrosion are plotted without the uniform corrosion profiles (a–d)).

an increase in strain this phenomenon reverses, which leads to the formation of necking.

This phenomenon in perfect models was also reported by Joun et al. in detail [54]. The

behaviour was demonstrated to be independent of mesh sensitivity effects, whereby both 200

and 50 µm element size showed similar responses (see Figure 5.3 (b)).

Figure 5.7 (a) shows the results of the calibrated model, which has been extended to three

dimensions. For the uncorroded sample (0 % mass loss) there is only a slightly higher elonga-

tion compared to the axisymmetric model used for the fitting process, with the stress-strain

response of the WE43MEO alloy is still fully captured.
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Figure 5.7: (a) Uniaxial tensile tests: experimental data (red area: Confidence Interval (CI) for
n = 7 of undegraded samples) vs. simulated data (including data for several mass losses and the
eight pit scenarios); (b) Maximum specimen strength (σmax), Elongation at σmax and effective
E-Modulus over Mass loss for the eight corrosion scenarios and the experimental data set; lines
are second degree polynomial fits for each scenario; (c) contour plots showing Von Mises stress
distribution for two different model input parameters (on top: γ = 20, B = 0.8; bottom: γ = 0.8,
B = 0.8) at three different mass losses each unloaded and maximal loaded under uniaxial tension.

5.3.2.2 Mechanical performance of corroding samples

Figure 5.7 (a) shows the simulated uniaxial tensile response for the corroding samples of all

considered scenarios. In general, the specimen strength and elongation decrease for higher

mass loss percentages. However, for the uniform model (γ = 20.0, B = 0.8), there is no

reduction in the strain at σmax as corrosion progressed. Figure 5.7 (b) shows that there is

a strong relationship between specimen strength (σmax) and mass loss for all computational

scenarios considered, with many of these capturing the trend observed experimentally. σmax

is mostly taken as the relevant factor for calibrating a degradation model to an experimental
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data set [19, 20]. The relationship between strain at σmax (Figure 5.7 (b) bottom) shows

greater variation in the predicted results across different corrosion scenarios. This clearly

demonstrates that uniform corrosion is not suitable as a corrosion model for the examined

WE43MEO alloy, as it does not capture any reduction in strain at σmax. The effective

Young’s Modulus over mass loss (Figure 5.7 (b) middle) follows largely similar behaviour to

the trends seen for specimen strength (σmax). Overall, the severely pitted models (γ = 0.3,

B = 0.8 or 0.5) showed the best agreement with the properties determined experimentally.

Contour plots of the Von Mises stress are presented in Figure 5.7 (c) for the unloaded and

maximal loaded step, respectively. Exemplarily, the uniform model and a pitted profile

is taken with different mass losses. All models show the necking behaviour, which is also

observed within the tested dog bones.

5.3.3 Correlations

Having proved the suitability of the corrosion model in capturing the phenomenology of corro-

sion (Section 5.3.1), as well as the mechanical mechanistic (Section 5.3.2), relations between

key pitting parameters and the mechanical integrity can be established. Figure 5.8 (a–c)

shows correlation plots that establish quantitative relationships between the pitting param-

eters calculated by PitScan and the predicted mechanical parameters (σmax, strain at σmax,

and the effective Young’s Modulus). Furthermore, included here are the experimental results

from Chapter 4 [33]. Again, it must be noted that the uniform model (γ = 20.0, B = 0.8)

was excluded for features which are related to the formation of pits (pit depth, pit density,

pitting factor, etc.). The parameters described in ASTM G46-94 [35] for evaluating pit-

ting corrosion were taken as a starting point for this analysis and extended by several more

suitable features, which potentially are linked to the mechanical integrity. A coefficient of

determination was calculated for all plots by including all data presented. Features with

high R2 values are considered to be independent of the profile formation, while features with
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low R2 values are highly dependent on the corrosion profile. In Figure 5.8 (a), there is a clear

correlation between features linked to the reduction of the cross-sectional area and the spec-

imen strength (σmax), with minimum radius, minimum width and maximal cross-sectional

area loss all having R2 > 0.9. It is important to note that these pitting parameters are

independently correlated to specimen strength (σmax) across all simulated scenarios and the

available experimental data. Potential scenario-based features can be also identified in Fig-

ure 5.8 like the pitting factor (R2 = 0.53), volume loss by pits (R2 = 0.27) and the average

radius loss (R2 = 0.82). On the other hand, the detected maximal cross-sectional area loss

shows an almost linear correlation to the remaining specimen strength, and no distinguish-

able trends for the profiles are visible. No correlation was observed for pit density, which

was again likely due to the finite mesh dimensions used in the computational model (80 µm).

The strain at maximum specimen strength (Figure 5.8 (b)) shows for all features distinguish-

able trends between the tested scenarios. Even features which are scenario-independent for

σmax and the effective Young’s modulus are scenario-dependent for the maximum strain (like

minimum width, max. cross-sectional area loss, minimum fitted radius). This behaviour un-

derlines the importance of considering the strain value for calibrating degradation models.

The manner of the formation of pits seems to highly dictate the strain response, and a uni-

form model is not suitable as a degradation model, because of the non-reduction in strain

over several mass losses. Figure 5.8 (c) shows the relationship between the pitting features

and the effective Young’s modulus. In general, a similar response compared to σmax is visible,

however the dependence of effective Young’s modulus on the maximal cross-sectional area

loss is not as clear as it was observed for σmax.
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Figure 5.8: Correlation plots of eight most important phenomenological corrosion features over
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are features belonging to the formation of pits, so the uniform model (γ = 20.0) was excluded.
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5.4 Discussion

In this study, a computational framework was developed to establish mechanistic relation-

ships between the localised corrosion and mechanical performance of a magnesium-based al-

loy. A finite element-based corrosion model [20] was used to generate corrosion profiles, with

subsequent uniaxial tensile test simulations to track the mechanical integrity. The Python-

based detection framework PitScan provide detailed quantification of the phenomenological

features of corrosion, including a full spatial tracking of surface-based corrosion. Through

this approach, this study is the first to quantitatively demonstrate that a surface-based

non-uniform corrosion model can capture both the geometrical and mechanical features of

a magnesium alloy undergoing corrosion by comparing to experimental data [33]. Using

this verified corrosion modelling approach, this study evaluated a wide range of corrosion

scenarios and enabled quantitative relationships to be established between the mechanical

integrity and key phenomenological corrosion features. In particular, it was demonstrated

that parameters that were directly linked to the reduction of the cross-sectional area of the

specimen were the best predictors of mechanical performance.

Rapid mechanical deterioration of magnesium-based medical implants has limited their im-

plementation in load-bearing applications [55, 56]. While the accelerated loss of mechanical

integrity of specimens undergoing corrosion has previously been linked to pitting corrosion

through qualitative means [19, 20], there has been a lack of understanding mechanistic rela-

tionships between corrosion and mechanical performance. Here, it was clearly demonstrated

that the deterioration in mechanical performance of corroding specimens is directly linked

to localised corrosion and a comprehensive set of quantitative relationships between surface-

based pit formation and the mechanical performance, described by specimen strength (σmax),

strain at maximum strength (ϵ at σmax) and Young’s modulus (E), is provided. The current

data set shows that the minimal cross-sectional area is the strongest predictor of the remain-

ing mechanical strength (R2 = 0.98), and this parameter is independent of the severity or
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spatial features of localised surface corrosion. Interestingly, however, minimal cross-sectional

area was not predictive of the failure strain of the specimen, whereby there was substantial

variation of this parameter with the various profiles simulated, particularly when uniform

corrosion scenarios were considered. Instead, it was found that parameters relating to the

deepest pits better correlated with strain at failure. From experimental data, there is a clear

reduction of the strain-to-failure in corroding specimens [19, 20, 33, 37], which is likely a

result of localised corrosion providing suitable imperfection(s) that allow damage to localise.

On the other hand, minimal cross-sectional area did show good correlation with the reducing

remaining elastic modulus (R2 = 0.98), which was again independent of the corroding pro-

file considered. Interestingly, the analysis demonstrated that parameters described in ASTM

G46-94 (e.g. pitting factor, average of ten deepest pits) showed weaker correlations to the

mechanical integrity of corroding specimens, highlighting the importance of considering the

other parameters detailed here (e.g. minimum cross-sectional area).

This study quantitatively demonstrates that a finite element-based corrosion model can cap-

ture both the geometrical and mechanical features of a magnesium alloy undergoing corro-

sion. Until now, many other corrosion-based models have assumed uniform corrosion [38–42],

or have implemented non-uniform surface-based corrosion through stochastic approaches, but

have not presented any validation of in capturing geometric features of corrosion, or asso-

ciated implications on mechanical performance. Instead, there has tended to be calibration

of model parameters to fit the bulk mechanical performance over time [19, 20, 43, 44]. The

current study has shown that it is possible to control the geometrical formation of localised

corrosion features by two factors (γ and B) of the corrosion model. This corrosion model

framework has the potential to be used for any metal type that undergoes surface-based

corrosion, and is not limited to magnesium-based alloys. Furthermore, the corrosion model

presented here not only enables control of the severity of pitting, but it is also possible to

adjust the width, depth and density of pits evolving. Plotting corrosion features over the

predefined mass loss resulted in clear trends for each profile (Figure 5.6), so that each set
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is clearly distinguishable from each other. Pitting factor described in ASTM G46-94 [35]

follows this trend and the calculated values show that a pitting factor of 1 describes a uni-

form behaviour, while higher values are related to more pitted profiles. An increasing pitting

factor with an increase in mass loss in all scenarios was observed. Importantly, the findings

demonstrated that a uniform degradation model is not suitable to predict the mechanical

response for magnesium alloys that are undergoing corrosion, i.e., degrading in the human

body. Uniform corrosion models have two major failings in that the predicted reduction in

specimen strength is proportional to the mass loss and the strain at failure remains largely

constant for all simulated mass losses (see Figure 5.8). Although it was not the initial goal of

the study, a combination of γ and B was identified, which tend to fit best the experimental

data in terms of both geometric and mechanical performance.

In addressing the limitations of the current study, it should be noted that the corrosion

model fails to replicate the pit density that was observed experimentally, which is a direct

result of the limited element size within the finite element mesh. However, this is neces-

sary to achieve simulated results within an appropriate computational time. These plots

clearly show the limits of the finite element model in predicting the pit density (Pits per

cm2). Here, all models weaken to replicate the experimental data due to the limits of the

mesh size. Nevertheless, a mesh sensitivity analysis examining smaller element sizes was not

conducted to confirm whether smaller elements would yield more accurate results. Also, the

used threshold of 50 µm as the minimum depth to be accounted as pit, has a potential in-

fluence on the measured pit density. However, it was found experimentally that this feature

does not have a strong correlation with mechanical parameters and, instead, the corrosion

features that dominate the mechanical response are related to larger scale parameters (e.g.

minimum radius), which are represented quite well in the model meaning that the mechanical

response can still be captured. Additionally, the used phenomenological degradation model

neglects the formation of the outer degradation layer with its ion compositions. However, to

include its effect on the overall degradation with a sufficient mesh sensitive with subsequent
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uniaxial tensile test requires a massive computational power. Further, it must be noted that

stress corrosion cracking effects were fully neglected, which could accelerate degradation [20,

57, 58]. Furthermore, using in-vitro tests as a benchmark can lead to different corrosion

performance compared to the corrosion mechanism in the human body. Nevertheless, the

focus of the current study is on the correlation between any pit formation and the relating

mechanical response, independently of how and where it evolves. Often lower degradation

rates in-vivo were reported than in in-vitro tests (especially for TRIS- or HEPES-buffered

media) [59, 60]. Here, an accelerated degradation rate is favourable to achieve reasonable

mass losses within an appropriate time period.

5.5 Conclusion

This study demonstrated that a surface-based non-uniform corrosion model can capture both

the geometrical and mechanical features of a magnesium alloy undergoing corrosion by com-

paring to experimental data. Using this verified corrosion modelling approach, this study

demonstrated that the minimal cross-sectional area parameter was the strongest predictor of

the remaining mechanical strength (R2 = 0.98), with this relationship being independent of

the severity or spatial features of localised surface corrosion. Findings demonstrated that a

uniform degradation model is not suitable for simulating the mechanical response for magne-

sium alloys that are undergoing corrosion. Interestingly, the current analysis demonstrated

that parameters described in ASTM G46-94 showed weaker correlations to the mechanical

integrity of corroding specimens, compared to parameters determined by PitScan. This study

establishes new mechanistic insight into the performance of the magnesium-based materials

undergoing corrosion within biological environments.
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Chapter 6

Predicting localised corrosion and mechanical

performance of PEO surface modified rare earth

Magnesium alloys for implant use through in-

silico modelling

6.1 Introduction

Magnesium-based medical implants have the potential to overcome several complications that

arise with permanent metallic implants. Implants made from magnesium are biodegradable

such that they can undergo absorption once their load-bearing function has been completed,

thereby avoiding a secondary removal surgery typically associated with permanent metallic

implants [1–3]. Furthermore, magnesium alloys are osteostimulative, which makes them at-

tractive in orthopaedic applications [4–9], and have similar mechanical properties to native

bone, which means they could avoid stress shielding effects that are commonly encountered

for titanium and stainless steel implants [10]. However, major challenges remain in the

widespread implementation of magnesium-based alloys for implant applications due to the

rather fast degradation rate and their inherent non-uniform surface corrosion mechanisms

that result in localised material loss from the corroding surface [11].

In magnesium-based alloys, surface-based corrosion is governed by the accumulation of sec-

ondary cathodic phases, which are influenced by the density and distribution of intermetallic
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precipitations as well impurities. These are practically unavoidable due to the manufactur-

ing process, and the breakdown of the protective corrosion layer through the presence of

chloride-Ions [12]. Recent efforts to improve performance have sought to decelerate the cor-

rosion rate of magnesium through different alloy compositions or through the application of

protective surface coatings and modifications [13–17]. Despite these approaches, non-uniform

surface corrosion is still prevalent to some extent and the localised removal of bulk material

during degradation can result in early loss of mechanical performance [18–21]. However, the

majority of in-vitro studies on magnesium corrosion do not consider the mechanical perfor-

mance of immersed specimens, and have instead simply evaluated corrosion based on bulk

measurements through techniques such as electrochemical tests [22–25], hydrogen evolution

[16, 18, 19, 24, 26–30], mass loss measurements [31–33] or micro-CT volume-based measure-

ments [20, 34]. Recent efforts have been made to enable better understanding of how local

corrosion mechanisms impact mechanical performance, with initial studies quantifying the

non-uniform relationship between mass loss and specimen strength [18, 19]. More recently,

studies have sought to provide a quantitative understanding on how the severity and spatial

distribution of surface corrosion affects overall mechanical performance (Chapter 5) [35].

Through this most recent approach [35], in Chapter 5 it was demonstrated that tracking

mass loss alone provides limited information on the mechanical performance of magnesium

alloys undergoing corrosion. In fact, this study and others have even identified challenges

in correctly determining mass loss from corroding specimens, with substantial differences

observed in mass loss estimated using hydrogen evolution and micro-CT based approaches

[20, 30, 34, 36, 37]. Through a more robust micro-CT based approach, several surface-based

geometric features were identified (such as minimal cross-sectional area or average pit depth),

which provide a mechanistic link between the severity of localised corrosion and the remain-

ing mechanical strength [35] and are therefore more useful than bulk mass loss measurements

alone.

Surface modifications like etching, ceramic coatings through plasma-electrolytic oxidation or
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the application of polymer coatings on magnesium alloys all aim to decelerate the degrada-

tion process and make surface corrosion more uniform [38]. While the application of distinct

coating materials, such as polymers, to magnesium substrates can effectively reduce corro-

sion rates, the presence of a separate material layer on a base alloy can result in low adhesion

strength, with separation observed in the early stages of the corrosion process [39]. On the

contrary, plasma electrolytic oxidation (PEO) surface modification converts the exposed sur-

face into a homogeneously integrated surface layer without a distinct interface [13, 40, 41],

thereby avoiding adhesion issues. In addition, the modified layer has high hardness, which

makes it suitable in applications where high contact stresses are encountered [42, 43]. The

influence of PEO surface treatment on different geometries like coins or scaffolds has been

examined within several studies [16, 26, 44–46] that have demonstrated that PEO surface

treatment can decelerate corrosion, with bulk measurements in mass loss significantly lower

compared to unmodified specimens. It has been also shown that PEO surface treatment

results in a better biocompatibility, enhanced osteostimulation and improved osseointegra-

tion compared to unmodified samples [44, 46, 47]. While this highlights the potential for

PEO surface treatments, few studies to date have robustly quantified their effect on the

mechanical integrity of specimens undergoing corrosion. Furthermore, while bulk corrosion

rates are slowed with PEO modified specimens, it is not clear how this surface modifications

affects the progression of localised corrosion features on the surface of the alloys. To further

improve the corrosion performance of magnesium-based implants through approaches such

as alloying or surface coating and modification, a more detailed understanding how these

strategies alter the localised corrosion mechanisms, and ultimately mechanical performance

is required.

In advancing medical implants towards clinical application, predictive models are becoming

more widespread to simulate aspects of the physical, mechanical or biological performance

of devices. For robust predictions of the performance of bioabsorbable implants, computa-

tional models should consider the degradation process in terms of both the geometric changes
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due to surface mass loss and the resulting decline in mechanical performance. While sev-

eral surface-based corrosion models have been able to reproduce bulk degradation rates of

corroding specimens and have provided reasonable predictions of the overall mechanical re-

sponse [18, 19, 48], these studies tend not predict the morphological features of corrosion that

are observed physically.Instead, these models implement non-uniform corrosion by assuming

some form of random distribution function, which produces corrosion profiles that might not

truly capture the extent and severity of localised corrosion taking place. Furthermore, few

studies have compared the predicted morphology of the corroding surface to experimental

specimens. Studies that have compared their predictions to experiments have only done

so through qualitative means through visual comparison [49, 50]. Further adaptations for

the enhanced surface-based phenomenological model were proposed for magnesium corrosion

[51], showing in Chapter 5 the potential to capture key geometrical features, as well as the

mechanical response for an unmodified WE43 medical grade alloy [35]. To further elabo-

rate on the performance of this model, and for the first time ever to include simulation and

prediction of PEO surface modified specimens, there is a distinct need to ensure that both

phenomenological aspects of corrosion and mechanical performance are robustly captured.

The objective of this study is to investigate the phenomenological differences of surface corro-

sion and mechanical performance of unmodified (WE43) and plasma-electrolytically oxidised

(WE43-PEO) medical grade magnesium alloy. An extensive experimental in-vitro immersion

study to characterise the degradation performance and mechanical integrity of tensile spec-

imens from medical grade WE43 magnesium alloy was conducted. This experimental data

was then used to calibrate the model parameters of a finite element-based surface corrosion

model for both the unmodified WE43 and WE43-PEO groups [18, 51, 52].
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6.2 Material and Methods

6.2.1 Study design

In-vitro immersion testing was conducted on axial tensile test specimens of both groups

(WE43, WE43-PEO) up to 12 weeks, with mass loss evaluated through three different ap-

proaches including (i) hydrogen evolution, (ii) segmentation of micro-CT scans and analysis

through a commercially available software and through our in-house PitScan code [20], and

(iii) gravimetric methods following ultrasonic cleaning. Micro-CT imaging was used to quan-

tify surface corrosion of each specimen at pre-defined time points, with mechanical testing

subsequently carried out to characterise the uniaxial tensile response of both groups. Based

on the findings, the surface-based corrosion model was calibrated to predict the geometrical

and mechanical features of both groups in-silico.

6.2.2 Sample preparation

A total of 55 tensile specimens were manufactured by SWISS-type turning from chill-casted

and extruded magnesium WE43MEO alloy rods with an initial diameter of 6.5 mm and

a nominal composition of 1.4 - 4.2 % Y, 2.5 - 3.5 % Nd, < 1 % (Al, Fe, Cu, Ni, Mn, Zn,

Zr) balance Mg (in wt %) (Meotec GmbH, Germany). The manufacturers’ specification of

the chemical composition was confirmed using inductively coupled plasma atomic emission

spectroscopy (ICP-OES) measurements (Varian 720-ES, Agilent Technologies, CA, USA).

The dimensions of the uniaxial tensile specimen dimensions are provided in Figure 6.1 (a).

Following turning, 30 of the specimens underwent PEO treatment [16], while the other

25 remained untreated. Plasma-electrolytic oxidation, also referred as micro-arc oxidation

(MAO), is a high-voltage anodising procedure using plasma discharges on the metallic sample

surface leading to the formation of an outer porous oxide film [53]. For the surface treatment,
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a phosphate-based electrolyte (Kermasorb®, Meotec GmbH, Germany) was used together

with a pulsed rectifier set (M-PEO A1, Meotec GmbH, Germany) and process parameters

were chosen to target a surface thickness of ∼ 15 µm. The full surface modification process is

described in further detail in Kopp et al. [16]. Images of the WE43 and WE43-PEO samples

prior to immersion testing are provided in Figure 6.1 (b).

Magnetic

stirrer

Specimen under

funnel

Beaker

with SBF

Air exchange to 

CO2 atmosphere

Funnel 

burette 

(a) (b)

PP cap

(c)

WE43 WE43-PEO

Figure 6.1: (a) Dimensions of tensile specimens; (b) images of WE43 and WE43-PEO modified
samples; (c) schematic setup of immersion testing for one tensile specimen.

6.2.3 Experimental in-vitro testing

Immersion testing was carried out over a six-week period, with time points at 1, 2, 3, 4

and 6 weeks (n = 5 specimens for each time point) for both groups. The PEO-modified

group was extended by an additional time point at 12 weeks (n = 5) to achieve a comparable

amount of mass loss compared to the faster degrading unmodified group. Prior to testing,

and for further measurements after the distinct time points, the weight of the samples was
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determined with a balance (Kern ABJ-NM/ABS-N, e = 0.001 g, KERN & SOHN GmbH,

Germany). Clamping ends of the tensile specimens were coated with liquid rubber PUR

(mibenco GmbH, Germany) so that only the gauge sections undergo in-vitro corrosion. The

immersion testing followed a similar protocol to previous studies [16, 20, 54, 55]. Briefly,

the current study used glass funnel burettes as well as glass beakers to immerse samples,

as shown in Figure 6.1 (c). The immersion media was conventional simulated body fluid

(c-SBF) with a chemical composition taken from Oyane et al. [56]. C-SBF was chosen to

avoid contamination over the long test period and due to its well-established accelerated

degradation rate, which enables sufficient mass loss in a reasonable timeframe. Beakers

were filled with 500 mL c-SBF each, which resulted in a high volume to surface area ratio

(V/S = 2.80 mL/mm2) in accordance with ASTM G31-21 (minimum of 0.2 mL/mm2 [57]).

Testing was performed in an incubator under cell culture conditions (CellXpert C170i, Ep-

pendorf AG, Hamburg, Germany) at 37 °C± 1 °C with a constant CO2 atmosphere of 1.5 %

to buffer a physiological pH of 7.4 in the medium, despite alkaline corrosion products. The

amount of CO2 was determined through pre-tests where the pH was monitored daily over

a period of two weeks to ensure sufficient buffer capacity of the medium and environment

in the incubator. pH measurements of the immersion media were taken after specimen re-

moval at each time point (FiveEasy F20, Mettler-Toledo GmbH, Germany). After removal,

specimens were rinsed with deionized water and pure ethanol before full drying. A reference

was included in the incubator with the same test setup but without any sample to elimi-

nate the influence of the environment. Micro-CT scanning for spatial reconstruction of the

gauge section was performed following immersion testing at each time point using X-ray with

emission parameters of 100 kV and 100 µA, which provided a pixel size of 15 µm (Skyscan

1272, Bruker Corporation, Billerica, MA, USA). For the 1-, 2- and 3-week time points in the

WE43-PEO group, only one specimen was scanned as only minimal surface corrosion could

be detected, thus preventing quantitative geometric information to be obtained.

Following micro-CT scanning, cross-sectional images were transformed to binary images and
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the inner magnesium core was detected, since it was assumed that only the remaining metal-

lic core contributes to the load bearing of the pre-corroded parts. PitScan, a Python-based

detection framework developed in Chapter 4 [20], was used to quantitatively evaluate the

geometrical features of the samples. Several predefined and surface-based phenomenological

features to describe the progression of corrosion, including pit size, pit density, pit depth,

average radius loss and minimum cross-sectional area loss were retrieved by calculation. Fur-

ther details of the PitScan framework may be found in [20].

Following µCT-scanning, specimens also underwent uniaxial tensile tests at a constant ve-

locity of 1.0 mm/min until failure (10 kN load cell, ZwickRoell GmbH & Co. KG, Germany).

Displacement of the gauge length was tracked through an extensometer (makroXtens, Zwick-

Roell GmbH & Co. KG, Germany). To determine the nominal stress, the initial theoretical

cross-sectional area was taken (A = πr2 = π1.52 mm2 = 7.07 mm2) for all time points, irre-

spective of how far corrosion had already progressed.

To calculate the actual mass loss of tested specimens, a total of three different methods were

considered including (i) hydrogen evolution, (ii) weight measurement following ultrasonic

cleaning (following ASTM G1–03 [58]), (iii) volume loss calculation through µCT scanning,

whereby a 3D reconstruction of the gauge section was conducted with Imalytics Preclini-

cal 3.0 (Gremse-IT GmbH, Germany) [59] as well as the PitScan framework [20]. For the

hydrogen method, mass loss was derived through measurement of hydrogen gas evolution

collected in burettes, using the following chemical reaction in which 1 mol of released mag-

nesium corresponds to 1 mol hydrogen:

Mg + 2H2O→ Mg(OH)2 + H2 (6.1)

For gravimetric measurements, all samples underwent repeated ultrasonic cleaning (following

ASTM G1–03 [58]) in deionized water and ethanol to remove the corrosion layer while

avoiding the potentially hazardous use of chromic acid. Furthermore, chromic acid showed in
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pre-experiments to have adverse effects on the PEO modified samples, making this treatment

unusable for the current study.

6.2.4 Surface-based corrosion and mechanical modelling

An enhanced surface-based corrosion model [51] was used to calibrate a set of model param-

eters to the corroding specimens. This model was calibrated by replicating the experimental

procedure through simulation, whereby (i) surface corrosion was simulated on the cylindri-

cal gauge sections, (ii) cross-sectional analysis carried out using PitScan and (iii) simulated

tensile testing was conducted on the corroded model and compared to experiments. The

enhanced surface-based corrosion model was built on the initially published version from

Gastaldi et al. and Grogan et al. [18, 52] where a scalar damage factor (D) is introduced to

initialise damage on corroding elements with the effective stress tensor (σ̃ij):

σ̃ij =
σij

1−D
(6.2)

Within this study, the enhanced model proposed by Quinn et al. [51] was used to achieve

more realistic surface corrosion features. This model uses a damage increment (dDe) for

each element that is calculated by:

dDe

dt
= kuλenormLactive (6.3)

where ku is a kinetic parameter, and Lactive is the ratio of the exposed active surface area

to the respective element volume. Here, λenorm is the normalised (summation of all random

number equals 1) set of random numbers, which is represented by a Weibull-shape function

(Equation (6.4)) to control the severity of localised corrosion (Figure 6.2 (d)).

f(x) = γ (x)γ−1 e−(x)γ (6.4)
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In Figure 6.2 (e) a sample finite element mesh is shown with different values for λenorm
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Figure 6.2: (a) Gauge section model geometry undegraded (b) FE-mesh of the model (c) cross-
section image of the undegraded unmodified model and PEO-modified model (additional 15 µm
solid element layer on the outer surface) (d) Probability density function for a standard Weibull-
Curve for pitting (γ = 0.8) and uniform corrosion (γ = 20.0) (e) random numbers with green
dashed lines marking the exposed surface.

for each element. If Decritical exceeded a value of 0.5 for at least one element the kinetic

parameter ku is then recalculated for all elements within the current time increment (i) to:

kui+1 = kui
0.5

Decritical

(6.5)

PEO modified models were adapted by adding a thin surface layer of solid elements with a

thickness of 15 µm (see Figure 6.2 (c) bottom). Further, the degradation code was adapted

so that these new outer surface elements got a deceleration factor (fPEO) for each damage

increment. The damage increment for the outer layer is expressed as:

dDe

dt
= fPEOkuλenormLactive (6.6)
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Table 6.1 Input parameters used for the degradation model for WE43 alloy and WE43-PEO
modified.

Parameter WE43 WE43-PEO

ku 0.05 0.0025

γ 0.6 0.6

β 1.0 1.0

B 3.0 3.0

fPEO - 0.0015

Degradation simulations were implemented using a Python-based code, which enabled effi-

cient computation of corrosion and high mesh density. The previous determined relationship

between mass loss versus time of the experimental data set (Section 6.2.3) provided the basis

for the final mass loss points of the degradation simulations for both WE43 and WE43-PEO

models. Table 6.1 shows the input parameters that were identified through an iterative

procedure until they matched the phenomenological experimental results, while tensile test

simulations were performed afterwards. No adaptation loop of the input data was performed

after identifying first mechanical features. After the corrosion simulations, cross-sectional

images every 80 µm (e.g. the size of an element layer) along the gauge section were generated

for all simulated mass losses and were then processed by PitScan for geometric evaluation

of the surface profile.

To simulate tensile testing, finite element models were created in Abaqus/CAE (Dassault

Systèmes Simulia Corp., RI, USA), whereby only the gauge section of the dog bone geometry

was modelled to save computational time. These geometries had a top and bottom layer

of undegradable elements where the boundary conditions were applied for the final uniaxial

tensile test simulation (Figure 6.2). A mesh sensitivity study was conducted to establish a

suitable mesh size to capture key geometrical corrosion features and ensuring an appropriate

execution time, which resulted in a final characteristic element length of ∼ 80 µm. This re-

sulted in a total of 340,000 three-dimensional reduced integration brick elements (C3D8R) in

the models, with a slightly higher number in the WE43-PEO models due to the extra surface

layer of solid elements (Figure 6.2 (c)). An elastic-plastic constitutive material model that
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was previously calibrated to WE43, as described in van Gaalen et al. [35], was used. It was

found that the WE43-PEO samples also had a similar mechanical response prior to corro-

sion (see Figure 6.7), so same material parameters were used in both, unmodified WE43 and

WE43-PEO groups. Uniaxial tensile test simulations were performed using Abaqus/Explicit

(Dassault Systèmes Simulia Corp., RI, USA).

6.3 Results

6.3.1 Experimental in-vitro testing

Figure 6.3 shows images of the surface corrosion on immersed dog bone specimens from the

first and last time point for (a) unmodified WE43 and (b) WE43-PEO modified groups. Top

images show the dried samples after immersion, while the bottom images show specimens

following tensile testing and ultrasonic cleaning. The middle images show the predicted

corrosion profile of the gauge section of the corresponding computational corrosion simulation

(as not stretched by tensile testing). The complete set of images for all specimens across all

time points is shown in Appendix B in Figure B.1.
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Figure 6.3: Images of dog bone samples after immersion, after tensile testing and ultrasonic
cleaning, with the two separated ends after tensile testing being glued together for (a) WE43 1
and 6 weeks and (b) WE43-PEO 1 and 12 weeks. Corresponding simulated gauge section for the
respective time are included (in the middle).

Figure 6.4 (a) and (b) show the mean hydrogen gas evolution and corresponding mass
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loss over the respective test periods of WE43 and WE43-PEO specimens. The mean val-

ues up to one week were derived from the full set of samples in each group (e.g. n = 25

for WE43 and n = 30 for WE43-PEO). For each subsequent time point, the sample number

reduced by n = 5 for each group due to the destructive characterisation that took place for

weight loss measurements. This scheme was enforced until only five samples remained for

the WE43 group after 6 weeks and five samples for the WE43-PEO group after 12 weeks.

There was a substantial difference in mass loss between WE43 and WE43-PEO groups, with

(a) (b)

(c)

WE43 WE43-PEO

(d)

Hydrogen

Std 

US cleaning

µCT 

Hydrogen

Std 

US cleaning

µCT 

Figure 6.4: (a) WE43, (b) WE43-PEO Mass loss determined by (i) hydrogen gas evolution
(ii) gravimetric weight loss using ultrasonic (US) cleaning (iii) µCT evaluation with PitScan (c)
corresponding corrosion rates [60] after an immersion time of 6 weeks for WE43 and WE43-PEO;
p-value annotation legend: ns: 5.00e − 02 < p ≤ 1.00e + 00; *: 1.00e − 02 < p <= 5.00e − 02; **:
1.00e− 03 < p ≤ 1.00e− 02; ***: 1.00e− 04 < p ≤ 1.00e− 03; ****: p ≤ 1.00e− 04; (d) pH values
of the solution with standard deviation after immersion. (Legend in (a) applies to all images)

the corrosion taking place at a much slower rate for WE43-PEO samples. In both groups,
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an initial steep mass loss was observed in the first days by hydrogen gas evolution, while

the WE43 group already showed approximately 17 % mass loss after 6 weeks as compared

the WE43-PEO group only had approximately 5 % mass loss up to 12 weeks. For clarity

on the difference of testing methods, Figure 6.4 (a) and (b) show deviations of the three

methods used to determine overall mass loss of unmodified WE43 and WE43-PEO groups.

The results labelled in Figure 6.4 as mass loss derived from µCT, are related to the calcula-

tion through PitScan. These results agreed with the calculations through the commercially

available Imalytics software. In general, there was an average deviation of 1.2 % between

those two µCT image evaluation methods. From this, it can be concluded that PitScan is

able to generate reliable results in terms of calculating the volume loss.

Across all methods and despite of single differences, the rate of mass loss was substantially

lower in the WE43-PEO group as compared to the WE43 specimens. However, significant

differences were observed in the detected mass loss when comparing measurements by hydro-

gen gas evolution and all other methods. It also became evident that the differences between

hydrogen evolution and other mass loss measurements became greater as the experiment

continued. At 12 weeks, mass loss in the WE43-PEO group determined by hydrogen gas

evolution was more than 7 times lower than that measured by µCT. Considering the µCT

results, mass loss is considerably slower in the WE43-PEO group, with similar mass loss ob-

served at 12 weeks, compared to the unmodified WE43 at 6 weeks. In general, lower values

are reported through the gravimetric method (cross markers) compared to the evaluation

through µCT scanning, the difference in average was found to be ∼ 8 %.

The corrosion rates from the different methods of the six-week immersed samples are pro-

vided in Figure 6.4 (c). P-values were calculated through t-tests to show whether there

were significant differences (i) between the methods and (ii) between unmodified WE43 and

WE43-PEO modified groups. P-values showed highly significant differences in corrosion rates

between the unmodified and PEO modified groups. Furthermore, highly significant differ-

ences are also present in mass loss determined from hydrogen evolution and the other two
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methods across unmodified WE43. Differences among the methods are also highly significant

for WE43-PEO, but not shown in the figure, to ensure easier interpretation. Additionally,

the pH value over time is plotted in Figure 6.4 (d). In general, all pH values were within

the specification of ASTM F3268-18a accounting to 7.4± 0.2 [60]. While the unmodified

WE43 group showed a steady increase in the pH with time, the pH in the WE43-PEO group

decreased after 2 weeks, and subsequently increased after 4 weeks. Standard deviations were

low for both groups.

6.3.2 Phenomenological corrosion tracking

PitScan provides a three-dimensional reconstruction of the processed µCT scans, along the

entire gauge length of the dog bone specimens. Contour plots for one degraded sample per

group and time increment are shown in Figure 6.5 (a) for the unmodified WE43 groups and

in (b) for the PEO modified groups. Figure 6.5 (c) shows the pit depth distribution identified

through PitScan. From the experimental data, the distribution for both groups moves from

a narrow distribution with high peaks to a broader distribution over time. This trend means

that small pits initially form and gradually grow and coalesce into larger and deeper pits,

which is supported by the contour plots (Figure 6.5 (a)). While for the first 3 weeks the

WE43-PEO group shows only very shallow pits, the unmodified WE43 samples show much

deeper pits within the same timeframe.
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Figure 6.5: Contour plots of the gauge section of the immersed dog bones over time, representing
the depth from the initial surface to the current interface surface - environment. Only one sample
per time step is shown (a) WE43 unmodified (b) WE43-PEO modified; (c) Pit depth distribution
for WE43 and WE43 PEO modified magnesium WE43. Simulated data depict (a) 1 week (b) 2
weeks (c) 3 weeks (d) 4 weeks (e) 6 weeks (f) 12 weeks (only PEO modified) immersion time.

Figure 6.6 shows the evolution of key geometrical features over the testing time for un-

modified WE43 and WE43-PEO modified groups. Statistical significance facilitating t-tests

were calculated only from week 4 onwards, where n=5 samples of WE43-PEO were available

from µCT scanning (as there was minimal corrosion at the earlier time points). Figure 6.6 (a)
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shows the measure of pitting factor (PF) for both groups during corrosion, which is defined

by ASTM G46-94 [61] as the ratio of the deepest pit depth to the average pit depth. Pit-

WE43

WE43-Sim

WE43-PEO

WE43-PEO-Sim

One sample T-test

P-values

ns: 5.00e-02 < p <= 1.00e+00;
*: 1.00e-02 < p <= 5.00e-02;
**: 1.00e-03 < p <= 1.00e-02;
***: 1.00e-04 < p <= 1.00e-03;
****: p <= 1.00e-04

(a) (b)

(c) (d)

(e) (f)

Figure 6.6: Evolution of key phenomenological corrosion features over time for WE43 and WE43
PEO-treated samples including simulated data from degradation models; t-test; p-value annotation
legend: ns: 5.00e − 02 < p ≤ 1.00e + 00; *: 1.00e − 02 < p <= 5.00e − 02; **: 1.00e − 03 < p ≤
1.00e − 02; ***: 1.00e − 04 < p ≤ 1.00e − 03; ****: p ≤ 1.00e − 04. (Legend in (b) applies to all
plots)

ting factor does not change substantially over time for unmodified WE43 and measures are

between PF = 2.2-2.4 for all time points. For the WE43-PEO modified group, the pitting

factor was just above 1 in the earliest time point (as there was minimal corrosion) and



PREDICTING PHENOMENOLOGICAL AND MECHANICAL FEATURES 197

gradually increased until there was a non-significant difference with the WE43 unmodified

group at week 5. Interestingly, this suggests that while the rate of corrosion was slowed

for the WE43-PEO modified samples, the surface features, and how corrosion progressed

spatially was similar. Figure 6.6 (c) compared the average depth of the ten deepest pits,

which is also a metric proposed in ASTM G46-94 to evaluate localised corrosion [61]. Here,

for both groups, the average depth steadily increased over time and the 12-week WE43-PEO

samples showed similar values to the 4-week unmodified WE43 group. For the maximum

cross-sectional area loss (see Figure 6.6 (d)), there is a steady increase for unmodified WE43,

while the PEO-modified group shows little change until 6 weeks. Interestingly, the pit den-

sity of the unmodified WE43 group decreases over time (as pits merge together to wider and

deeper pits), while the WE43-PEO samples show an increase in the pit density while corro-

sion progresses (Figure 6.6 (e)). For unmodified WE43 samples, many small pits instantly

evolve and merge together over time, while the PEO treatment slows initial pit evolution

and by week 12, many small pits have formed by the effect of these merging into larger pits

is not yet visible. The minimum fitted radius (see Figure 6.6 (f)) constantly decreases in the

unmodified WE43 group, while in the PEO-treated group this feature stays almost constant

until the final time step where it decreases.

P-values demonstrate highly significant differences between the two groups for most features.

While for pitting factor, the level of significance decreases over time, which demonstrates

again that PEO surface modification decelerates the corrosion process but does not influence

the surface morphology once corrosion progresses. This is evident when two separate time

points from each group with similar mass loss are compared. In general, the features in the

12-week WE43-PEO group show similar values as the 6-week group of WE43, which is in

accordance with the mass loss measure, where 6 week WE43 (46 %) samples have a similar

mass loss as 12-weeks WE43-PEO (45 %).
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6.3.3 Mechanical testing

Figure 6.7 (a) shows the uniaxial tensile test responses for the experimental (thin lines) and

the respective simulated data (bold lines). WE43-PEO modified specimens are more effec-

tive in retaining their mechanical properties compared to WE43 specimens during corrosion.

Specimens of both groups show a steady decrease in the specimen strength and strain-at-

failure as the corrosion period progressed. Interestingly, there were large variations in the

measured strain-to-failure (εf ) for unmodified WE43 (Figure 6.7 (a) left) for the uncorroded

specimens at week zero. However, this wide variation reduced once corrosion had started.

The general mechanical behaviour of WE43-PEO modified specimens at week 0 is similar

to the unmodified group. Again, there was a steady decrease in the specimen strength and

strain-at-failure for the WE43-PEO-modified specimens as the corrosion period progressed.

However, the WE43-PEO specimens showed smaller levels of reduction in mechanical prop-

erties compared to the WE43 specimens. Figure 6.7 (b) shows the mechanical parameters

determined from each timepoint, whereby maximum specimen strength (σmax), strain at σmax

and effective Young’s modulus are plotted. Specimen strength (σmax) shows a clear decrease

over time for both groups. There was a significant difference in specimen strength between

WE43 and WE43-PEO, with p < 1.00e-04 once corrosion had started. At time zero, a p-

value of 4.5e-03 was calculated which indicate minor differences in specimen strength between

WE43 and WE43-PEO. However, any variation was within the manufacturer’s specification

for the base alloy. At 12 weeks, the WE43-PEO group had similar specimen strengths as

the WE43 unmodified after only 4 weeks. Figure 6.7 (b) shows the strain at σmax, where

a continuous reduction was found as corrosion progressed. Significant differences between

unmodified WE43 and the PEO surface treated groups arise from week 4 onwards, with

standard deviations being higher compared to the measured maximum specimen strength

among all groups and time points. Once more, the 12-week WE43-PEO modified group

shows a similar mechanical behaviour as between the 4-week unmodified WE43 group. The
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effective Young’s modulus (Figure 6.7 (b) bottom) shows a decrease during corrosion, where

there is little change in the WE43-PEO modified samples between two- and four-weeks im-

mersion time. Here, differences between the unmodified and PEO-modified group became

more pronounced from week 3 onwards. Again, the 12 weeks WE43-PEO group showed

similar mechanical properties to the 4 weeks unmodified group.
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Figure 6.7: (a) Results from uniaxial tensile testing for experimental data (thin lines) and simu-
lated data (thick line) for different time points left: WE43 unmodified and right WE43-PEO. (b)
Mechanical parameter evolution over time including experimental and simulated data (a) maxi-
mum specimen strength (σmax); (b) strain at σmax; (c) effective Young’s modulus; t-test; p-value
annotation legend: ns: 5.00e − 02 < p ≤ 1.00e + 00; *: 1.00e − 02 < p <= 5.00e − 02; **:
1.00e− 03 < p ≤ 1.00e− 02; ***: 1.00e− 04 < p ≤ 1.00e− 03; ****: p ≤ 1.00e− 04.
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6.3.4 Model fitting

To support the findings on the influence of PEO surface modification on the degradation and

mechanical properties of WE43, the numerical model was fitted to the experimental results

to describe surface corrosion formation and the mechanical integrity over time. Therefore,

two different models were calibrated with different input parameters (Table 6.1). To capture
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Figure 6.8: (a) Mass loss over degradation time derived from experimental data using immersion
in c-SBF. Linear regression for WE43 (dark grey dashed line) and for WE43-PEO (light grey dotted
line). Green dots correspond to the predefined mass loss for degradation simulation for WE43 and
light green crosses correspond to the mass loss input data for WE43 PEO; (b) and (c) show the
surface evolution of the gauge section of simulated WE43 and WE43-PEO over time.

the true corrosion rate of the WE43-PEO group, a deceleration factor was implemented to

slow down the initial corrosion on the exposed surface elements (which measured 15 µm),

and the kinetic parameter ku of the core WE43 material was 2 times lower in the WE43-PEO

modified model than the unmodified WE43 model. This parameter fitting demonstrates that

the protection provided by the PEO treatment continues to protect the sample from surface

corrosion throughout the entire examined corrosion period. To identify target mass losses

for the degradation simulations, correlations between time and the mass loss were calculated

for WE43 and WE43-PEO specimens, respectively (Figure 6.8 (a)). Mass loss values were

determined through PitScan with the µCT images (see Section 3.1). The green dots and
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light green crosses mark the target values for the final degradation simulations, respectively.

Figure 6.8 (b) and (c) show the predicted surface corrosion on gauge section for few time

steps from the two models and compares them to the experimentally tested samples. In

Appendix B in Figure B.1, the images from all time points are provided next to the experi-

mentally tested samples.

Contour plots of the degradation models for both groups and each time are given In Ap-

pendix B in Figure B.2. Figure 6.5 shows a quantitative comparison of the pit depth distribu-

tion predicted by the surface-based corrosion model and experiments, where both unmodified

WE43 and WE43-PEO modified capture similar behaviour to the experimental data. In par-

ticular, from week 3 for the unmodified WE43 and for the 12 weeks WE43-PEO group a

good agreement was reached with the models.

It was found that the surface-based corrosion models replicated similar trends in geometrical

features, which are included and compared to experimental data in Figure 6.6. In particular,

there is good agreement in model predictions of the minimum fitted radius (Figure 6.6 (f))

and maximum cross-sectional area loss (Figure 6.6 (d)). Factors related to the loss of the

cross-sectional area are highly correlated to the loss of the overall specimen’s strength, so

a good fit here is indispensable [20]. However, the WE43-PEO model did not capture the

average pit depth for early time steps (Figure 6.6 (c)), which derives from the selected mesh

density of 80 µm [35]. Only for the 12-week group the results agree, which agrees with the

results from Figure 6.5.

Following the corrosion simulation for each group, uniaxial tensile test simulations were con-

ducted, without any adaptation of the previously identified model input parameters through

the phenomenological alignment. Figure 6.7 (a) shows the predictions of the tensile test

response for WE43 unmodified and WE43-PEO. Firstly, a good fit for the uncorroded re-

sponse was possible (black curves). Once corrosion initiate, the corrosion model predicts

mechanical responses that are just slightly lower than the experimentally measured mechan-

ical response (except for the 3 weeks group). Both corrosion models correctly predict the
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decreasing trends across the mechanical parameters as corrosion progressed. For most time

steps, the predictions from the corrosion models were slightly lower than the σmax values

measured by experiments (see Figure 6.7 (b) top left). Figure 6.7 (b) the right plot shows

the detected strain at σmax, where a good match was generally achieved. For the effective

Young’s modulus (Figure 6.7 (b) bottom) a similar a good fit was achieved for both groups.

6.4 Discussion

This study presented a combined experimental-computational investigation that charac-

terised the corrosion behaviour of a medical grade WE43 alloy, which had undergone surface

modification through plasma electrolytic oxidation. A 12 week in-vitro immersion study

was carried out using tensile test specimens from both non-modified and WE43-PEO mod-

ified groups. It was found that the WE43-PEO modified group had a significantly lower

corrosion rate and significantly higher mechanical properties than the WE43 unmodified

specimens throughout the test period. It was also found that, while corrosion was slowed in

the WE43-PEO modified specimens, the local geometric features and characteristics of cor-

roding surfaces were very similar to the WE43 unmodified specimens, which were evaluated

through a quantitative phenomenological tracking of the surface formation. The experimen-

tal data were used to successfully calibrate the parameters of a finite element-based surface

corrosion model, whereby for the first time the PEO layer was considered as well. Through

this testing framework, this study is the first to quantitatively demonstrate that the PEO

surface treatment on WE43-based alloy protects the samples from corrosion throughout the

entire examined corrosion period here, and not just in the early stages of corrosion.

A major disadvantage of magnesium-based medical implants is their unpredictable and often

rapid mechanical deterioration, which has limited their use in load-bearing applications to

date [62, 63]. Different strategies have been used to control the corrosion rate, which have

included optimising the alloy composition, coating technologies or surface modifications.
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While other studies have examined the effect of PEO modification on bulk mass loss, bio-

compatibility and osseointegration of magnesium alloys [16, 26, 44–47], this study is the first

to quantitatively investigate localised aspects of surface corrosion and relate these features to

the resulting mechanical performance. Here, the experimental evaluation showed that PEO

modification provided significant enhancement of the corrosion performance. Overall, the

in-vitro corrosion rate of PEO modified samples within the experimental framework used in

this study was 1.5 mm/year, which was only 40 % of the unmodified samples and similar to

those found in [45]. Furthermore, the corrosion process in the early weeks was extremely low

in the WE43-PEO modified samples, with geometric quantification showing largely uniform

features and very few localised pits forming at that stage. Beyond this timeframe, and up to

six weeks, it was found that the severity of the surface corrosion features of the WE43-PEO

modified samples were less pronounced with minimum cross-sectional area loss, pit depth

and pitting factors lower than the unmodified WE43. As a result, the mechanical strength

of the WE43-PEO modified specimens was significantly higher than the unmodified WE43

at all these time points. However, significant differences in Young’s Modulus and strain at

maximum strength only arose after 3 and 4 weeks, respectively. Interestingly, it was found

that, while corrosion was slowed in the WE43-PEO modified group, the surface features of

corrosion eventually progressed in a similar way to the WE43 unmodified samples. By com-

paring time points that showed similar levels of mass loss, it was found that similar surface

features were present in the WE43-PEO modified group at 12 weeks, compared to WE43

unmodified samples at 6 weeks. Similarly, the mechanical response of the WE43-PEO mod-

ified group at 12 weeks was very similar to the mechanical response of the WE43 unmodified

group at 4 and 6 weeks. Rendenbach et al. [44] determined a similar relative differences

in an in-vivo study with a WE43MEO screw-plate system after 6 months implantation in

Göttingen Miniature Pigs, where double the amount of SV/TV (screw volume/total volume)

was present in the PEO treated group compared to the unmodified group. The halving of

the volume reduction through the PEO treatment was also confirmed within the current
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study through both experimentally and the numerical degradation model.

Furthermore, this study calibrated model parameters for a surface-based corrosion model

for both the unmodified WE43 and WE43-PEO modified group. This surface-based corro-

sion model has been shown to be effective in capturing non-uniform and localised aspects of

magnesium corrosion, with details reported previously [18, 19, 35, 64]. While many other

surface-based corrosion models have been calibrated to predict specimen strength as a func-

tion of mass loss [18, 19, 48, 52, 64, 65], there is no existing model implementation that

captures the actual geometric surface features of corrosion. In this respect, the model was

calibrated until there was good agreement between the model prediction of average pit depth,

pitting factor and maximum detected cross-sectional area loss (see Figure 6.6). Based on

this calibration, it was found that the corrosion model independently provided a good match

for the mechanical response, as well, with key mechanical parameters (i) specimen strength

(σmax), (ii) strain at maximum strength (ε at σmax) and the (iii) effective Young’s modulus

(E). This study is the first to date to simulate corrosion of PEO modified samples through

a phenomenological surface-based degradation model, whereby a discrete outer layer of el-

ements was introduced and a deceleration factor (fPEO) prescribed to this surface region.

However, through this implementation of fPEO, it was found that the kinetic parameter ku

for the WE43 core in the PEO modified group was two-times smaller than the unmodified

group. This calibrated set of parameters highlights the fact that PEO modification protects

the core material during the later stages of corrosion. While in the model this surface layer is

removed, in the experiments it is likely that the outer surface is transformed to degradation

products, which possibly persists on the material throughout the process and hence has a

beneficial effect on the degradation within the PEO modified group.

This study also investigated three separate strategies to evaluate mass loss from corroding

specimens. When determining mass loss by the hydrogen evolution method, there is already

evidence that it is subject to error, mainly because of the difficulty in fully tracking the

evolved hydrogen, which can migrate through the equipment due to its molecular size, and
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the lack of understanding of the full corrosion reaction of magnesium in aqueous solution

[66]. The previous experimental study from Chapter 4 [20] as well as other studies by Liu et

al. [34], Denkena et al. [67] and Marco et al. [30] have already found significant differences

in mass loss measurements between the hydrogen method and µCT evaluation or gravimetric

measurements, whereby up to three times higher mass loss values were reported [67]. In the

current study, the largest discrepancy was found at 12 weeks of immersion (WE43-PEO),

where a 7-fold difference was found in the mass losses calculated from hydrogen evolution

than evaluated from µCT. Thus, it seems that measurements of the mass loss through hy-

drogen evolution are constantly underestimated in this testing setup, with an increase in the

difference to µCT values over time. However, through hydrogen tracking, it is possible to

monitor mass loss values over time without removing samples, over the full immersion time.

Additionally, it was demonstrated that gravimetric evaluation using ultrasonic cleaning was

easy to implement and a safe method compared to other approaches that use hazardous

chromic acid for cleaning of specimens [27, 30, 33, 68].

In addressing the limitations of the current study, it must be emphasized that all exper-

imental data are based on in-vitro immersion tests in c-SBF buffered with Tris and CO2.

However, it is known that other corrosion media such as Dulbecco’s Modified Eagle’s Medium

(DMEM) for immersion might be closer to physiological composition of interstitial body flu-

ids and hence might reflect the in-vivo behaviour in terms of both corrosion rate and degra-

dation layer formation. However, by using c-SBF, it was possible to avoid contamination of

the used test setup during the long immersion time of 12 weeks, and due to the accelerated

degradation was more favourable to achieve reasonable mass loss during the chosen testing

time. Furthermore, the experimental data only delivered mass losses of up to 50 %, so fur-

ther data would be necessary to capture the full degradation profile until most core material

is degraded. However, the selected immersion time of 6-12 weeks roughly corresponds to

a time of 15-30 weeks in-vivo [69], which covers the normal healing timeframe of a bone

fracture, where these magnesium-based implants are used. Finally, despite the good pre-
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diction of several geometrical corrosion features using the surface-based degradation model,

it was noticeable that it does not correctly capture the pit density, which arises due to the

chosen element size (80 µm). However, these models were sufficiently large so that results

were calculable within a reasonable time, both for degradation simulation and the structural

mechanical analysis. Furthermore, the approach of simulating the PEO surface layer by a

one element layer, should investigated in more detail by implementing more surface elements

representing, since currently the removal of the PEO layer only depends on the one element

at the interface. In addition, the current approach of representing the PEO surface with

a single element layer should be further investigated. Specifically, the accuracy of this ap-

proach could be potentially improved by implementing multiple surface elements to better

capture the characteristics of the layer. Currently, the removal of the PEO layer is solely

determined by the one element at the interface, which may not fully capture the complexity

of the layer.

6.5 Conclusion

This study demonstrated that PEO surface modification significantly enhanced the corrosion

performance of a medical grade WE43 magnesium alloy. It was found that the WE43-PEO

modified specimens had corrosion rates that were two times lower than the WE43 unmodified

group, with significantly higher mechanical properties in the PEO modified group throughout

the whole test period. Our study demonstrated that PEO surface treatment on medical

grade magnesium alloys can provide samples with protection from corrosion throughout the

entire corrosion process, and not just in the early stages of corrosion. It was also found

that, while corrosion was slowed in the WE43-PEO modified specimens, the general local

geometric features and morphology of corroding surfaces were still very similar to the WE43

unmodified specimens but took place on a different timescale. This study also presented a

numerical degradation model, which was calibrated through fitting with phenomenological
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corrosion features detected with PitScan. This enabled, for the first time, in-silico prediction

of both the physical features of corrosion and the resulting mechanical performance of both

unmodified and PEO modified magnesium specimens. This simulation framework can enable

future in-silico design and optimisation of bioabsorbable magnesium devices for load-bearing

medical applications.
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Chapter 7

Predicting in-vitro corrosion performance and

mechanical integrity of WE43Magnesium bone

plate designs through in-silico modelling

7.1 Introduction

Bioabsorbable magnesium-based implants have the potential to overcome certain complica-

tions that arise with permanent metallic implants, as they are completely absorbed by the

human body once the surrounded tissue is fully healed. Magnesium alloys have excellent

mechanical properties, good biocompatibility and show both osseointegration and osteo-

conductive effects [1–5]. However, challenges still remain with magnesium-based implants

and rapid corrosion rates can lead to early failure of implants. Furthermore, hydrogen for-

mation during the corrosion process can also cause necrotic cell death of the surrounding

tissue [6]. To control the degradation process, two main approaches are used, whereby (i)

alloy composition is optimised or (ii) surface treatments are used to provide a protective

layer against corrosion. Through the in-vitro study in Chapter 6, it has been shown that

plasma electrolytical oxidation (PEO) surface modification decelerates the overall corrosion

rate of magnesium WE43 significantly. However, localised corrosion is still unavoidable due

to impurities in the alloy through the manufacturing process and the presence of Chloride

ions, which break down the protective degradation layer [7, 8]. From the experimental work

conducted in Chapters 4 and 6, it has been shown that degradation proceeds through a non-
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uniform surface-based corrosion process, which presents certain challenges when designing

load-bearing orthopaedic implants.

Bioabsorbable magnesium-based implants have a range of potential orthopaedic applications,

with several fixation and interference screws having already achieved clinical success and are

available on the market. There is further potential to develop magnesium-based bone plates

for fracture fixation in either foot or hand reconstructions [9]. However, the development

of these devices presents some further challenges, as the required material volume is much

higher compared to individual fixation screws. This implies that the overall amount of hy-

drogen released by the implant during the corrosion process will be greater, which could lead

to complications in the implanted region. In designing these implants, design optimisation

and the minimisation of material usage becomes increasingly important. This is particularly

relevant as, while baseline alloy compositions might be similar, magnesium-based implants

can be produced through a range of different production processes, which could result in

different surface structures, provoking differences in corrosion rates and mechanisms [10].

The target functional properties of magnesium-based orthopaedic implants are that they

should provide enough structural support in the first number of months, while minimizing

the amount of material used to limit the overall amount of hydrogen that is released dur-

ing degradation. To streamline the development process of biodegradable implants, degra-

dation models can be beneficial to optimise the corrosion performance. In Chapter 6, a

phenomenological surface-based finite element degradation model was calibrated to a WE43

medical grade magnesium alloy, in both unmodified and PEO surface modified conditions.

This was based on an extensive in-vitro immersion study of uniaxial tensile test specimens

that identified input parameters of the corrosion models to match the morphological features

of surface-based corrosion and the resulting mechanical integrity. While this surface-based

degradation model has shown an excellent match following model calibration in this previous

study, further independent validation of the model parameters is required to demonstrate the

functionality of the degradation model in the design optimisation of orthopaedic implants.
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In this study, the predictive power of a calibrated surface-based corrosion model was evalu-

ated through a case study that uses orthopaedic bone plates manufactured from magnesium

WE43. Both unmodified and PEO-modified bone plates were designed and manufactured,

with in-vitro immersion testing conducted under the same testing conditions that were de-

scribed in Chapter 6. After immersion, four-point bending tests were conducted to evaluate

the mechanical response of the plate designs during the corrosion process. In parallel, finite

element models of the bone plates were generated, with degradation models used to simulate

the corrosion process based on the previously calibrated model parameters. The perfor-

mance of these models was assessed by simulating the resulting four-point bend behaviour

and comparing to the experimental data. In addition, a simulated design study was carried

out to adapt the design of the bone plates to enable a reduced material volume, without

reducing the mechanical performance.

7.2 Material and Methods

7.2.1 Sample preparation

A total of 14 generic 8-hole bone plates were manufactured from WE43MEO (Meotec GmbH,

Aachen Germany, chill-casted and extruded) in accordance to ASTM F382-17 minimal spec-

ification [11]. WE43MEO is the same magnesium alloy as the tensile specimens from Chap-

ter 6 and material composition was tested through inductively coupled plasma atomic emis-

sion spectroscopy (ISC-OES) measurements, to confirm the specification. Bone plates were

manufactured from an 8 mm diameter rod (Swiss GT 13, Tornos, Switzerland) until the

plates had a thickness of 1.8 mm. A final thickness of 1.6 mm was achieved by manual sand-

ing using 120 and 320 grit silicon carbide sandpaper. Holes were initially machined with a

diameter of 2 mm and then finally increased to 3.2 mm with a drill press. The final geometry

of the plates is shown in Figure 7.1 (a), with these designs having similar dimensions within
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the range of orthopaedic plates for the foot [12, 13].

Prior to immersion testing, one sample group underwent plasma electrolytic oxidation sur-

face modification following the same protocol as described in [14] and employed in Chapter 6.

Briefly, a pulsed rectifier set (M-PEO A1, Meotec GmbH, Germany) and phosphate-based

electrolyte (Kermasorb®, Meotec GmbH, Germany) were utilized, while process parameters

were chosen to achieve a target surface thickness of 15 µm. Prior to immersion, all sam-

ples were weighed using a precision balance (Kern ABJ-NM/ABS-N, e = 0.001 g, KERN &

SOHN GmbH, Germany).

7.2.2 Immersion testing

Immersion testing was carried out over a 28-day period, with an intermediate time step

defined at 14 days, whereby n = 3 plates were used at each time point for both the unmodified

and PEO-modified groups. Testing followed the same protocol as described in Chapter 6,

whereby samples were immersed in a 500 mL c-SBF filled glass beaker [15]. This resulted in

a volume (V) to surface (S) ratio of V/S = 0.594 mL/mm2, which was above the minimum of

0.2 mL/mm2 required by ASTM G31-21 [16]. Hydrogen evolution was measured by capturing

hydrogen gas in an inverted funnel burette, with readings taken twice a day, whereby 1 mol

of magnesium corresponds to 1 mol of evolved hydrogen [17]:

Mg + 2H2O→ Mg(OH)2 + H2 ↑ (7.1)

Immersion testing was performed under cell culture conditions in an incubator (CellXpert

C170i, Eppendorf AG, Hamburg, Germany) at 37 °C± 1 °C with a constant CO2 atmosphere

of 1.5 % to maintain a physiological pH of 7.4. After removal, the pH of each solution was

measured (FiveEasy F20, Mettler-Toledo GmbH, Germany) and samples were rinsed with

deionized water and ethanol before they were fully dried.

Based on the findings from Chapter 6, measurements of mass loss from hydrogen evolution



IN-SILICO MODELLING OF WE43 BONE PLATE DESIGNS 221

method are generally underestimated [18–22]. Therefore, all plates underwent several ul-

trasonic cleaning cycles after mechanical testing to obtain accurate measurements of mass

loss through weighing. To remove brittle particles, the samples were first cleaned with a

brush and then immersed for ten minutes in a deionized water ultrasonic bath (Emmi 20

with 45 kHz, EMAG AG, Germany), cleaned for ten seconds in pure ethanol, and dried for

five minutes at 70 °C in an oven (UNB 100, 14 L, Memmert GmbH + Co. KG, Germany).

Samples were weighed every fourth loop using a balance (Kern ABJ-NM/ABS-N, e = 0.001

g, KERN & SOHN GmbH, Germany). The cycle restarted from the beginning until the

mass difference between four cycles was less than 0.5 %.

7.2.3 Four-point bend testing

Static four-point bending tests were performed in accordance to ASTM F382-17 [11] using

an uniaxial testing machine (DYNA-MESS TP 5 kN HF, DYNA-MESS Prüfsysteme GmbH,

Germany). A schematic of the four-point bend configuration and the corresponding test

set-up is provided in Figure 7.1 (b) and (c), respectively. The machine was equipped with

supports/rollers that were custom-made from PLA, which had a diameter of 6 mm and had

stainless steel rods that were fixed with a rubber band to serve as support points on the

plate. An even force distribution on the panel was achieved by placing the rollers at equal

distances from each other, with a span of 12 mm used between each roller/support. Uniaxial

displacement loading was applied with a constant velocity of 0.1 mm/s up to a displacement

of 12 mm.

7.2.4 Finite element modelling – validation

A finite element model with the same geometry as the tested bone plates was built in

Abaqus/CAE (Dassault Systèmes Simulia Corp., RI, USA), as shown in Figure 7.2 (b) de-
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Figure 7.1: (a) Dimensions bone plate (b) Schematic overview of the four-point bending test
setup (c) corresponding photograph of the four-point bending test setup.

sign A. A characteristic element size of 80 µm was used (similar to the tensile specimens

in Chapter 5 and 6), which resulted in a total of 1.03 million three-dimensional reduced

integration brick elements (C3D8R) for the unmodified WE43 samples. For the WE43-PEO

surface modified sample, an additional surface layer of solid elements was included on the

surface of the model that had a thickness of 15 µm and resulted in a total of 1.17 million

C3D8R elements.

A calibrated elastic-plastic constitutive material model was chosen to predict the mechanical

response of the WE43 material, which used the same parameters as those described in Chap-

ter 5 and 6 and shown in Table 7.1 (b) [23]. Corrosion simulations were carried out using

Python, by exporting nodal and element data from Abaqus. This enabled larger models to

be simulated (> 100,000) in a lower amount of computational time. The script returned a

list of the elements to Abaqus to remove those elements from the initial finite element mesh.

Similar to Chapter 5 and 6, the enhanced surface-based corrosion model was used to predict

the corrosion performance of the bone plates. This is explained in detail in Sections 5.2.2

and 6.2.4. Briefly, this enhanced surface-based corrosion model used a continuum damage

mechanics approach described by Quinn et al. [24] to achieve realistic spatial progression of

corrosion. Non-uniform corrosion was governed by assigning a random number distribution
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Figure 7.2: (a) four-point bending simulation set-up, (b) Dimension of the three generic bone
plate designs.

to all elements, which is represented by a standard Weibull shape function, which controlled

the severity of localised corrosion. Following the calibration process in Section 6.2.4, this

bone plate models used an identical set of parameters for corrosion simulations here. These

are summarised below in Table 7.1 (a).

Surface-based corrosion was simulated for both the unmodified WE43 and WE43-PEO

modified groups for the same 28-day time period. Four-point bend testing was simulated at

the same time points as the experimental tests (day 0, 14 and 28). For these simulations, the

rollers/supports were assumed as discrete rigid bodies, which were represented in Abaqus as

R3D4 elements. Figure 7.2 (a) shows the four-point bending simulation setup. The general

contact algorithm in Abaqus was used, whereby a friction coefficient of 0.3 in the tangential

direction was assumed between the plate and the rollers.

7.2.5 Design optimisation

To optimise the plate design, two other geometries were simulated for both the unmodified

WE43 and WE43-PEO modified materials, as shown in Figure 7.2 (b). Plate design B had
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Table 7.1 Input parameters of the degradation simulations for WE43 alloy and WE43-PEO

(a) Input parameters degradation model

Parameter WE43 WE43-PEO

ku 0.05 0.0025

γ 0.6 0.6

β 1.0 1.0

B 3.0 3.0

fPEO - 0.0015

(b) Elastic-plastic material parameters for WE43
and WE43-PEO

Parameter Value

Young’s modulus (E) 44.703GPa

Density (ρ) 1.84 g/cm3

Poisson ratio (ν) 0.3

Yield stress (MPa) True Plastic strain

230.04 0.

229.59 0.00029

235.40 0.00643

247.92 0.02990

265.67 0.05166

284.68 0.07424

302.16 0.09617

317.50 0.11763

330.60 0.13883

341.29 0.15982

349.00 0.1793

355.00 0.19422

357.00 0.1985

a reduced thickness of t = 1.2 mm compared to the initial geometry (t0 =1.6 mm). Plate

design C retained the original thickness and considered round cut-outs from each screw holes

to maintain the minimum characteristics of the initial plate. Both design adaptations were

developed for WE43 and WE43-PEO with the same element size (80 µm) as the initial design,

which resulted in approximately 1 million C3D8R elements. Again, surface-based corrosion

was simulated for both the unmodified WE43 and WE43-PEO modified groups for both

design B and design C over the 28 day time period. Four-point bend testing was simulated,

as before, with the maximum bending force compared across each group (unmodified WE43

and PEO modified WE43).
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7.3 Results

7.3.1 Immersion testing and four-point bending testing

Figure 7.3 shows images from one bone plate from the (a) unmodified WE43 and (b) WE43-

PEO modified group after each time point. Here, the as-manufactured day 0 samples are

shown, while the corroded and dried samples are shown at 14 and 28 days after removal from

immersion media, with additional samples shown after mechanical testing and ultrasonic

cleaning. It was found that as soon as samples were immersed, a thick degradation layer

started to evolve on the plate surface in c-SBF [25], which meant that it was difficult to

quantify the local severity of corrosion without removing the degradation products. However,

after ultrasonic cleaning, differences between the unmodified WE43 group and the WE43-

PEO modified group become visible across both time points.

(a) WE43

1
4

 d
ay

s

2
8

 d
ay

s

1
4

 d
ay

s

2
8

 d
ay

s

Bended and cleaned

(b) WE43-PEO

14 days

28 days

14 days

28 days

Bended and cleaned

Figure 7.3: Images of the undegraded, degraded, four-point bending tested and ultrasonic cleaned
samples (a) WE43 (b) WE43-PEO.

Figure 7.4 (a) shows the hydrogen evolution in mL/cm2 (secondary y-axis) and corresponding
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mass loss calculated through Equation (7.1) with the chemical reaction of magnesium in

aqueous solutions. Across both the unmodified WE43 and WE43-PEO modified groups,

hydrogen evolution showed an initial steep increase, followed by a more constant evolution.

Moreover, the detected standard deviation for both groups was low, which is represented by

shaded areas around the mean values (n=3 per group).

(a) (b)

*** ***

Figure 7.4: (a) Determined mass loss from evolved hydrogen and determined mass loss through
gravimetric measurements by ultrasonic cleaning (b) detected pH in the immersion solution after
sample removal.

Figure 7.4 (a) also provides the mass loss of both groups at each time point (14 and 28

days), derived through gravimetric methods with ultrasonic cleaning. As before, hydrogen

evolution underestimated the overall mass loss by a factor of ∼ 2 compared to the ultrasonic

cleaning. Here, the total mass loss of the WE43-PEO modified plates was almost half of

the unmodified WE43 at both time points considered. Additionally, pH values are shown in

Figure 7.4 (b), whereby a significantly lower pH was observed for the PEO modified WE43

group compared to unmodified WE43. Thus, the pH values for both time points of the

unmodified WE43 group exceeded the specification of ASTM F3268-18a (7.4± 0.2) [26], due

to the high absolute amount of corrosion products that were presented. However, the same

testing conditions as in Chapter 6 were required to avoid any differences in performance.

Figure 7.5 shows the force-deflection curves from the experimental four-point bend testing

for all samples. Both the stiffness and peak loads for both WE43 and WE43-PEO groups at
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day 0 were similar. As corrosion proceeded, there was a general reduction in the peak force
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Figure 7.5: Force deflection curves for WE43 and WE43-PEO, undegraded, 14 and 28 day de-
graded from four-point bending testing. For clarity, only one representative curve is shown for day
0 samples.

achieved across all corroding samples, with the unmodified WE43 having a lower stiffness and

peak force compared to WE43-PEO modified group at each time point. After 14 days, the

peak force of the WE43-PEO modified samples was 35 % higher than the unmodified WE43

group at this time point. At 28 days, the WE43-PEO modified samples were 66 % higher than

the unmodified WE43 group. At both time points, these higher peak forces corresponded

to a lower mass loss of the WE43-PEO modified group compared to the unmodified WE43

group. It should also be noted that at 28 days, one of the unmodified WE43 samples failed

at a deflection of just 7 mm, which may have been a result of highly localised corrosion in

areas under bending.

7.3.2 Degradation and four-point bending simulations

Figure 7.6 (a) shows the corrosion rate, which is plotted as mass loss over immersion time,

from both the experiments, shown as data points, and the computational simulations of

corrosion on the generic bone plates. Here, the experimental corrosion rates were lower than

those initially predicted by the calibrated models from Chapter 6 for both groups (solid
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lines). As a consequence of the predicted corrosion rate being higher than experimental

(a) (b)

Exp. time points:

Figure 7.6: (a) Calibrated degradation rate identified in Chapter 6 and the adapted rate used for
the simulations to fit experimentally tested plates. (b) Force-deflection response of the simulation
(solid lines) compared to the experimental response (shaded areas).

values, a further calibration was carried out, whereby the identified mass loss values for the

two time points (14 and 28 days) were used as target values for the respective degradation

models. This ensured the same corrosion formation as the experiments and enabled me-

chanical responses to be compared and further design optimisation to be carried out. It is

important to note that the kinetic parameter presented in Table 7.1 (a) was not modified in

this study. Instead, the conversion of the accumulated damage increment from the number

of loops was adjusted to align with the time points of 14 and 28 days, respectively. Based on

this adapted rate, the simulated degradation models are shown in Figure 7.8 and the corre-

sponding force-deflection curves derived from the four-point bending simulations are shown

in Figure 7.6 (b). Here, the resulting force-deflection curves from the simulations generally

show good agreement with the experimental data across the various time points, with a

general reduction in stiffness and peak forces captured by the model as corrosion progressed.

Furthermore, the relative differences between the unmodified WE43 and the WE43-PEO

modified was captured. However, the simulations slightly over-predicted the response after

a peak force and did not quite capture a drop in force that occurred in the experiments.

Figure 7.7 shows the peak deflection force over mass loss for all experimentally tested bone

plates and the respective simulated data points. Results show, for the WE43-PEO modified
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Figure 7.7: Peak deflection force over mass loss for all experimentally tested bone plates and
the respective simulated data points. (Mass loss values here were taken from the gravimetric
measurements with ultrasonic cleaning.)

group, absolute differences between the simulated and experimental values of 23 N (14 %)

for 14 days and 17 N (12 %) for 28 days. For WE43 unmodified, the differences between the

average maximum force and the simulated results are for both time points almost negligible

with 4 N. In general, for unmodified WE43, a greater consistency of the simulations with the

experimental data is visible, compared to the PEO surface modified models. Interestingly,

all data points in Figure 7.7 are almost linearly correlated, within the examined range of

mass loss values, independent of the surface treatment.

Figure 7.9 shows the Von Mises stress distribution for the last time increment of the four-

point bending simulations of the previous corroded models of both groups, unmodified WE43

and WE43-PEO modified. Peak stresses always occurred around the holes, where the highest

deflections were also detected. Although, the stress distribution around each hole is not the

same, which can be attributed to the occurrence of localised corrosion. Thus, areas with

more localised corrosion are more highly stressed compared to less corroded areas. It should

be noted that some simulations had convergence issues and weren’t able to reach the full

predefined deflection of 12 mm.
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(a) WE43 (b) WE43-PEO
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Figure 7.8: Finite element models of designs A, B, C after the respective degradation simulations
for 14 and 28 days for WE43 and WE43-PEO.
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Figure 7.9: Von Mises stress distribution for models degraded for 14 and 28 days for WE43 and
WE43-PEO. Some simulations ran into convergence before reaching the final deflection of 12mm.
(Mass loss is abbreviated as ML).
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7.3.3 Design comparison

Additionally, two other plate geometries were simulated, to examine the influence of the

plate design on the resulting mass loss and remaining deflection force during corrosion. Fig-

ure 7.8 shows the predicted corrosion in the unmodified WE43 and WE43-PEO models for

all designs, respectively. Here, design B is 0.4 mm thinner compared to design A, while C was

equipped with circular shaped cut-outs, to keep the minimum characteristics of the initial

plate. The full simulated force deflection response of the four-point bending tests of design

B and C are shown in Figure 7.10. In general, also design B and C do not show a clear

CB

(a) (b)

Figure 7.10: Full force deflection response of four-point bending testing of (a) plate design B and
(b) plate design C. (Legend in (a) applies also to (b)).

drop once the peak force is reached for all conducted simulations. The thinner plate design

B showed a lower deflection force compared to design C at all time points for both groups,

unmodified WE43 and WE43-PEO. Including the force deflection curves from Figure 7.6 (b)

for the initial design A, a similar force deflection response over the time points was found

for design C for both groups, shown in Figure 7.10 (b).

Measurements of the material loss and the corresponding peak deflection force, and immer-

sion time are plotted among each other in Figure 7.11. For unmodified WE43, Figure 7.11

(c) shows that, due to its thinner profile, plate B has substantially lower peak forces at 14
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and 28 days compared to plate design A. However, Figure 7.11 (a) shows that the difference

in the absolute material loss between design A and B is almost zero for the two time points.

While PEO modification slows the corrosion rate of plate B, there is still a lower remaining

peak deflection force compared to unmodified plate A. Considering design C (triangle shaped

markers in Figure 7.11), there is ∼ 10 % less material loss taking place compared to design

A. While at early time points, plate C achieves a slightly lower peak force compared to plate

A, both designs achieve almost the same force at 28 days for the unmodified samples. In the

PEO modified samples, the slightly lower peak force in design C compared to design A is still

evident at 28 days, although these properties are achieved with less material loss. The differ-

ence between the unmodified WE43 and WE43-PEO group might be related to the overall

less degraded PEO modified group, which induces the need for more data. With design C,

the absolute amount of material loss is reduced, while providing similar mechanical stabil-

ity as with design A. Design C is therefore favourable due to less amount of accompanied

hydrogen release.
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(a) (b)

(c)

Figure 7.11: Simulation results of the plate designs A,B and C. (a) Total material loss over
immersion time; (b) Peak deflection force over total material loss; (c) Peak deflection force over
immersion time.
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7.4 Discussion

In this study, a finite element phenomenological based degradation model [24, 27], which was

calibrated in Chapter 6 to tensile test specimens, was assessed to predict the degradation

performance for different bone plate designs. Here, again two groups were examined: (i) un-

modified WE43 and (ii) WE43-PEO which underwent PEO surface modification. Using the

same testing conditions as the in-vitro immersion tests in Chapter 6, a total of 12 generic

bone plates were degraded for 14 and 28 days for both groups. Mechanical testing was

performed through four-point bending testing. Additionally, two other plate designs were

examined through degradation simulations, followed by structural mechanical finite element

analysis.

It was found that the corrosion model parameters that were calibrated in Chapter 6, related

to the corrosion rate, did not capture the experimental degradation rates of the bone plates.

Model parameters dictating the severity of localised corrosion were not adapted and were

taken from Chapter 6. With the adapted lower rate, the corrosion models were able to repro-

duce the mechanical response of the plates undergoing corrosion within in-vitro immersion

testing over the two time steps. In the current study, it was again shown that PEO surface

modification on the WE43 magnesium alloy was effective in reducing the corrosion rate.

Furthermore, it was shown that relatively simple design changes can be used to enhance

the performance of the bone plates during the corrosion process. If the corrosion process is

known, design adaptation might be different to those made to conventional implants made

from Titanium or Stainless Steel.

In this study, the performance of the calibrated surface-based corrosion model was evaluated

through a case study of an orthopaedic bone plate manufactured from magnesium WE43.

Here, it was found that the calibrated model parameters from Chapter 6 did not correctly

predict the degradation rates of the bone plate during the corrosion experiments. Thus, an

adapted rate had to be chosen within the current study, to match the mass loss values from
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the degradation simulations with the experimentally immersed plates. These differences may

arise from difficulties in the reproducibility of the experimental in-vitro immersion testing,

with different specimen geometries [10, 21]. While this study used an identical test setup

Chapter 6, there are several potential reasons for differences in the measured rates. Firstly,

the geometric features of the plates were substantially different and had a surface area that

was four times greater than the exposed gauge section area of the tensile test specimens

in Chapter 6. Under immersion, this meant that more corrosion products arise, which re-

sulted in high pH values (WE43> 7.8; WE43-PEO> 7.55). These values were too high for

unmodified WE43 and at the limit of the permissible (7.4± 0.2) for WE43-PEO, according

ASTM F3268-18a [26]. These higher pH values could be a reason for the lower degradation

rates, since it is known that higher pH values will protect specimens from corrosion [28].

Additionally, for the dog bone samples from Chapter 6 the mass loss values were derived

from µCT scans, while within the current study µCT scans were not available and gravi-

metric measurements with ultrasonic cleaning were used. In Chapter 6 in Figure 6.4 (c) it

was shown that these gravimetric measurements resulted in a 10 % lower rate for unmodified

WE43 and a 6 % lower rate for WE43-PEO. While the bone plate used the identical alloy,

the semi-finished product for the bone plate had a larger diameter (8 mm) than the semi-

finished product from which the tensile specimens were made (6.5 mm). Furthermore, the

bone plates were manually ground to their final thickness of 1.6 mm. Finally, all the above

described points influenced in certain degree the corrosion rate, which highlights the chal-

lenges in achieving comparable, reproducible results among different test series. Although,

with the adapted rates, both degradation models (WE43 and WE43-PEO) were able to fol-

low the same trends as the experimental data, in terms of the rate, as well as the mechanical

response for the two examined time points.

The use of magnesium-based implants in load-bearing applications remains limited due to

their relatively fast corrosion rates [29, 30] and unavoidable localised corrosion effects. Few

in-vivo studies tested magnesium-based bone plates up to date [3, 31–35], with each study
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examined only one design. Mostly a generic bone plate design was used, or the same design

as conventional bone plates, which induces the need for an additional testing approach to

assess several designs to avoid cost-extensive in-vitro or even in-vivo testing, in terms of their

mechanical integrity while corrosion progresses. Considering the results from the two design

adaptations, highlighted that even simple geometric adjustments can lead to a reduction in

the total material loss while maintaining the same mechanical support. With the thinner

plate design B, only a minor total material loss was achieved, while a massive reduction of 53

and 66 % deflection force was observed at 28 days for the unmodified WE43 and WE43-PEO

group, respectively. Design C, on the other hand, had the same thickness as design A with

round cut-outs, which kept the minimum characteristics of the initial plate. For WE43-PEO

at 28 days, a total of 10 % less mass loss is detected with 9.4 % less corresponding deflection

force. Interestingly, with WE43 at 28 days, also 10 % less total mass loss is detected while a

9 % higher peak force was reached with design C. This is attributed to the localised corrosion

effect. Consequently, design C is favourable compared to design A.

In addressing the limitations of the current study, it should be noted that same material

properties were assumed for the bone plate designs as for the tensile specimens in Chapter 6,

even though the plates were manufactured from a 8.0 mm rod while the initial samples were

turned from 6.5 mm rods. Additionally, variations in the mechanical properties of the magne-

sium alloy are unavoidable along the full length of the final extruded rod, which could result

in variations in mechanical properties of the undegraded samples already. Furthermore,

four-point bending testing of localised corroded samples can result in a different response if

highly attacked areas of corrosion are in the high stressed areas or if they are located in the

minor stressed areas. Consequently, different force deflection responses will arise.

Comparing the identified in-vitro corrosion rates to in-vivo data, might be challenging, since

it is known, that higher corrosion rates with in-vitro testing in c-SBF are reached compared

to in-vivo [21]. Nevertheless, an accelerated degradation performance is favourable in this

context to achieve reasonable mass loss within a shorter testing period. Additionally, in the
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used in-vitro setup, the hydrogen evolution method is vulnerable to errors due to leakage

through the equipment. Further it is known that the evolved hydrogen is also built in the

degradation layer itself, and up to date the full reaction of magnesium alloys in aqueous solu-

tion is not fully understood [18, 22, 36]. A correct determination of the final mass loss values

is crucial for the later degradation model. Within this study, those values were taken from

gravimetric measurements by ultrasonic cleaning of the degradation products. In Chapter 6,

it was shown that those results show only slightly lower mass loss values compared to the

determination through µCT-scans. For a sufficient validation of the degradation models and

therefore a definition of the full degradation process of an implant, more in-vitro data is nec-

essary, with a wider sample set, as well as, more time points with a longer immersion time.

Additional in-vitro testing of design B and C would be beneficial to support the outcomes

of the degradation models.

7.5 Conclusion

In this study, degradation models, which were calibrated through initial in-vitro testing of

tensile test specimens, were applied to different generic bone plate models. Whereby, one

design was additionally manufactured from the same WE43 magnesium alloy and were sub-

jected to the same test cycle as the tensile specimens, but mechanical testing was conducted

through four-point bending tests. Two groups were examined, the WE43 base alloy and a

PEO surface modified group. Through in-vitro testing, as well as the degradation model,

the decelerating effect of the PEO modification was demonstrated and resulted in general

up to 50 % less total mass loss within the same degradation time. However, no agreement

in terms of the degradation rate was reached due to inconsistencies within the experimental

in-vitro testing. Though, the degradation model was able to predict the same force-deflection

response with an adapted degradation rate for unmodified WE43 and PEO modified WE43.

Furthermore, it was shown that with biodegradable materials within the design development,
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the degradation behaviour should be considered, whereby degradation models have the po-

tential to safe cost-intensive in-vitro and in-vivo tests. It should be carefully considered how

long implants have to support the fractured tissue, to be able to save as much material as

possible and thus reducing hydrogen formation to a minimum, which might avoid compli-

cations at a later stage. Here, the bending force of plate C with round cut-outs to keep

minimum characteristics of the initial plate design, resulted in the same values as the initial

plate, but with a reduction of 10 % total mass loss.
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Chapter 8

Concluding Remarks and Future Perspectives

8.1 Summary of Key Contributions

For the treatment of bone fractures, a wide variety of orthopaedic fixation implants are

available, including screws, plates, nails and wires, with the vast majority of these implants

made from titanium or stainless Steel. However, the presence of these permanent metallic

implants can cause complications in certain indications, such as the occurrence of stress

shielding, which requires implant removal through a second surgery exposing patients to fur-

ther risk and subjecting them to an additional recovery period [1, 2]. Recently, bioabsorbable

magnesium-based implants are receiving increasing attention due to their excellent biocom-

patibility, osteoconductive properties and their similar mechanical properties to native bone

[3–5]. However, there are still key issues to be addressed in the field of magnesium-based

implants due to non-uniform and localised corrosion mechanisms that take place, which

presents significant challenges during the design and development process in both character-

ising and predicting the degradation of these devices.

This thesis has provided substantial technical and scientific contributions that address some

of the key challenges in understanding and predicting corrosion in magnesium-based ma-

terials. The key technical contribution has been to develop a Python-based automated

detection framework that quantifies the spatial features of surface-based corrosion formation

of magnesium specimens through cross-sectional images derived from either micro-computed

tomography (µCT) or simulated models. This framework, PitScan, quantifies surface-based

corrosion, not only in terms of overall mass loss, but also in terms of the key morphological pa-
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rameters that describe both the extent and distribution of non-uniform corrosion. In parallel,

the thesis also implemented an enhanced surface-based corrosion model through a combined

Python-based finite element framework to enable robust predictions of both the geometrical

features and mechanical integrity of corroding specimens. The key scientific contributions

have been, for the first time, to establish quantitative correlations between the extent and

distribution of surface-based corrosion and the mechanical strength of magnesium specimens

through an in-vitro immersion study. Based on these, several new surface-based corrosion

parameters were proposed that provided a better mechanistic link with the mechanical per-

formance of specimens. Furthermore, the thesis identified that plasma electrolytic oxidation

surface modification, not only significantly reduces the corrosion rate, but also reduces the

rate of the mechanical deterioration. This information has the potential to streamline the

design development of magnesium-based implants. In the following, further details of the

key contributions and main findings from each study are outlined.

In Chapter 4, the automated Python-based detection framework PitScan was developed to

systematically assess the spatial formation of corrosion. This framework used binary cross-

sectional images of circular shaped tensile specimens to identify the current surface profile

through edge detection, whereby local minima and maxima were identified through micro-CT

scanning. Several parameters describing the geometrical features were quantified, including

pit density, pit size, pit depth, and pitting factor as per ASTM G46-94 [6]. Through an in-

vitro immersion study of tensile specimens, it was demonstrated that several of these features

from ASTM G46-94 showed little correlation to the mechanical strength of specimens under-

going corrosion. However, several new parameters were proposed that provided meaningful

correlation to the specimen strength. Typically, these tended to be directly related to the

specimen’s cross-sectional area. Until now, the vast majority of studies have not considered

quantitative measurements of localised corrosion, and instead rely on bulk measurements

of mass loss through a range of techniques [7–15]. Studies that have assessed the effects

of localised corrosion have typically only done so through qualitative visual inspection of
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surfaces or cross-sections [16–20]. However, these techniques provide limited information on

the important features of corrosion, which is critical considering their detrimental impact

on the mechanical performance of magnesium-based implants. The development of PitScan

provides a reliable method of tracking surface-based corrosion and could be adopted as a

standard for corrosion measurements throughout the research community.

In Chapter 5, a computational model was implemented to further explore the correlations

between the severity and distribution of localised corrosion with the mechanical integrity.

This framework uses an enhanced surface-based finite element corrosion model to simulate

the formation of a wide variety of corrosion morphologies, varying from fully uniform to

severe localised corrosion. Using this computational approach, corrosion formation was sys-

tematically tracked through the PitScan framework. By simulating uniaxial tensile testing,

the mechanical response of each corrosion scenario was determined and quantitative rela-

tionships were demonstrated between corrosion formation and key mechanical parameters,

including specimen strength, strain at maximum strength and the effective Young’s modulus.

Again, it was found that the minimal cross-sectional area parameter was the strongest pre-

dictor of the remaining mechanical strength, with this study showing that this relationship

was independent of the severity of localised surface corrosion. Furthermore, it was found

that uniform degradation models failed to fully capture the mechanical response of corroding

magnesium especially in terms of predicting the remaining strain of samples undergoing cor-

rosion. Importantly, this study was the first to show that a surface-based corrosion model

could capture both geometrical features of corrosion and the resulting mechanical perfor-

mance of a magnesium-based alloy undergoing corrosion.

Chapter 6 examined the influence of a plasma electrolytic oxidation (PEO) surface treat-

ment on a WE43 medical grade magnesium alloy, in terms of the phenomenology of surface

corrosion and the mechanical integrity. Testing followed a similar protocol as in Chapter 4,

although with a higher amount of samples and a longer testing time. This investigation

indicated that PEO treatment significantly decelerated the corrosion rate of the WE43 alloy
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compared to unmodified controls. While results showed a deceleration by half in terms of the

overall mass loss, mechanical parameters, as well as the phenomenological surface features

(calculated through PitScan), it was also found that surface corrosion spatially proceeded in

a very similar manner in the PEO modified group. This highlights that PEO modification

decelerates the progression of corrosion, but does not impact the extent or morphological

features of localised corrosion compared to the unmodified WE43 specimens. Calibration

of the degradation model was performed on the phenomenological corrosion features, while

mechanical parameters followed and no additional adaptation of the model input parameter

was conducted. Thus, both models for unmodified WE43 and PEO-modified WE43 can not

only capture key geometrical corrosion features, describing the accuracy of the surface mor-

phology under corrosion, but also these models can predict the current mechanical integrity.

Finally, in Chapter 7, the performance of the surface-based corrosion model was investigated

by applying the model to a generic bone plate geometry for unmodified and PEO-modified

WE43 magnesium alloys under four-point bending loading. To validate the results, an ex-

perimental in-vitro immersion study was conducted using this bone plate design, followed by

four-point bending testing. The simulated results of the corrosion model generally showed

good agreement with the in-vitro study. However, the degradation rate of the models had

to be adapted compared to the results from Chapter 6. To highlight the potential of the

degradation model in the design development chain of degradable implants, two other bone

plate designs were simulated. It was found that thinning the plate by 25 % resulted in an

insufficient saving of the overall material loss of 7.3 %, but led to drastic reductions in the

corresponding deflection force of ∼66 % compared to the initial design. On the other hand,

using a design with round cut-outs, which kept the minimum characteristics of the initial

plate, resulted in an overall reduction in the amount of degraded material of ∼10 %, with

no reduction in the deflection force. This model analysis provides a practical example of

how the corrosion model could be used to optimise the design of magnesium-based devices

and potentially reduce the amount of material while maintaining mechanical support, thus
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avoiding high amounts of hydrogen released during the corrosion process.

8.2 Future Recommendations

This thesis provides a quantitative understanding of the relationship between surface-based

corrosion and the mechanical integrity of a WE43 medical grade magnesium alloy. In partic-

ular, the development of the PitScan automated detection framework provides a method to

systematically track the spatial formation of corrosion of cylindrical specimens during immer-

sion testing. This tracking framework, in combination with an extensive in-vitro immersion

testing with uniaxial tensile tests over several time steps, enabled a full characterisation of

the raw WE43 magnesium alloy and an extensive investigation on the influence of a plasma

electrolytic oxidation surface treatment. However, there are several areas for future improve-

ments and following limitations should be mentioned.

A general drawback to date, is that strict guidelines for in-vitro testing of absorbable metals

are not available. Currently, an ASTM committee (WK72897) is working on a standardized

setup to guide the quantification of degradation properties of absorbable metals [21]. The

results from this thesis highlight perfectly the challenges in this area, whereby the corrosion

testing from Chapter 7 resulted in a different corrosion rate compared to the initial testing

in Chapter 6, which was conducted using the same testing procedures. More generally, these

issues make it extremely difficult to (i) compare the corrosion data from different research

groups [22, 23] and (ii) to predict how in-vitro corrosion performance would compare to in-

vivo conditions. For example, in this thesis, all experimental data were derived from in-vitro

immersion testing with c-SBF media, which was chosen to lower the risk of contamination

for long-term testing (> 1 week). However, c-SBF accelerates the corrosion process, which

is favourable in that it reduces the overall testing time, although the evolving degradation

layer that forms is different compared to in-vivo tested samples [24, 25]. Variations in the

ion composition of the media will result in a different degradation layer composition, and
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also the evolving thickness varies with the selected media. However, within in-vivo tests or

in the final later application, implants themselves can be subject to different corrosion rates

depending on the implant location [24]. Alternatively, other cell-culture media (e.g. DMEM)

could provide more comparable performance when compared to in-vivo data. However, the

high tendency for contamination and the longer immersion time to get reasonable mass loss

measurements could have led to other challenges. It is still challenging to provide a quanti-

tative correlation between data of in-vitro and in-vivo corrosion tests. Several studies have

already identified initial correlation [19, 26–31], although results are not in agreement with

one another, with in-vitro rates being reported as between 1-4 times higher than in-vivo.

Differences between these rates arise mainly due to difficulties in replicating the complex

physiological conditions [32]. One of the major contributions of this thesis was to provide

an automated detection framework to evaluate the extent and morphology of local surface-

based corrosion. One of the key future recommendations would be to apply this framework

to an in-vivo study on corrosion performance of similar specimens, which would enable a

correlation between corrosion rates and also the phenomenology of surface corrosion in-vivo.

In this thesis, the surface-based corrosion model was calibrated for one specific material in

both unmodified and PEO modified conditions. There is potential to apply this surface-based

corrosion model to other alloy composition(s), different coating technologies, or materials

produced through other manufacturing processes, such as 3D-printed samples using Laser

Powder Bed Fusion [33]. In doing this, the PitScan framework helps to detail quantification

of corrosion across such specimens, although currently it is limited to cylindrical-shaped

specimens. Extending the framework to other regular geometries, or even more complex

ones to quantify corrosion across screws and plates features would be beneficial to gain more

understanding of corrosion formation across samples. With characterisation of other ma-

terials, there is the potential to calibrate a specific set of model parameters to predict the

corrosion process.

Currently, the medical device industry relies almost completely on experimental testing dur-
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ing the development phase of new medical implants. The model framework presented here,

shows that predictive tools could provide insights into performance of implants during the

design process to reduce the amount of design iterations required during physical prototyp-

ing and testing. However, to maximize their use, robust validation approaches are required.

Recently, the ASME published a guideline Assessing Credibility of Computational Modeling

through Verification & Validation: Application to Medical Devices (ASME V&V40-2018),

in which the level of model credibility is evaluated using data from in-vitro testing and any

other relevant supporting data in accordance with a predetermined set of credibility param-

eters. Nevertheless, the calibration of corrosion model parameters from in-vitro data for

absorbable metals is subject to substantial variation depending on testing conditions (e.g.

aqueous solution, buffer system, flow conditions, etc.). To advance the use of computational

corrosion models, rigorous efforts and verification, validation and uncertainty quantification

are required. Again, this would benefit from standardised in-vitro setups, but also more

data being available from in-vivo corrosion testing. This would maximise the potential for

computational approach to optimize designs early in the design process, with time and costs

potentially being saved during the development process.
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Figure A.1: 7 days sample 2.

14.3 sample

x x x x

x x x x

x x x x

x x x x

x x x x

x x x x

x x x x

x x x x

106       135       370      220

407       305       325       296

477       405       400      320

105       386       326      180

256       245       193       105

234       397       358       320

480       310       305       678

258       92         207       206

2500 µm

Figure A.2: 14 days sample 3.
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Figure A.3: 21 days sample 1.
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Figure A.4: 28 days sample 1.
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2 weeks

3 weeks

4 weeks

6 weeks

1 week

12 weeks

(b) WE43-PEO(a) WE43

1 week

Figure B.1: Images (i) degraded samples pre cleaning (ii) corresponding simulated gauge section
for the respective time step and (iii) after ultrasonic cleaning (please note that cleaning was per-
formed after tensile testing which results in stretched specimens, the halves were glued together for
the photographs) (a) WE43 Magnesium alloy (b) WE43-PEO coated Magnesium alloy.
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Figure B.2: Contour plots of the gauge section of the simulated dog bones over time, representing
the depth from the initial surface to the current interface surface – environment (a) WE43 unmod-
ified (b) WE43-PEO modified
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