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Abstract

Due to magnesium alloys excellent bio-compatibility with human physiology, and
the great mechanical compatibility with human bone, they are considered suitable
for biomedical implant devices. However, their rapid corrosion rate in the human
body environment limits their use in clinical applications. Recently, a coating
technique called Atomic Layer Deposition (ALD) has gained attention for
biocorrosion protection of magnesium as it offers very thin, conformal and

pin-hole free coatings.

In this master thesis, ZrOs-, HfOs-, and TiOs-coatings prepared by ALD were
deposited on magnesium alloy AZ31 to assess ALD’s applicability as a method to
reduce the corrosion rate of this alloy. The coatings performances were evaluated
through potentiodynamic polarisation tests, electrochemical impedance
spectroscopy, and hydrogen evolution measurements. The results showed that all
the different ALD-coatings improved the corrosion resistance of the alloy.
However, the corrosion rate of the ALD-coated AZ31-samples is still too high to

allow the use in biomedical applications, and further research is necessary.
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Sammendrag

Magnesiumlegeringer med sin utmerkede kombinasjon av mekaniske egenskaper
og biokompatibilitet, gjor dem egnet for biomedisinske implantater. Imidlertid
begrenser deres hgye korrosjonsrate i menneskekroppsmiljset deres bruk i kliniske
applikasjoner. Nylig har en coatemetode kalt «Atomic Layer Deposition» (ALD),
fatt oppmerksomhet for biokorrosjonsbeskyttelse av magnesium, fordi den gir sveert

tynne, presise og tette coatinger.

I denne masteroppgaven ble ZrOs-, HfO5- og TiOs-coatinger ved hjelp av ALD
pafgrt magnesiumlegering AZ31 for & undersgke om ALD er en egnet metode for
& forbedre korrosjonsresistansen til legeringen. Egenskapene til coatingene ble
evaluert gjennom  potensiodynamiske polarisasjonstester,  elektrokjemisk
impedansspektroskopi og hydrogenutviklingsmalinger. Resultatene viste at alle
ALD-coatingene forbedret magnesiumlegeringens korrosjonsmotstand. Imidlertid
var korrosjonshastigheten til AZ31l-prgvene fortsatt for hgy til bruk i

biomedisinske applikasjoner, og videre testing er ngdvendig.
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1. Introduction

1 Introduction

1.1 Background

Over the last decades, biomedical implants have had a vital role in improving the
life quality of the world’s population. The applications of implants are, amongst
others, orthopaedics, cardiovascular stents, and neural prosthesis where the aim
is to either replace or repair diseased parts of the human body. Of the various
applications, orthopaedic surgery stands out having the highest annual growth
rate [6]. According to Long and Rach [7], more than 90% of people above 40 years
suffers of degenerative hip joint disease. For such fractures, surgical implantation
of biomedical devices is an effective way to restore the load-bearing capacity of the

damaged bone tissue.

Biomedical implants can be classified as either permanent or temporary.
Permanent implants are required when lifetime support is necessary, as for
instance with joint replacements. Depending on their area of application, several
materials are suited for being permanent implants; various polymers, metals,
ceramics, and composite materials [4]. However, due to their excellent mechanical
properties, such as strength, toughness, and long service life, metals out-perform
the other materials in the case of load-bearing applications. Due to the
limitations of biocompatibility, the most commonly used metals are titanium and
titanium alloys, stainless steels, and cobalt-chrome alloys [8, 9]. Moreover, there

are several limitations to these metallic implants.

Firstly, the mechanical properties of the current implants highly differ from the
mechanical properties of natural bone, as shown in Table 1. Such a mismatch leads
to the stress shielding phenomenon. With stress shielding, the implant carries more
load than the bone, and the bone adapts to this change, thus changing its properties
[10]. The bone can either become thinner or more porous, both enhancing the
risk of implant failure [4]. Secondly, in the long term, toxic ions or particles can
be released from the implant due to corrosion and wear processes [9], and cause
inflammations. Due to these causes, the maximum service time of an implant is
about 12-15 years [11]. Hence, a patient will need a second surgery to remove the
implant after healing. These surgeries can be complicated, and will expose the

patient to the risk that comes with all surgeries.
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Properties Natural bone Stainless Steel Ti Alloy Co-Cr Alloy Magnesium
Density (g/cm?) 1.7-2.0 7.9-8.1 4.4-45 8.3-9.2 1.74-2.0
Elastic modulus (MPa) 3-20 189-205 110-117 230 41-45
Tensile strength (MPa) 80-150 480-620 930-1140  900-1540 170-270
Compressive yield strength (MPa)  130-180 170-310 758-1117  450-1000 65-100
Elongation at failure (%) 1-7 30-40 8-15 30-45 6-20
Fracture toughness (MPa m'/2) 3-6 50-200 55-115 100 15-40

Table 1: Mechanical properties of natural bone and different implant materials [4].

Opposed to permanent implants, temporary devices are only required to stay in
the body for a limited time. This time is usually until the bone has healed, which
is about 3-4 months [12]. Therefore biodegradable materials are now widely
studied for scaffolds, and applications such as stents and bone fixators (screws,
bone plates, and pins), where the implant device can degrade while the diseased
tissue heals. Thus, they can overcome the challenges that come with permanent
implants. Being biodegradable, a material can corrode inside the body with
biocompatible degradation products [13]. In the last years, different
biodegradable materials have been studied. Polymers have for example
successfully been used for tissue engineering [14, 15, 16] and biodegradable
sutures, drug delivery systems, fixations screws, and low load-bearing applications
[17, 18, 19]. However, due to their limited mechanical properties, polymers do not
guarantee sufficient mechanical performance for load-bearing applications.
Additionally, they may absorb liquids and swell, leach undesirable products, and
their performance can be affected by the sterilization process [20]. Therefore, the
spotlight has been moved to biodegradable metal alloys, which provide sufficient

mechanical properties and biocompatibility.

Amongst the biodegradable metal alloys available, involving iron-based metals,
zinc-based metals, and tungsten [21], magnesium and its alloys have been widely
studied due to their excellent biocompatibility [22]. With mechanical properties
very similar to natural bone, as gathered in Table 1, the stress shielding phenomena
is reduced [8]. As magnesium can degrade naturally within the body, the need
for second surgeries and hence complications that comes with post-surgeries are
removed [9]. Magnesium is also a vital part of the metabolism in the human
body, crucial for many enzymes, and helps to stabilize DNA and RNA [23]. It is
naturally found in the bone tissue, and magnesium cations are the fourth most
abundant cations in the human body, where around 35 g magnesium per 70 kg
body weight is usually contained in the human body [9]. A daily intake of 240-420
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mg is also recommended for an adult [24]. On the other hand, too high levels of
magnesium can give critical consequences, but this is rare as the body efficiently

excretes excess magnesium in the urine [23].

The biggest challenge that comes with magnesium in biodegradable implants, is
the poor corrosion resistance of the material. Magnesium’s rapid corrosion rate will
cause magnesium implants to suffer from early loss of mechanical properties, which
furthermore can lead to implant failure before the surrounding tissue has time to
heal [25]. Additionally, during the corrosion process of magnesium hydrogen gas
will evolve, as will be described later in Section 2.1. When the rate of hydrogen
evolution is too high, the human body will not be able to absorb all the gas.
Hydrogen gas bubbles can therefore potentially go into the blood veins and block
the bloodstream of a patient [4]. It has also been reported that hydrogen can cause

necrosis in the area around the implant [26].

To utilize the potential of magnesium as biodegradable implants, the corrosion
resitance needs to be improved. There are mainly two ways to improve the corrosion
protection properties of magnesium; alloying, and coating. With alloying one can
optimize the composition, microstructure and surface morphology [27], which can
increase the degradation resistance. However, due to many alloying elements having
a low solid solubility limit in magnesium, the obtained corrosion resistance by
alloying alone is limited [28]. With a coating on the other hand, one can prevent
fluid from entering the magnesium substrate and hence hinder corrosion. Therefore,
applying coatings is an effective way of delaying the initial corrosion of magnesium
alloys.

For biomedical applications, there are several requirements for a surface coating.
Most importantly, the coating must be non-toxic, thus not cause any harm to the
surrounding environment [25]. As the surface of the implant is where cells and
new tissue will form, the coating must be biocompatible for these to adhere and
grow. This is in regards to both surface morphology and coating composition.
Additionally, as magnesium is biodegradable, so must the coating be. To be able
to control and predict the degradation rate, uniform corrosion is desired, and it is
therefore also advantageous if the coating has a uniform thickness. Being uniform,
this also involve being pore free. Although pores may induce osseointegration
[29], the path for fluids to reach the surface are reduced when pores are present.
Moreover, pores enhance the possibility of localized corrosion which further can

introduce the corrosion induced cracking phenomenen [4].
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1.2 Objectives

Recently, a coating technique called Atomic layer deposition (ALD) has gained
attention for corrosion protection as it offers very thin, precise, conformal and pin-
hole free coatings. The ALD process allows to build coatings layer by layer, and
to control the thickness on atom-scale. However, so far, little has been published
regarding ALD’s ability to improve the corrosion resistance of magnesium alloys

for biomedical purposes.

The aim of this master thesis is therefore to investigate the protective properties
of ALD-coatings on magnesium alloy AZ31. Additionally, the suitability of this
coating technique to improve the corrosion resistance-, and delaying the

degradation of alloy AZ31 for biomedical purposes, will be assessed.

1.3 Scope

In the reach of improving the corrosion performance of magnesium alloy AZ31,
the effect of different coating materials prepared by ALD were evaluated. The
different coating materials tested were Zirconia (ZrOs), Hafnia (HfO3) and
Titania (T%03), which all are well-known ALD-materials. Zirconia was chosen
because of its brilliant chemical stability and resistance to wear [30], and
additionally has been shown to favour osseointegration and cytocompatibility
[31]. Titania was chosen beacuse it has good chemical and physical stability [32],
is non-toxic for the human body, and has anti-bacterial properties [33]. Both
Zirconia and Titania prepared by ALD had previously been evaluated for
corrosion protection of magnesium, while Hafnia had not. However, because
Hafnium is in the same chemical group as Titanium and Zirconium, Hafnia was

expected to have similar properties as the other two.

The coatings abilities to protect the magnesium substrate from corrosion were
evaluated by potentiodynamic polarisation tests, electrochemical impedance
spectroscopy (EIS), and hydrogen evolution measurements. All experiments were
conducted in room temperature. The coated and corroded surfaces were
examined by Scanning Electron Microscopy (SEM).
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2 Theory

2.1 Corrosion of magnesium
2.1.1 Corrosion mechanism

In a dry environment, magnesium and magnesium alloys will be stable and inert. In
a humid environment or an aqueous solution, on the other hand, magnesium-based
materials are prone to corrosion due to magnesium’s highly negative electrode
potential, as shown in the electromotive force series (EMF), also known as the
electrochemical series, in Table 2. When corroding, free magnesium ions travel from
the metal surface and to the adjacent aqueous environment. These free ions react
with the environment and create compounds as for instance, hydroxides and metal
oxides. These compounds will deposit on the metal surface and can, therefore,

work as a physical barrier for corrosion depending on their solubility [1].

Table 2: The standard electromotive force series (EMF-series). The series rank
metals based on their reactivity, where the metals on top are most reactive, and
the metals in the bottom are least reactive. [5]

Standard Electrode

Electrode Electrode reaction Potential (V)
" Increasing active Li, Li™ Lit +e” — Li -3.02
nodaic R +e — -2.
Anodi K, Kt Kt K 2.92

Na, Nat Nat 4+ e~ = Na -2.71
Mg, Mg?>t Mg?>t +2e~ — Mg -2.37
AL AB* APt 43¢ — Al -1.66
Zn, Zn?t Zn?t +2e~ = Zn  -0.76
Cr, Cr3t Cr3t +3¢~ = Cr  -0.74
Fe, Fe2+ Fe?t +2~ — Fe  -0.44
Cd, Cd2t  Cd* 42 = Cd  -0.40
Co, Co?t Co*t +2e~ = Co -0.28
Ni, NiZt N2t 42~ = Ni  -0.25
Sn, Sn?t Sn?t +2~ —Sn  -0.14
Pb, Pb?t Pb*t 4+ 2~ — Pb -0.13

Ho,, Ht 2HY +2¢~ — Ho 0.00

Cu, Cu?*t Cu?t +2~ - Cu 034

Ag, Agt Agt +e” — Ag 0.80

Increasing inert ~ Pt, Pt2* Pt**t +2¢= — Pt 1.20

v (Cathodic) Au, Au?t Audt +3e” — Au 142
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When magnesium is exposed to an aqueous environment, the metal will react with
water, and a layer of magnesium hydroxide will form as according to Equation 2.1
[34].

Mg+ 2H50 — Mg(OH)s + Ho (2.1)

The anodic and cathodic partial reactions are given in Equation 2.2 and 2.3

respectively.

Mg — Mg*>t +2e (2.2)

2H,0 +2¢ — Hy+2(0OH ) (2.3)

The reaction in Equation 2.1 occurs randomly across the metal surface until the
entire surface is covered. As magnesium hydroxide has low solubility in water,
this layer has a protective function, and further corrosion of magnesium will be
hindered. However, magnesium hydroxide is slightly soluble in water, and when
chloride-ions are present, as is the case in human body fluid, the two species will
react. The chloride-ions and magnesium hydroxide react and form magnesium

chloride as according to equation 2.4 [34].

Mg(OH)y 4 2C1~ — MgCly +2(0H™) (2.4)

Unfortunately, magnesium chloride is highly soluble in water. As the chloride-
ions will remove the protective hydroxide on the Mg-surface, solid magnesium will
continue to react with water, and continue the corrosion process as in equation 2.1

[34].

It is important to be aware that if magnesium is to be used in a biodegradable
implant, the degradation will be different in comparison to industrial applications
as there are more factors affecting corrosion. These factors include, amongst others,
the pH of the body fluid and variations of it, concentrations of ions, presence
of proteins and level of protein adsorption on the implant and the impact from

adjacent tissue [1].
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2.1.2 Different types of corrosion

There are several different ways for magnesium and magnesium alloys to corrode.
The biggest difference in the form of corrosion is whether the corrosion is uniform or
localized. Uniform corrosion occurs evenly across a surface exposed in a corrosive
environment, and is, thus, the most wanted corrosion mode as this ensures steady
degradation [1]. Localized corrosion, on the other hand, takes place on local sites
where the corrosion rate is more rapid than the rest of the surface. This form of
corrosion is therefore hard to predict, can lead to toxicity and give sudden loss in
mechanical performance [35]. However, in magnesium and magnesium alloys second
phases, precipitates or impurities are always present. These are cathodic with
respect to the magnesium matrix, and hence magnesium-based materials are prone
to localized corrosion [34]. Moreover, it has been reported that 29 of 31 magnesium
alloys suffer from localized corrosion [36]. Besides reacting with the human body
environment, as explained previously, there are two other corrosion mechanisms
that are threatening to magnesium implants. These two will be explained in the

following.
Galvanic corrosion

Galvanic corrosion occurs when two different metals with different standard
electrode potentials are in contact, and immersed in the same electrolyte. The
less noble metal becomes the anode, and the more noble metal will become the
cathode. A net flow will travel from the anode to the cathode, and hence the
least noble metal becomes active and will corrode, while corrosion products will
build up around the noble metal. The nobility of the metals is based on their
ranking in the EMF-series. The larger the gap in standard electrode potentials

between the two metals, the higher the corrosion rate will be [37].

When the circuit is under open conditions (no metallic contact between the two
different metals), and equilibrium conditions are assumed, there exists a positive
potential difference between the two metals, M and N, where N denotes the noble
metal and M denotes the active metal [37]. The two different metals will stabilize
at their equillibrium corrosion potenials, E.o..(ar) and Ecorr(v), and the difference

in these potentials are AU as shown in Equation 2.5.

AU = Ecorr(M) - Ecorr(N) >0 (25)
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At closed circuit conditions, the two metals will be forced to stabilize at the same

potential, known as Ecoupie, as in Equation 2.6 [38].

Ecom’(l\/l) = Ecorr(N) = Ecouple (26)

To maintain Ecoupie & positive net current has to occur from the least noble metal
to the noblest metal. The generation of a positive net current flow from N to M is a
result of increased oxidation on the active metal N relative to its oxidation during
open circuit conditions. Hence, the active metal will have a higher corrosion rate
than before the galvanic coupling of the metals, and the noble metal will have a

lower corrosion rate [38].

Magnesium is one of the most electrochemical metal in the electrochemical series
and will, hence, almost always work as an anode. In the sense of biological
corrosion, there are two considerations to be made concerning galvanic corrosion
[1]. Firstly, if for instance fixation screws of another metal than magnesium are
used for inserting a magnesium implant, these should be made of a material that
lays close to magnesium in the electrochemical series to get the smallest possible
corrosion rate. If there is a large gap in potential, as for instance with gold (Au)
and magnesium, galvanic corrosion between them will occur, as demonstrated in
Figure 2.1. Due to their difference in the EMF-series, the potential difference will
drive electrons to flow from the magnesium implant (anode) to the gold screw

(cathode), thus causing corrosion of magnesium.

Body fluid environment
OH-

OH- 7 ) OH- OH-
— «—
Mg?* e e Mg?*

— e

T— Magnesium alloy - Gold Screw

Figure 2.1: Galvanic corrosion between a gold fixation scrw and a magnesium
implant, revised from [1]. The gold fization screw drives electrons from the
magnesium implant due to their potential difference, causing corrosion.

The second consideration is concerning magnesium alloys, where impurities and

second phases always are present. Because impurites and second phases normally
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are cathodic with respect to the magnesium matrix, galvanic corrosion can occur
between them. This is also called microgalvanic corrosion [37]. Microgalvanic
corrosion on the surface of magnesium is illustrated in Figure 2.2, where the
impurity and second phase will drive electrons from magnesium, thus dissolving

the magnesium.

Body fluid environment

Second phase (cathode) Impurity (cathode)

Magnesium matrix (anode)

Figure 2.2: Galvanic corrosion between magnesium and second phases/ impurities
elements, revised from [1]. The cathodic elements drives electrons from the Mg
matriz, causing dissolution of the magnesium.

Pitting corrosion

Pitting corrosion occurs in small areas where the surface layer has been damaged
locally. If the rest of the surface remains intact, this allows for corrosion to
continue inwards the magnesium substrate through the damaged area. Galvanic
corrosion between the magnesium matrix and the second phases/ impurities
drives the corrosion further and creates pits with aggressive corrosive
environments [27]. If the mouth of the pit is very small, the pit content may be
hard to dilute, causing a high concentration of Mg?t-ions. The positively charged
ions will attract the negatively charged Cl-ions from the body fluid to neutralise
the charge, which further accelerates the growth of the pit [39]. This is
demonstrated in Figure 2.3. Once pitting starts, the process can be very rapid
and hence causing early failure of an implant. When the implant is also exposed
to stress or cyclic loading, corrosion assisted cracking phenomenon can occur, and
the process will be even faster due to a local rise in stress created by the pit that
will break the protective native layer [4]. Pitting corrosion is a kind of localized
corrosion which can be hard to detect because corrosion products often cover the

surface.
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Body fluid environment

cr cl- Corrosion products

Cl-

o
l\_

Mg2+ Mg2+

Y

Figure 2.3: Pitting corrosion starting on the magnesium surface, revised from [1].
The dissolution of magnesium inside the pit attracts Cl-ions to neutralise the
charge, causing an aggressive corrosive environment inside the pit.

Pit formation

2.1.3 Corrosion challenges

The corrosion of magnesium for biomedical use is both the material’s strength and
weakness. So far, magnesium and its alloys are far from being a natural part of the
applications on the biomedical field due to challenges that arise from their corrosion

mechanism.

The first challenge is, as aforementioned, that the corrosion rate of magnesium
is too high, causing the implant to fully degrade before the time of healing is
completed [25]. The continuous degradation can also make it difficult to estimate

the time of implant failure.

The second challenge involve the production of hydrogen gas during degradation,
as seen in Equation 2.1. Hydrogen gas bubbles around the implant has been shown
by several in vivo studies [25], and are one of the greatest concerns related to the
use of magnesium in the human body. If the corrosion rate is too high, the human
body will not be able to absorb all the evolved hydrogen, thus causing bubbles.
The Hs-bubbles are harmful to the surrounding tissue in several ways; they can
give a rise in pH in the surrounding body fluid, which can affect the pH-dependent
physiological reactions in the area, or even lead to an alkaline poisoning effect [40],
or cause necrosis in the surrounding tissue [26]. Furthermore, it was reported by
E. Zhang [25] that a rise in pH can lead to bone absorption in undesired regions
due to an accelerated deposition of calcium phosphate. In the same article it was
reported that a rise in pH may induce hemolysis. The gas bubbles may also hinder

cell adhesion due to a continuous fall out of corrosion products [41]. In worst case,
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the Ha-bubbles can block the bloodstream, and cause the death of a patient [4].
Furthermore, the hydrogen evolution may lead to embrittlement of the implant due
to the hydrogen embrittlement phenomenon [42]. This can induce the propagation
of corrosion-assisted cracking phenomenon, again causing untimely failure of the
implant [43]. Song [40] reported that the maximum tolerable hydrogen evolution
rate is 0.01 mL/(em? day), which correspond to a corrosion rate of 0.02mm /year,
while Witte et. al [44] found that a hydrogen evolution of 0.068 mL/(cm? day) lead
to an acceptable amount of hydrogen gas bubbles in guinea pigs after 2-3 weeks.
However, it is not evident that these amounts will be tolerable in the human body.

2.1.4 Overcoming challenges

If magnesium is to be used in biomedical applications, the corrosion resistance
evidently must be improved. There are different ways to achieve this, which will
be presented in the following.

Reducing impurities

When second phases are present in the magnesium matrix, these accelerate the
corrosion process due to the formation of microgalvanic cells. Due to the molten
metal handling and the natural composition of magnesium, there are always
impurities present in the material, as for instance Iron, Nickel, and Copper [45].
The solid solubility limit is the threshold below which an element can dissolve
into a base material without forming a second phase [46]. Therefore, by keeping
the impurities under their respective solid solubility limits, a single phase
material can be ensured, thus reducing the corrosion rate. Indeed, it has been
reported that the corrosion rate increases by 10-100 times [47] if the impurities
are raised above their solid solubility limit. It is, therefore, crucial to keep the
number of impurities at a minimum, as the tolerance levels for iron, copper, and
nickel already are very low being 30-35ppm, 100-300ppm and 20-50ppm
respectively [48]. However, these limits may change when there are alloying
elements present in the magnesium matrix. For instance, Zinc and Manganese as
alloying elements increase the tolerance limits due to the "Scavenger effect" [49].
Nevertheless, as for impurities, alloying elements have solid solubility limits

which, if exceeded, will cause second phases.

11



2. Theory

Alloying
Alloying can improve the corrosion resistance with three different strategies, and

these are described here as in [4].

1. Refining the grain size through alloying. The level of impurities and
imperfections are higher along grain boundaries, due to higher internal
energy in these areas than compared to the magnesium matrix. Because
there is a segregation of second phases and alloying elements on the grain
boundaries, corrosion usually occurs here. By refining the grain size, these
segregations will be distributed through the whole magnesium substrate and
the corrosion process will act more uniform than with coarse grains [22, 48].
Finer grains also hinder dislocation movement and can further hinder the

propagation of cracks caused by corrosion assisted cracking phenomena.

2. Protecting the magnesium matrix by introducing passivating second phases.
Passivating second phases can progress a protective film on the magnesium

matrix and hence hinder corrosion.

3. By introducing alloying elements, precipitation of second phases at grain
boundaries are reduced; the elements will help balance the potential difference
between the matrix and the second phases.

Coatings

Alloying can decrease the general corrosion rate of a magnesium implant, but
because many elements have low solubility in the Mg-matrix, sufficiently delaying
the onset of degradation of magnesium is hard to obtain by alloying alone [28].
Also, alloying will not remove the galvanic corrosion problems which will occur if
a magnesium implant is in contact with another metal and the same electrolyte
[50]. Moreover, as magnesium alloys are quite soft, wear problems may occur if
the surface is not protected [50]. Therefore surface treatment in terms of coatings
is of high interest. A coating is an effective way to hinder corrosion, as it acts as a
physical barrier for the corrosive environment. If the coating itself is stable in the
surrounding environment, has good adhesion to the substrate, and is pore- and
crack-free, the coating should completely protect the underlying substrate.
However, an ideal coating is hard to obtain. The properties of the coating, such
as thickness uniformity, conformality, adhesion, and number of pores or cracks,
depend greatly the technique used to apply the coating. There are various

coating techniques used for improving the corrosion resistance of magnesium, and
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a literature study on conversion coatings, coatings by sol-gel process, physical
vapor deposition (PVD), chemical vapor deposition (CVD), plasma electrolytic
oxidation (PEO), and Atomic Layer deposition (ALD) is found in the
specialization project prior to this thesis in Appendix A.

2.2 Atomic layer deposition
2.2.1 An introduction to the ALD-process

The coating technique atomic layer deposition, known as ALD, is based on chemical
vapor deposition (CVD). ALD provides dense, thin, and conformal films that are
built up by chemical reactions between two gaseous- or vapor phase precursors.
The two precursors are brought into a reacting chamber alternating and separated
[2]. Due to a limited number of reactive groups on the surface, the process is
self-limiting. The chemical reactions are surface-reactions unlike gas-reactions, and
hence ALD provides superior film uniformity [51]. The ALD-process can be divided
into four steps [2, 52], which are illustrated in Figure 2.4:

1st Half-cycle Purge 2nd Half-cycle Purge
«Q Reaction ¢ ¥ @ Reaction ¥
?1 pF"recursor Pre:d?-':'gz Q Qid Co-reactant P'%ad?"c‘:g 4
33.3388.8. 3880 h3assassssssssi jeBs883:8382281 p43383883883851
I‘ cvD cvD
Saturation Saturation Saturation Saturation
&
E Under Under
3 saturation saturation
o
Exposure =——s Time = Exposure == Time =

Figure 2.4: Illustration of the four steps in the atomic layer deposition process [2].

1. The main precursor is applied into the reactor chamber and is left until it has
reacted with the available surface groups on the specimen. The precursor is

often an inorganic coordination compound (a metal center with ligands).

2. The excess precursor is thereafter pumped or purged out of the reactor
chamber by an inert gas, usually N9 or Ar. This is an important step when
the cycle is repeated to make sure that the precursor and co-reactant do not

react with each other in the gas phase.
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3. The second precursor, often a small molecule, is introduced when the
system is cleared, which reacts with the molecules on the surface from the

first precursor.

4. The system is then again purged or pumped.

This process, or cycle, deposits a monolayer on the substrate surface. To increase
the thickness of the film, the cycle is repeated. For the process to work, it is
crucial that the precursor and the co-reactant do not react with themselves nor the
reaction products. This is to make sure that the reactions happen on the substrate
surface, and that the process will be self-limiting in the sense that when the surface

is saturated, the deposition stops [2].

2.2.2 ALD compared to other coating techniques

In the specialization project, found in Appendix A, prior to this thesis, a
literature study on different coating techniques for improving the biocorrosion
resistance of magnesium was done. The coating techniques studied were
conversion coatings, coatings by sol-gel process, chemical vapor deposition
(CVD), physical vapor deposition (PVD), plasma electrolytic oxidation (PEO)
and ALD. The part in the specialization project where ALD is compared to other

coating techniques, is revisited in this section.

When comparing the corrosion potential and current density results, from the
atomic layer deposited coatings against the coatings prepared by other
techniques, the results have no obvious gap in magnitude. Moreover, when
comparing the thicknesses needed to achieve these results, nearly all coatings for
other techniques have a coating at pm-scale in contrast to ALD-coatings where all
coatings are at nm-scale. This indicates that less material is needed with ALD to

achieve the desired protective properties.

As for degradation mechanisms, where it is desired to have a uniform coating to
secure uniform corrosion, thickness control is an essential property for the coating
technique. Additionally, since implant devices are characterized by notches and
other geometrical discontinuities, the coatings ability to conformally coat the
substrate is therefore highly claimed. For all three conversion coatings, anodizing
and sol-gel techniques, the thickness is rather hard to control, hence giving a
non-uniform surface. PEO, PVD and traditional CVD-methods provide better
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thickness control than those just mentioned, but none is comparable to the

conformal coatings created by ALD offering thickness control on atom level.

Biocompatibility highly depends on the composition of the coating rather than
the technique. However, the choice of technique is important regarding coating
composition control. All discussed coatings techniques offer composition control to
some extent, with ALD being able to maximize it since it allows to stack monolayers

on top of each other.

The primary motivation for applying a coating on magnesium alloys is corrosion
protection, and hence, it is essential for the coating to completely cover the
surface to avoid localized corrosion. For conversion coatings, both cracks and
pores have been reported [50, 53], which may induce corrosion. Sol-gel coatings
tend to crack upon drying [54] and therefore need to be carefully examined both
before, during, and after drying. For PVD-films, inadequate long-term protection
has been observed [55], and therefore a top-coat has often been applied to cover
pores in the PVD-coating. This also goes for PEO-films, where discharges cause
pores [29]; thus, a top-coat is very often necessary. In CVD-coatings the film is
dense and smooth, in particular for ALD where the film is pinhole-free [52], which

makes these techniques excellent corrosion inhibiting methods.

As magnesium is a heat-sensitive material [50], low processing temperature
during film deposition is essential to avoid temperature defects such as phase
transformations. ALD is not the only coating technique offering deposition at low
temperatures but has its advantage in assuring good adhesion even at low
temperatures. However, it should be emphasized that impurities in an ALD
coatings are decreased with increased temperature [56]. PVD processing also
offers low temperatures, but unfortunately, it is often difficult to control the
temperature during deposition and to secure good enough adhesion to the

substrate.

Although the properties of an ALD coating are superior in comparison to other
techniques, it is noteworthy that ALD is time-demanding compared to other

techniques due to low growth rates.

15



2. Theory

2.2.3 Magnesium and ALD

Even though ALD is an appropriate candidate for bio-corrosion protection of
magnesium and magnesium alloys, there are few publications available on the
field. To the best of this author’s knowledge, there are less than ten articles who
deal with ALD for corrosion protection of magnesium [57, 58, 59, 60, 61], while
only two of these discuss the improvement of bio-corrosion resistance. In the
specialization project these papers were reviewed, and a brief summary is given in
the following.

Table 3: Results from polarization tests conducted on coatings prepared by ALD.

Highest
Coating Lowest icorr  Test
Alloy Thickness  Technique Ecorr Ref.
material A/cm? solution
( )
Vsce
Bare -1.557  5.12 x107*
AZ31 ZrO2 11.7nm 0.9% NaCl [62]
ALD -1.462  2.78 x1077
Bare -1.557 5.12 x107*
AZ31  PLGA/ ZrO. - /11.7nm 0.9% NaCl [62]
Spin-coating/ALD  -1.452 4.90 x107°
Bare -1.928  3.07 x 107*
Mg-Sr  ZrO» 38.8nm ~ SBF [60]
ALD -1.75 4.88 x 107
Bare 1.48%* 1074
AZ31  TiOq 100nm . 0.05M NaCl  [59]
ALD -1.61 10~
Bare 1.48* 1074
AZ31  AlOs 100nm . 0.05M NaCl  [59]
ALD -1.46 10~
Bare 1.48%* 1074
AZ31  AlOz/ TiOz/  100nm . 0.05M NaCl  [59]
ALD -1.58 10~
Al; O3/ TiOz/ Bare 1.48* 107
AZ31 100nm 0.05M NaCl  [59]
Al,O3/ TiO» ALD -1.57 1078
MgO and Bare -1.561 3.16 x 107*
AZ31 -/100nm ~ 3.5wt% NaCl  [57]
MgSiO4/ AZO PEO/ALD -0.550 1.36 x 107
Bare -1.46 2 x 1073
Mg-Li LiAl,O, 200nm § 3.5wt% NaCl  [61]
ALD -1.08 10~

*Reference electrode not SCE but Ag/AgCl

From Table 3 it can be seen that ALD-coatings lead to better corrosion resistance.
This indicates that the thin, dense, and pinhole free coatings prepared by ALD are
excellent considering corrosion protection. However, some articles reported about
nano-gaps found in the coatings [57, 60], which allowed for the fluid to penetrate
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through the coating. This was reported to be due to galvanic corrosion between
the substrate and the coating and hence the corrosion performance was reduced.
However, it was observed that by increasing the thickness of the deposited the
film or adding a top-coat, the problem was minimized. Great results were also
achieved by combining coatings [59]. Overall it can be concluded that there is
a vast potential lying within ALD for the purpose of bio-corrosion protection of

magnesium, but further investigation is necessary.

2.2.4 Biocompatible thin-films

In this master thesis, the coatings TiOo, ZrO, and HfOs prepared by ALD have
been chosen due to their biocompatibility, chemical stability, and ease with ALD.
TiO, is a stable coating both in chemically and physically, and exhibits
super-hydrophilic properties [63]. It is also a common ALD-material for corrosion
protection and is non-toxic for the human body [33]. The oxide has also been
reported to have anti-bacterial properties [33]. ZrOs has many of the same
properties as TiOq, being chemically stable and very wear-resistant [30]. ZrOs
has also been shown to favor osseointegration and cytocompatibility [31]. HfOs,
on the other hand, has not been evaluated for corrosion protection of magnesium
but is an interesting candidate for CMOS-technology, and the ALD process is
therefore well-known [64]. Nevertheless, Hafnium is in the same chemical group as
Titanium and Zirconium, and was therefore expected to perform in a similar

matter.

The corrosion resistance of amorphous structures has previously been reported to
be excellent [65, 66]. As the deposition temperature of the ALD-coatings in this
thesis was well below the crystallization temperature Zirconia, Hafnia and Titania
[32], all oxides are expected to provide great corrosion protection. Additionally,
the oxides are expected to be stable in the environment of Simulated body fluid
(SBF).
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2.3 Principles behind the experimental methods
2.3.1 Potentiodynamic polarisation tests

The aim of potentiodynamic polarisation tests is to achieve the corrosion potential
(Ecorr) and the corrosion current density (icor). The corrosion current density is
simply the corrosion current divided by the area. These are of interest because
the corrosion potential indicates corrosion resistance and, more importantly, the
corrosion current density is linked to corrosion rate by the Equations 2.7-2.11 [67],

starting with Faraday’s law as in Equation 2.7.

I =nFN (2.7)
where

I = partial current due to charge transfer reaction (A)
F = Faraday’s constant (96487 Cmol 1)

N = number of moles of metal /reactant oxidized or reduced per second (mol
~1
s)

n = number of electrons transfered by the charge transfer reaction (mol~!)

For the oxidation process that takes place on the metal, Faraday’s law can be

written in the form showed in Equation 2.8.

Io:r = nFNox = Icorr (28)

Furthermore, the corrosion rate is often referred to by the weight loss, as given in

Equation 2.9.

where

18



2. Theory

dW/dt = rate of weight loss (corrosion rate) (gs™!)

Wy = molecular weight of corroding material (gmol~1)

By substitution and integration over a period of t seconds, where Q is the total
amount of charges exchanged in coulombs during time t, we obtain the expression

for total weight loss, W, in Equation 2.10

Wy [* WoQ
W=— [ I,dt=
nkF J, nkF

(2.10)

The corrosion rate - or weight loss - is more important than the total weight loss,

and we obtain the expression in Equation 2.11.

1 dW _ IcorrWO _ Z.corrVVO (2 11)

L ) = —— =
0ss of thickness(cm/s) A di DAnF o F

Hence, the thickness loss can be determined by the current density. The relation
of corrosion current density and corrosion potential is described in the following

paragraphs.

When a corrosion process takes place on a metal surface, two electrochemical
processes are happening: an anodic reaction and a cathodic reaction. During this
process the anode releases electrons (I,) which are consumed by the cathode (I..),
thus the corrosion current, or corrosion rate, will be determined by the slowest of

these processes as according to Equation 2.12 [68§].

I, =1.= Loy (2.12)

The anodic and cathodic reactions are both characterized by different equilibrium
potentials (Eq./,). The corrosion potential Ecor, is determined as the driving
voltage AE (Equation 2.13), which equals the sum of dissipations or absolute values

of overvoltage happening on the anode and the cathode, 7, and 7. [3].

AFE = Eeq,c - Eeq,a - Eeq,Hz - Eeq,Me = Na + ‘nc‘ (213>
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This is clearly shown in an Evan’s diagram, which plots potential vs. current
density. The diagram shows how the potential changes depending on the variations
in current density, as shown in Figure 2.5. The lines in the Evan’s diagram follows
the Tafel equation, as in Equation 2.14 and 2.15, who describes the relationship
between the electrode potential and the partial current of a charge transfer reaction
of the anodic and cathodic reactions, respectively [3]. Hence, the current density
and corrosion potential can be read off at the intersection point of the polarisation

curves of the anodic and the cathodic process.

Na :a—l—blogi:blog(ii) (2.14)
0
Ne=—a—"blogi= —blog(ii) (2.15)
0

E A .
lo,H2
EEq,HZ """"""""""""""""""""""""""
2H" +2¢” —H, M.
ECDI’T’ ______________________________________________
1
, |
Me — Me™™ +2e, ! Ta
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EME ——————————————— L AR :— ———————————————————
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1
1
icorr |0g |

Figure 2.5: Evan’s diagram for a metal (Me), revised from [3].

However, the lines depicted in Evan’s diagrams are theoretical lines, and
polarization curves can only be obtained experimentally. To measure the two
values corrosion potential (E.o-) and the current density (icorr-), the polarisation-
or overvoltage curves of the anodic and cathodic reactions must firstly be plotted.
The polarisation curves can be obtained either by imposing current or by
imposing the potential. When using a potentiodynamic method, potential is
imposed with the help of a potentiostat. The potentiostat increases the potential
of the working electrode continuously starting at a fixed value, usually the open

circuit potential. In this way, the potentiodynamic method act as a corrosion
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process where the driving voltage determines the corrosion current [3]. The
corrosion potential and corrosion current density are then obtained by identifying
the linear Tafel regions, and drawing Tafel lines onto the polarization curves and

reading of at the intersection of these two, as illustrated in Figure 2.6.

Ea

Eeq,HZ

corr

=

»

>
lo,Me  1o,H2/Me im,H2 logi

Figure 2.6: The dotted lines shows the theoretical Tafel lines and the solid lines
shows the experimental polarisation curves (For an active metal (Me) in an
ozygen-free acidic solution). Revised from [3].

The set-up for a potentiodynamic polarisation experiment has a standard three-
electrode configuration; The test sample is the so-called working electrode and
becomes an anode. A counter electrode, a nobler material than the test sample,
works as a cathode. Additionally, a reference electrode with a known electrode

potential is set up to scope the potential of the working electrode.

2.3.2 Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) is a popular tool for corrosion
studies as it can measure and separate the electric and dielectric properties of
individual contributors of components under investigation [69]. The technique
measures the impedance of a system over a wide frequency range. The impedance
is measured by applying an AC potential and then measuring the corresponding
current. The mathematical approach is based on Ohm’s law, where there is a
linear relation between potential and current. Nevertheless, the relation between
potential and current in electrochemical systems is usually non-linear. However,

in a range of 5-10 mV, it is possible to approximate this relation as linear, and
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hence, EIS is applied within this potential range [70]. When a sinusoidal potential
is applied in a linear system, the current response will also be sinusoidal and at
the same frequency only shifted in phase. The system impedance (Z) is shown in
Equation 2.16, where w is the radial frequency of 27f and ¢ is the phase shift [70].

Eg and Iy denotes the amplitude of potential and current.

E(t)  |Eolsin(wt) sin(wt)

Z= It) ~ |Iolsin(wt — @)~ sin(wt — ¢)

(2.16)

In the following paragraphs, the concept of EIS is described as in [71]. The
impedance is often expressed by a complex function with a real and imaginary
part (Equation 2.17). In electrochemistry the real and imaginary parts are often

marked as Z’ and 77, respectively.

Z(w) = Zo(cos¢ + jsing) = Zre + jZ1m (2.17)

Thus, the modulus of impedance, tan ¢ and the shift angle ¢, can be expressed as
following equations, 2.18, 2.19 and 2.20.

Z(w) =\ Zke + Zi (2.18)

ZIm

tang = (2.19)
Re
Zim
¢ = arctan Z; (2.20)

When analyzing EIS-data, both Nyquist- or Bode-plots are used as they
complement each other in regards to weaknesses the plots have alone. In
Nyquist-plots the real (Z’) and imaginary part (Z”) are plotted against each other
and are often formed as a semicircle. With this plot, effects of the ohmic
resistance are seen, and it considers the different circuit components in the series.
In Bode-plots on the other hand, one plots |Z(w)| and ¢ against log w and
examines these as functions of frequency. The data in both plots are analyzed by

fitting the data to an electrical circuit consisting of elements such as resistors,
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capacitors, and inductors, which each represent a physical meaning in the
electrochemical process. These elements are passive and do not generate current

or potential. [69]

2.3.3 Hydrogen evolution

As stressed earlier, a rapid hydrogen evolution during the degradation of a
magnesium implant can harm the patient. Therefore monitoring and measuring
the hydrogen evolved during corrosion of magnesium is important. Also, as
explained before, when magnesium is immersed in an aqueous solution,

magnesium will react with water as according to equation 2.21.

Mg+ 2H,0 — Mg(OH), + H, (2.21)

As reported in equation 2.21, for each mole of magnesium which is consumed, one
mole of hydrogen gas is produced. Therefore, by measuring the hydrogen gas, the
mass loss of magnesium, and hence the corrosion rate can also be measured. In
comparison to traditional weight loss methods, this method gives the opportunity
of monitoring the corrosion rate from day to day. Moreover, for traditional weight
loss methods, the corrosion products must be removed, and hence there is a risk
of removing not only the coating, but also the magnesium itself. This is avoided

when measuring hydrogen evolution.

For magnesium alloys, the corrosion process might be believed to be more
complicated due to the microstructural constituents in the alloy. However, the
matrix « -phase in magnesium will always corrode firstly, and the « -phase in
AZ-alloys has been shown to corrode in the same manner as pure magnesium [72].
Hence, this is a suitable method to measure both hydrogen evolution and

corrosion rate.
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3 Experimental Procedure

3.1 Materials

Magnesium alloy AZ31 has been used in all experiments. This is an aluminum-
containing alloy with aluminum and zinc as main alloying elements. The nominal

composition of AZ31 is 3% Al, 1% Zn, and 0.3% Mn [73].

3.2 Sample preparation

All AZ31 samples were mechanically polished down to P2000 grit. The samples
for the potentiodynamic polarization tests and EIS were circular with a thickness
of about 2 mm and a diameter of 24 mm, while the samples for the hydrogen
evolution experiments were cut to cubes of about 10 x 10 x 6 mm. After grinding,
the samples were rinsed ultrasonically with acetone and ethanol both for 5 minutes.
Right before the deposition of coatings onto the samples, all samples were plasma

cleaned with Argon-gas for 20 minutes.

3.3 Atomic layer deposition

Coatings were deposited by the ALD technique as described earlier, by the
ALD-reactor (Savannah S200, Veeco Instruments Inc., Massachusetts, USA). The
precursors for oxygen, zirconium, hafnium, and titanium were HoO (water vapor),
Tetrakis(Dimethylamido)Zirconium, Tetrakis(Dimethylamido)Hafnium  and
Tetrakis(Dimethylamido) Titanium, respectively. Depositions were executed at
160 degrees Celsius with Ny as the carrier gas.

In advance of the deposition of the test samples, deposition on 100 mm Silicon
(<100>, b-doped) wafers (J14014, Siegert Wafer GmbH, Aachen, Germany) was
done in order to find the deposition rate. Before depositing on the wafers, they
were plasma cleaned, and then hydrioxylated with 10 cycles of HoO in the ALD
reactor. After deposition, the thickness was divided by the number of cycles to
estimate the growth rate. Thereafter, the number of cycles were carefully chosen
for each coating in order to obtain thicknesses of about 100 nm. The thickness was
measured by spectroscopic ellipsometry (M-2000, J.A Woollam Co., USA). The
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resulting thicknesses, with corresponding cycles, can be seen in Table 4.

Table 4: Thickness and number of cycles for the different coatings.

Coating material Number of cycles Thickness

HfO, 826 112 nm
71Oy 926 122 nm
TiO, 1980 100-120 nm

3.4 Scanning Electron Microscopy

The bare and coated surfaces, before and after potentiodynamic polarisation
testing, was examined in a Scanning Electron Microscope (SEM) (Quanta FEG
650, FEI Company, Oregon, USA). The working distance was about 10 mm, and

the acceleration voltage was set to 20 kV.

3.5 [Electrolyte

As when inserting a foreign object, such as an implant, into the body, the respond
of the human body is unknown. Hence, testing in vitro is essential. Therefore a
fluid that can represent the in-body-environment is needed, which in this master
thesis was "Simulated body fluid" (SBF). The SBF was created after the recipe in
[74], and the ion concentration of SBF compared to blood plasma can be seen in
Table 5.

Table 5: The ion-concetration of SBE compared to blood plasma.

Ion Ion concentration (mM)
Blood plasma  SBF
Na*t 142.0 142.0
K* 5.0 5.0
Mg? ™" 2.5 2.5
Ca?t 1.5 1.5
Cl™ 103.0 147.8
HCO;  27.0 4.2
HPO3~ 1.0 1.0
S02- 0.5 0.5
pH 7.2-7.4 7.40
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3.6 Test set-ups
3.6.1 Potentiodynamic polarization curves

The potentiodynamic polarization curves was measured using potentiostat
(Interface1000, Gamry instruments, Pennsylvania, USA), and carried out in a cell
containing around 100 mL of SBF. The cell is shown in Figure 3.1. The set-up
consisted of a typical three-electrode configuration, with the sample being the
working electrode, Palladium as the reference electrode, and Hg/HgoSO4 as the
counter electrode. All tests were conducted at room temperature. Prior to the
polarization tests, the samples were kept in the solution for 30 minutes to obtain
the open circuit potential (OCP) and to stabilize in the solution. Thereafter, the
electrode potential was raised from -2 V to 2 V relative to the OCP at a sweeping
rate of 0.5 mV/s.

Working electrode,
] .’
2 sample placed inside
LS

\

L _ | Counter electrode
N

Chamber with electrolyte ’

Figure 3.1: Set-up for the potentiodynamic polarisation tests.

The values of corrosion potentials (Eopr) were obtained by reading off the value
at the point were the anodic and the cathodic polarization curves stabilize. The
values for current density (icor-) was obtained by extrapolating the Tafel lines of
the anodic and cathodic polarization curves. For each sample, the experiment was

repeated three times to assure results reproducibility.
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3.6.2 Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy was carried out using the same
three-electrode configuration and the same potentiostat, as described in Section
3.6.1. Additionally, the electrochemical cell was placed inside a Faraday’s cage to
avoid noise in the results. For fitting of the results, the software "Gamry Echem
Analyst" was used. The signal amplitude during EIS was 10 mV relative to the
OCP at a frequency range of 1072 to 10° Hz. The samples were kept in SBF for
30 minutes before measurements to stabilize and to measure OCP. For each

sample, the experiment was repeated three times to assure results reproducibility.

3.6.3 Hydrogen evolution

The hydrogen evolution experiment was set up as described in [75]. The set-up is
illustrated in Figure 3.2. A test sample was placed under a funnel, which ensured
that all evolved hydrogen would be trapped. Thereafter a burette filled with SBF
was mounted on top of the funnel. The burette was closed at the top so that all
Hs-gas trapped by the funnel would be collected in the burette. Moreover, when set
up this way, the evolved gas gradually pushed the SBF downwards in the burette
allowing for reading of how many mL of gas had been evolved each day. One
experiment lasted a week at room temperature, and measurements were made at
the same time each day that week. For each sample, the experiment was repeated

three times to assure results reproducibility.

Burette,

4 closed at top

Funnel

Sample

Figure 3.2: Schematic illustration of the hydrogen evolution experiment.
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4 Results

4.1 Surface characterization

In Figure 4.1, SEM-pictures of bare and coated samples are shown. As seen in
Figure 4.1a, where the bare sample is shown, there are several scratches on the
surface from the mechanical polishing. These scratches are also evident in Figure
4.1b, 4.1c and 4.1d, where the coated samples are shown, indicating thin and

conformal coatings.

(c) (d)

Figure 4.1: SEM-pictures of different AZ31-samples where (a) Untreated (b)
Coated with ZrO2 (c) Coated with HfO2 (d) Coated with TiO2
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4.2 Potentiodynamic polarization curves

In Figure 4.2, the average potentiodynamic polarisation curves for the different

samples in SBF are plotted against each other. In Figure 4.3, a close up of Figure

4.2 are shown. The results from these tests are shown in Table 6. The curves for

each different test can be found in Appendix B. A lower value for corrosion current

density indicates a lower corrosion rate and, hence, an improvement in corrosion

performance.

For corrosion potential, on the other hand, a higher value indicates

the material becoming less prone to corrosion.

Figure 4.2:

Figure 4.3:
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Potentiodynamic polarisation curves for coated and bare samples in
SBF, close up of Figure 4.2.
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Table 6: Corrosion potential and corrosion current density of the bare and coated
samples.

Ecorr [VHg/Hg2SO4] icorr [A/CmQ]

Bare -1.95 ~10~%
HfO, -2.05 ~10~7
7ZrO, -2.01 ~1076
TiOy -1.89 ~1075

Regarding icor, the tested samples can be placed in the following rank HfOg>
ZrOs> TiOy> Bare, where HfO5 has the lowest current density and the bare
sample has the highest. All the coatings reduced the corrosion current density
substantially, as seen in Table 6, thus indicating that the coatings have a significant
effect on this value. The values for the corrosion potential, E.,., on the other hand,
are very similar to each other, indicating that the coatings have little effect on the

corrosion potential.

The samples after the potentiodynamic polarisation tests are shown in Figure 4.4.
On the bare sample, visually uniform corrosion products covered the whole surface.
For the samples coated with ZrOs, HfO5 and TiOs, the corrosion products did not
cover the entire surface, but rather formed in heaps or dots on the surface, as seen
in Figure 4.4b), ¢) and d). In Figure 4.5, the samples are cleaned with chromic
acid, and the figure shows SEM-images of the corroded parts. For all samples, both

treated and untreated one, pits are seen in the corroded area.

Figure 4.4: Samples after potentiodynamic polarisation testing where (a) Bare (b)
Coated with ZrOy (c) Coated with HfOy and (d) Coated with TiOs.
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(9) (h)

Figure 4.5: SEM-images of samples after potentiodynamic polarisation tests,
where (a) Bare (b) Magnification of a (¢) ZrOz-coated (d) Magnification of ¢ (e)
HfOs-coated (f) Magnification of e (g) TiOa-coated (h) Magnification of g.

32



4. Results

4.3 Electrochemical impedance spectroscopy

The Nyquist-plots are shown in Figure 4.6. In the Nyquist plots, the bare sample
and the coated samples are characterized by three time constants being the
capacitive loop in the high and medium frequency range, and the inductive loop
in the low-frequency range [76, 77]. The capacity loop is connected to the transfer
process between the coating and the substrate, while the inductive loop describes
the corrosion of AZ31 [76, 77]. A larger capacitive loop means better corrosion
resistance [60]. Due to the larger diameter of the capacitive loops of the coated
samples compared to the bare sample, the treated samples show much better
performance in corrosion resistance. The diameter of the capacitive loops, and
hence, the corrosion performance is ranked HfOy > ZrO; > TiOs > Bare. There
is a large difference in impedance among the different samples, as can be seen by

inspecting the order of magnitudes on the axes.
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Figure 4.6: Nyquist plots for the different samples a) Bare b) Coated with ZrOy c)
Coated with HfOy d) Coated with TiOs.

The Bode plots are shown in 4.7. The Bode plots also help to investigate the

corrosion resistance as a higher value of |Z|;_,o means greater corrosion resistance
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[78, 79]. The |Z|;_-value for the bare sample, the ZrOs-coated sample, the HfOo-
coated sample and the TiOy sample is 1.4x10% Qcm?, 7x10° Qcm?, 4x107 Qcm?
and 5x10% Qcm? respectively.
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Figure 4.7: Bode plots for the different samples a) Bare b) Coated with ZrOs c¢)
Coated with HfOy d) Coated with TiOs.

The EIS spectra can be simulated by an equivalent circuit, and the one used for
fitting the EIS data is shown Figure 4.8. This equivalent circuit has been taken
from literature where ALD-films for the same purpose as discussed in this thesis
have been investigated [60, 62, 80]. The fitting results are shown in Table 7. Here,
Rs, R1 and Ry represent the electrical impedance of the electrolyte, the surface
modification layer (MgO), and the charge transfer resistance respectively. C;
represents the capacitance of either the coatings or the surface corrosion products
of the bare AZ31 [62]. Ry and L represent the resistance and inductance of the
species absorbed into the coating, respectively [81]. Q1 acts as a constant phase
element (CPE) of the electric double layer on the electrode surface [60]. All the
coated samples exhibit higher values for R; and Rs, and lower values for Q; and
C1, compared to the untreated sample. This indicates successful deposition of the

coatings and higher corrosion resistance.
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Figure 4.8: Equivalent circuit for EIS.

Table 7: Fitting results for EIS.

Bare 7ZrO2 HfO2 TiO2
Rs (2 cm?) 100,16 106,40 95,00 98,42
R1 (Q cm?) 9,34 1,64 x 10" 3,30 x 107 2,63 x 103
Cl (2 tem™2s™) 571 x 1073 1,05 x 1075 1,29 x 1077 1,29 x 1074
Ql (2 'em2s™) 7,07 x107°5 971 x107% 1,30 x 1076 7,24 x 1077
n 0,7479 0,984 0,999 0,938
R2 (Q cm?) 3,79 x 101 2,25 x 106 3,80 x 107 6,88 x 10°
RL (92 cm?) 1,78 x 102 3,21 x 107! 1,71 x 106 1,05 x 103
L (H cm?) 1,84 x 1071 242 x 107 1,25 x 107 2,35 x 1073
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4.4 Hydrogen evolution

In Figure 4.9, the hydrogen evolution results for different AZ31 samples immersed
in SBF for seven days are shown. The sample clearly evolving the most hydrogen
gas for the entire period is the bare sample. The untreated sample has the fastest
evolution rate at the beginning and throughout the immersion period. However, the
Titania sample evolves no hydrogen after 24 hours, but after two days, this sample
evolves at more or less the same rate as the bare one. In contrast to the Titania-
sample, the Hafnia-sample corrodes during the first 24 hours, but despite this, the
corrosion rate is kept lower than the former for the whole period of immersion.
The Zirconia-sample is the most stable sample, staying inert for for the first 3 days
before evolving from day 3-6, and then stabilize again on day 6.

3.51

3.01

2.51

2.01

1.5 1

1.0 1

Hydrogen evolution [mL/cm?]

0.5 1

0.0 1

Time [days]

Figure 4.9: Hydrogen evolution of different AZ31 samples.
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5 Discussion

5.1 Corrosion mechanism of the ALD-coated magnesium
alloy AZ31

By the work done in this master thesis, it is evident that coatings prepared by
ALD can delay the corrosion of alloy AZ31 to some extent. However, if the
coatings completely covered the magnesium surface, no fluid could, in theory,
reach the surface, and hence no corrosion of the magnesium surface would occur.
Nevertheless, when the coated AZ31-substrates was tested electrochemically, and
immersed to measure hydrogen evolution, corrosion of the magnesium alloy
occurred. Therefore, the coatings cannot have been fully dense as the electrolyte

must have penetrated through the coatings.

As previously reported about ZrOs-coatings prepared by ALD [58, 60|, there exist
some nanometer gaps between the deposited atoms in the deposited film. It is
likely that this also is the case for the coatings prepared in this thesis. The gaps
cause the SBF to penetrate the coating and reaching the bare magnesium surface.
Furthermore, the reaction between magnesium and water produces hydrogen gas,

in which locally damage the coatings and expose a wider area of bare magnesium.

The argument of gaps present in the coatings is in agreement with the
potentiodynamic polarisation tests. If the coating had been uniform, this would
indicate that it was the coating that degraded, and not the Mg substrate,
however, this was not the case. In Figure 4.4 in Section 4, it can be seen that the
corrosion products gathered in piles, and in Figure 4.1 it can be seen that pitting
corrosion was the main corrosion mode. Thus, the corrosion was local before

spreading across the sample surfaces, which indicate defects in the coatings.

Nevertheless, in the hydrogen evolution experiment, a large percentage of the
Hafnia-, and Zirconia coated surface on the cubic samples appeared untouched
after the period of immersion, except for some pits. Zirconia was the most stable
coating throughout the immersion period, while the hydrogen evolution of Hafnia
increases significantly from day 4. The former may be due to the aggressive
corrosive environment formed in the pits. The corrosion in the pits was may
accelerated by galvanic differences between the elements in the alloy [82]. In alloy

AZ31, Aluminum and Zinc are the main elements, and as seen in Table 2 in
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Section 1, the standard electrode potential for Al, Zn and Mg are -1.66 V, -0.76 V
and -2.37 V, respectively. Thus, Mg will always be the anode. Additionally could
the chloride environment, and the Mg-ions from anodic dissolution further have

accelerated the corrosion [82].

Moreover, the stabilization of the Hafnia- and Zirconia samples on day 2-4 and
4-7, respectively, may be because corrosion products covered the pits, hindering
corrosion or the release of hydrogen gas. On the Titania-sample, on the other
hand, large corroded areas were observed, indicating more defects in this coating,

leading to a corrosion rate similar to that of the bare sample already from day 2.

5.2 Comparison of coating performance on AZ31

The potentiodynamic polarisation results showed that all coatings lowered the
corrosion current density by more than one decade. The bare sample had a
current density of about 10™% A /cm? while the best performing coating, Hafnia,
had a current density of approximately 10~7 A/cm?. Secondly came Zirconia,
lowering the current density to about 107 A/cm?, while Titania decreased the

2, The EIS results agreed to this ranking.

current density to around 107> A/cm
In the Nyquist-plots, the capacitive loop of Hafnia was bigger than the
Zirconia-loop by a decade and bigger than the Titania loop by four decades. Also
did the |Z|j_o-values from the Bode-plots, and C;-values suggest that Hafnia
had the best corrosion resistance. However, the results from the hydrogen
evolution experiments were contradicting to the former. These results showed

that the Zirconia sample was the most protective coating.

Therefore, the coatings can overall be ranked in corrosion resistance performance by
HfOy ~ ZrOy > TiO4. Titania being ranked the poorest of the three coatings may
be attributed to the low growth rate of the oxide. To obtain a thickness of around
100 nm, more than twice as many cycles for Titania (1980 cycles) were needed
compared to Hafnia (826 cycles) and Zirconia (926 cycles). When the number
of cycles increases, the size of the deposited nanoparticles decreases slightly [60].
Moreover, when particles decrease in size, the nanometer gaps between the particles
will increase. Therefore, Titania may have larger gaps in the coating, leading to a

more rapid penetration compared to Zirconia and Hafnia.
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5.3 Coating thickness

A coating thickness of at least 10 nm is required for the deposited coating to have
a protective effect [83]. The coating thicknesses were chosen based on the results
found in the specialization project, as summarized in Section 2.2.3. Because some
papers [58, 60, 61] reported that increasing the thickness would increase the
protective properties by making up for imperfections, such as gaps, in the
coatings, coatings-thicknesses of around 100 nm were chosen on this hypothesis.
However, as observed, the coatings are not completely protective of the
AZ31-samples. Kédridinen et al. [84] reported that ALD-thickness above 100 nm
might form cracks that reduce the barrier properties of the coating. Moreover, for
the coatings prepared in this thesis, all film thicknesses exceeded 100 nm.
Therefore there might have been not only nanometer gaps due to deposition but
also cracks due to thickness reducing the coating performance. However, the
thicknesses of the coatings were measured to 112 nm, 122 nm, and between
100-120 nm for Hafnia, Zirconia, and Titania respectively, whereas the thickest
coating, Zirconia, also was the coating that showed best protective properties in
the hydrogen evolution experiment, where the samples were immersed in SBF for
7 days. This may indicate that the Zirconia coating was the coating with the
least defects. Thus, the observation by K&éridinen et al. was not the case for the

coatings prepared in this thesis.

5.4 Biocompatibility of ALD-coatings

The hydrogen evolution measurements show that none of the coatings fulfill the
requirement of a hydrogen evolution rate of 0,01 ml/(cm?day), as stated in [40],
because the ALD-coatings allow for fluids to reach the magnesium surface.
However, there are more factors influencing the biocompatibility of the coatings.
As seen in the SEM-photos in Figure 4.1, the scratches from the mechanical
polishing are clearly present in all images, indicating that the coatings are
conformal. As an implant surface will be tailored to induce tissue growth, a
protective coating should, therefore, follow the surface morphology - which the

Zirconia-, Hafnia, and Titania-coatings did.
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5.5 Suggestions for improving corrosion performance of
ALD-coatings

The ALD-coatings investigated in this thesis are not sufficient for biomedical use.
However, there are more ways of tuning the ALD-coatings than what has been
explored in this thesis. For instance could combining coatings, as was done in
[59], be a good alternative. Marin et al. [59] investigated AZ31-samples with
ALD-coatings of TiO2, AlyOs, and alternating coatings of AlyO3/TiOz, and
Aly;03/TiO2/Al;03/TiO2. The thickness of each coating was 100nm in total.
Polarisation curves were performed in 0.05M NaCl at room temperature, whereas
the bare sample had a current density of 107*A/cm?. The TiOg-coating and
Al,O3-coating lowered the current density by two decades to about 1076A /cm?.
The two alternating coatings, on the other hand, both lowered the corrosion

current density to about 107%A /cm?

. This is interesting, as there was a gap in
magnitude of two decades for coatings with the same thickness. Hence, combining
coatings were shown to have a sealing effect. The hypothesis of this sealing effect
in [59] was that nucleation of one oxide would cover the defects of the other.
Therefore could the challenge with nanometer gaps found in pure ALD-coatings

be overcome by combining coatings.

5.6 Evaluation of experimental work

The human body’s environment was, in the experiments conducted in this thesis,
represented by SBF. Nevertheless, a human body has a temperature of about
37°C, but the experiments were run in room temperature. However, in a study by
Wagener & Virtanen [85], they investigated how electrochemical measurements of
pure magnesium in SBF acted at 37°C compared to room temperature. Their
findings revealed that the temperature rise had minimal impact on the results. It
is, therefore, believed that if the experiments in this thesis were conducted at
37°C, similar results to what already obtained, would be found.

The equivalent circuit (EC) that was used for simulating the EIS-spectra was chosen
based on what had been used in literature with similar cases. However, what impact
the choice of EC had on the results, was not investigated in this thesis. In order

to verify the EIS-fitting results, such an investigation should be made.
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6 Conclusion

In this master thesis, the performance of ALD-coatings on magnesium alloy AZ31
was investigated. This was done for the purpose of improving the corrosion
resistance of magnesium alloys for use in biomedical implants. Zirconia-, Hafnia-,
and Titania-coatings were deposited on magnesium alloy AZ31 substrates and
was evaluated through potentiodynamic polarisation experiments, electrochemical
impedance spectroscopy, and hydrogen evolution measurements. All results
showed that ZrOs-, HfO5- and TiOs-coatings prepared by ALD improved the
corrosion resistance of magnesium alloy AZ31 in SBF. However, their resistance
was limited due to nanometer-gaps in the coatings. Moreover, if the AZ31 alloy is
to be used for biomedical implants, the protection provided by neither one of
these ALD-coatings is sufficient.

Yet, coatings prepared by ALD are highly conformal, which is an important
property considering biomedical devices. Also, the protective properties are
essentially the same for coatings prepared by ALD with thicknesses at nm-scale,
compared to coatings prepared by other coating techniques with thicknesses at
pm-scale. It is therefore suggested for further work to investigate combinations of
different materials in the ALD-coating, where it is possible to make up for the

defects present in the single-material coatings.
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Abstract

The aim with this specialization project was to investigate through a literature study if ALD is
a suited coating method for corrosion protection of magnesium alloys for clinical use. Various
coating techniques for biocompatible corrosion protection of magnesium alloys was reviewed
and evaluated for comparison to ALD. An overview of the current research on corrosion

protection on magnesium by ALD was also established.

In conclusion, there is a large potential laying within ALD for corrosion protection of
magnesium alloys for biomedical use. The coating-properties obtained by ALD are superior
compared to coatings prepared by other coating techniques alone. The ALD process itself offer
great composition control in addition to good adhesion, even at low temperatures, which is
crucial for magnesium with its low melting point. Furthermore, there are so far little research
on the specific field of ALD on magnesium in clinical applications, but the results available are

promising.
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1 Introduction
1.1 Biomedical implants

For a material to be considered as a biomaterial, and hence can be used as an implant in the
human body, there are several requirements that needs to be fulfilled. They must be
biocompatible, i.e. cause no inflammatory, allergic or cancerous reactions (Matias et al. 2014).
In addition to this, the material must be either bioinert or bioactive, meaning the implant does
not interfere- or that the material interacts with the surrounding tissue respectively (Peron,
Torgersen, and Berto 2017). If the material is not biodegradable, the materials chemical
properties must also be considered in relation to corrosion, so no harmful particles are released
(Dorozhkin 2015). Materials that fulfill these requirements are various polymers, metals,

ceramics and composite materials (Peron, Torgersen, and Berto 2017).

So far only permanent implants have been used for load-bearing applications. Because of the
excellent mechanical properties of metals, such as strength, toughness and long service life,
these out-perform the other materials for permanent load-bearing implants. Due to the
limitations of biocompatibility, the most commonly used metals are titanium and titanium
alloys, stainless steels, and cobalt-chrome alloys (Matias et al. 2014; Dorozhkin 2015).
Unfortunately, there are several limitations of these metallic implants. The mechanical
properties of the current implants highly differ from the mechanical properties of natural bone,
as seen in Table 1.1. Such a mismatch leads to the phenomena stress shielding. With stress
shielding, the implant carries more load than the bone and the bone adapts to this change, thus

changing its properties. The bone can either become thinner or more porous, both enhancing

Table 1.1 Mechanical properties of natural bone and different implant materials (Peron,

Torgersen, and Berto 2017)

Properties Natural bone Stainless Steel ~ Ti Alloy Co-Cr Alloy Magnesium
Density (g/cm?®) 1.7-2.0 7.9-8.1 4.4-45 8.3-9.2 1.74-2.0
Elastic modulus (MPa) 3-20 189-205 110-117 230 41-45
Tensile strength (MPa) 80-150 480-620 930-1140  900-1540 170-270
Compressive yield strength (MPa 130-180 170-310 758-1117  450-1000 65-100
Elongation at failure (%) 1-7 30-40 8-15 30-45 6-20
Fracture toughness (MPa m%?) 3-6 50-200 55-115 100 15-40




the risk of implant failure (Peron, Torgersen, and Berto 2017). Furthermore, toxic ions or
particles can possibly be released from the implant due to corrosion and wear processes
(Dorozhkin 2015). Hence, a patient will need a second surgery to remove the implant after
healing. These surgeries can be complex and difficult, especially if tissues have grown around

the implant.

1.2 Magnesium — a biodegradable material

Biodegradable implants can possibly overcome the challenges that comes with permanent
implants. Being biodegradable, a material can corrode inside the body with biocompatible
degradation products (Moravej and Mantovani 2011). A biodegradable implant must be able to
give the support required for the damaged tissues until it has healed (Dorozhkin 2015).
Magnesium has over the recent years gained attention for its biocompatibility and its
outstanding properties for clinical use (Agarwal et al. 2016). With mechanical properties very
similar to natural bone, the stress shielding phenomena is reduced (Matias et al. 2014).
Magnesium can degrade naturally within the body, removing the need for second surgeries and
hence reduce the healing time and possible complications that comes with post-surgeries
(Dorozhkin 2015). Magnesium is also a vital part of the metabolism in the human body, crucial
for many enzymes, and helps to stabilize DNA and RNA (Staiger et al. 2006). It is naturally
found in the bone tissue and magnesium cations are the fourth most abundant cations in the
human body (Dorozhkin 2015). Therefore, corrosion- or wear products from magnesium could
possibly induce bone growth. On the other hand, too high levels of magnesium can give critical
consequences, but this is rare as the body efficiently excretes excess magnesium in the urine
(Staiger et al. 2006).

The biggest challenge that comes with magnesium as biodegradable implants is the poor
corrosion resistance of the material. The healing time for a bone is about a year, and a bone
implant should therefore keep its full integrity for the three first months before gradually
degrading in both volume and strength (Zhang 2015). When in contact with or immersed in an
aqueous solution, magnesium will react with water and corrode as according to Equation (1)
(K. Chen, Dai, and Zhang 2015).

Mg +2H,0 - Mg(OH), +H, 1)

The anodic and cathodic partial reaction are given in equation (2) and (3) respectively.



Mg — Mg* +2e” 2
2H,0+2¢" — H, +2(0H") 3)

As seen from the reactions, hydrogen gas bubbles will evolve, and the magnesium ions will
react with the hydroxide and form magnesium hydroxide. This thin film has a low solubility in
water, and therefore protects the metal from further corrosion. However, this film will react
with the chloro-ions in the human body fluid and create magnesium chloride, as in Equation
(4), which is highly soluble in water.

Mg(OH), +2CI~ —> MgCl, + 2(OH ") )

Thus, corrosion of magnesium will continue. Magnesium implants will hence suffer from early
loss of mechanical properties, which can lead to implant failure before the surrounding tissue
has time to heal (Zhang 2015). Another consequence from rapid corrosion, which has been
reported by several in vivo studies, is the evolution of hydrogen gas bubbles around the implant
(Zhang 2015). The maximum tolerable hydrogen evolution rate is 0.01 ml/(cm? day), which
correspond to a corrosion rate of 0.02mm/year (Song 2007). The gas bubbles can potentially
harm the healing process, cause necrosis in surrounding tissue (Sankara Narayanan, Park, and
Lee 2013), and in worst case block the bloodstream of the patient (Peron, Torgersen, and Berto
2017). A fast degradation rate of magnesium can also give a rise in pH in the surrounding body
fluid, which can affect the pH-dependent physiological reactions in the area, or even lead to an
alkaline poisoning effect (Song 2007). It was reported by (Zhang 2015) that a rise in pH can
lead to bone absorption in undesired regions due to an accelerated deposition of calcium
phosphate. In the same article it was reported that a rise in pH may induce hemolysis. Likewise,
a corrosive environment combined with an applied mechanical load, may also induce corrosion-

assisted cracking phenomena (Peron, Torgersen, and Berto 2017).

To utilize the potential of magnesium as biodegradable implants, one evidently must improve
the corrosion resistance. There are mainly two ways to improve the corrosion protection
properties of magnesium; alloying, and coating. With alloying one can optimize the
composition, microstructure and surface morphology (Agarwal et al. 2016). Alloying will
increase the degradation resistance, but because alloying always gives the metal an
inhomogeneous microstructure, bare magnesium alloys are prone to localized corrosion as

pitting rather than uniform corrosion. Uniform corrosion is more desired as localized corrosion

3



can result in toxicity and early failure of the implant (Kannan 2015). With a coating on the other

hand, one can prevent fluid entering the magnesium substrate and hence hinder corrosion.

1.3 Coating requirements

For biomedical applications, there are several requirements for a surface coating. Most
importantly, the coating must non-toxic, thus not cause any harm to the surrounding
environment (Zhang 2015). As the surface of the implant is where cells and new tissue will
form, the coating must be biocompatible for these to adhere and grow. This is in regards of both
surface morphology and coating composition. Additionally, as magnesium is biodegradable, so
must the coating be. The aim with corrosion protection of magnesium implants is to slow down
the initial degradation rate so tissues have time to heal, hence a coating will need to have a
slower degradation rate than the magnesium itself. To be able to control and predict the
degradation rate, uniform corrosion is desired, and it is therefore also advantageous if the
coating has a uniform thickness. Being uniform, this also involve being pore free. Although
pores may induce osseointegration (Blawert et al. 2015), the path for fluids to reach the surface
are reduced when pores are present. Moreover, pores enhance the possibility of localized

corrosion which further can introduce corrosion induced cracking phenomena.

1.4 Objectives

Recently, a coating technique called Atomic layer deposition (ALD) has gained attention for
corrosion protection as it offers very thin, precise, conformal and pin-hole free coatings. In the
ALD-process one can build coatings layer by layer and control the thickness on atom-scale.

Unfortunately, there are still limited work available on this subject.

This specialization project will therefore aim, through a literature study, to investigate if ALD
is a suited coating method for corrosion protection of magnesium alloys for clinical use.
Additionally, the specialization project aims to establish an overview of what work has been
done on the topic up until now. This is motivated by the possibility to, at a later stage, perform

experiments which can lead to new knowledge in the field.

1.5 Scope

To conclude on whether ALD is a suitable method for corrosion protection of magnesium or
not, a literature study has been conducted on common coating techniques for corrosion

protection of magnesium, as well as ALD. This is presented in section 2 and 3. These sections



was prepared to create a proper basis for comparison, which is done in chapter 5. Additionally,
in section 3, the review on ALD for corrosion protection is thorough to provide a current status

on the topic up until now.



2 Previous coating techniques used for corrosion
protection of magnesium alloys for biomedical

purposes

As the properties of a coating depend on the application method, the coating technique should
be carefully chosen. Several coating techniques have been investigated for improving the
corrosion resistance of magnesium alloys for biomedical purposes, and this chapter gives an

overview of the most common techniques.

2.1 Conversion coatings

When preparing conversion coatings, the substrate is immersed in an electrolyte where
chemical reactions between the substrate and the content in the electrolyte form an insoluble
film on the substrate surface (Packham 2011). The process is relatively short, varying from a
few seconds to tens of seconds (Packham 2011). Conversion coatings can have thicknesses
ranging from a few nanometers to several micrometers (Packham 2011), and the thickness is
enhanced with increasing immersion time (Zhang 2015). The composition of the coating
depends on several variables as substrate type, electrolyte, pH, temperature, and time and thus
the process can be difficult to control and hence the specific chemistry of the coating (Packham
2011). The most common conversion coatings used to improve the corrosion resistance of

magnesium for biomedical use are fluoride- and phosphate-based coatings.

Almost all work on phosphate treatment of magnesium alloys reports that the coating enhanced
the corrosion properties (Zhang 2015). (Zhang 2015) presents results from polarization tests in
simulated body fluid (SBF) of a phosphate treated magnesium alloy. The results, as seen in
Figure 2.1, clearly indicate that the corrosion resistance is improved by the coating and is further

improved by increasing immersion time (thickness).

Conversion coatings offers great adhesion to the substrate due to chemical bonds and an in-
between layer between the substrate and the coating (X.-B. Chen et al. 2015). This was reported
by for instance (Y. Chen et al. 2012), who reported that a phosphate conversion coating can be
regarded as built up by two layers, where the inner layer is dense and amorphous, while the
outer is porous consisting of crystals. Additionally, it was reported that the adhesion between
the two layers was poorer than the adhesion between the lower layer on the substrate, which

was suggested as a disadvantage. Another phenomenon that comes with the two-layer-coating
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is that when a phosphating process is extended, the outer layer shifts to a rough brushite layer.

The rough surface gives good corrosion properties, but may hinder cell adhesion (Zhang 2015).
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Figure 2.1 Electrochemical polarization curves of phosphate-treated and bare magnesium
alloy samples in SBF (Zhang 2015).

Surface treatment by phosphate has already successfully been used on medical implants of Ti
and its alloys, where a calcium-phosphate coating was deposited on the surface of the implants.
The motivation was to avoid corrosion products in the body and to help the implant attach to
the surrounding tissue. The benefits of the coating are possible due to phosphates good

biocompatibility to bone tissue. (Zhang 2015)

The most studied fluoride conversion coating is MgF2, which in addition to improving the
corrosion resistance, has been reported to have antibacterial properties and aid bone healing (da
Conceicdo and Scharnagl 2015). However, (da Concei¢do and Scharnagl 2015) reported about
poor long-term protection. This was assumed to be due to cracks and pores in the coating, and
it was suggested that if a conversion coating should be used for corrosion protection of

magnesium, a top coating should be applied.

When applying an external voltage to the conversion coating process, the process is called
anodizing (Packham 2011). In a study by (Jiang et al. 2017), they investigated the degradation
of AZ31 alloys with MgF2-coatings formed by anodizing. The coating thicknesses varied
between 1um to 14um, and the higher voltage applied the thicker. They observed that for
voltages below 120 V in the anodization process, the coating surface was rough and non-
uniform, while for voltages above 120 V the coating surface was relatively fine, porous and

uniform. In agreement to what was described for conversion coatings by (Zhang 2015), they



also concluded that increased thickness corresponds to increased corrosion resistance.
Noteworthy, the lowest current density was obtained in the second-thickest sample, yielding
8.533x10°7 Alcm?. The thickest sample measured a current density of 4.36x10°® A/cm?, but had

the lowest potential as seen in Figure 2.2.
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Figure 2.2 Polarization curves conducted in Hank’s solution for A) Bare alloy, and treated
samples anodized at B) 100V, C) 110, D) 120V, E) 130V and F) 140V (Jiang et al. 2017).

The polarization curves in the figure also revealed, on the anodic parts, kinks relatively close
to the corrosion potential for the samples coated at and above 120V. This may indicate the onset
of pitting corrosion on these samples, which is in correspondence with their reported porous
surface. Hence, for long-term properties, anodizing will not give sufficiently protection without

sealing the pores in the coating (Q. Wang and Zhang 2015).

2.2 Coatings by sol-gel process

The sol-gel process, also called chemical solution deposition (CSD), is a wet chemical method.
The film is formed by colloidal suspension of either inorganic or metal organic precursors
(Pilliar 2015). The process is simple, and the application areas are many, such as heat-sensitive
materials and complex shapes (Hiromoto 2015). Because the process temperature is low,
defects as phase transformations and changes in microstructures are avoided, and one can easily
control the chemistry and structure of the coating accurately (Pilliar 2015). Sol-gel processing
also results in good adhesion between the coating and the substrate (Asri et al. 2016).
Nevertheless, the process often tends to form dots or heaps on the surface rather than a uniform
coating (Hiromoto 2015), which is a disadvantage for corrosion protection. The sol-gel coatings

also tend to crack upon drying (Pilliar 2015).



The sol-gel process can be carried out with different methods as for instance dip-coating, spin-
coating, spray-coating and roll-coating. In dip-coating one simply dip the specimen in the
solution, and the coating is applied. The thickness of the coating depends on number of dips,
viscosity of the solution, and the dip rate (Augello and Liu 2015). The method is suited for
thicker coatings, as it is hard to control the thickness of the coating. With spin-coating and roll-
coating, better thickness control is achieved (Pilliar 2015). In spin coating, the solution is
applied at the middle of the specimen, and the specimen is then spun to evenly distribute the
solution on the surface. In roll-coating, the solution is fed to a wheel which rolls over the
surface, and hence distributes the solution. The drawback of these two methods are that they
are limited to flat specimens. Spray-coating can be applied to various shapes and is similar to
dip-coating, and the method includes spraying the coating onto the substrate. Spray-coating can

also provide a more uniform thickness than spin-coating.

(Tang et al. 2013) studied the corrosion properties of an AZ31 magnesium alloys coated with
hydroxyapatite by sol-gel dip-coating. After dipping, the alloys were heated at 60°C for 30
minutes, before heat-treated at 200 °C and 400 °C for 30 minutes. The different specimens were
immersed in SBF at 37°C to conduct polarization tests, and the results showed that the corrosion
properties clearly were enhanced. The results also revealed that post-heat treatment greatly
enhances the properties of the coating, as seen in Figure 2.3, by removing the water present in
the coating and making the coating denser and more compact due to shrinkage. It was also

reported that the adhesion was improved by post-heating.
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Figure 2.3 Polarization tests results of bare and dip-coated AZ31 alloys with different heat
treatment (Tang et al. 2013).



2.3 Chemical vapor deposition

Chemical vapor deposition (CVD) is the collective name for a number of processes where a
thin film is formed by chemical reactions between the substrate surface and the vapor. ALD, as
discussed later, is a CVD-technique. The reaction happens on or nearby the substrate surface,
and the substrate is normally pre-heated (Carlsson and Martin 2010). CVD offers great control
of the deposition process, hence CVVD-coatings in general has uniform thickness, and other

properties can be tailored after need (Carlsson and Martin 2010).

In a recent study by (G. Yang et al. 2018), they deposited carbon nitride by one-step chemical
vapor deposition (OS-CVD) on an AZ31B alloy. The process was conducted at three different
temperatures; 400°C, 450°C and 500°C. The thickness of the all three coatings was about
4.69um, and the films were uniform, dense and smooth. Immersion tests in phosphate-buffered
saline (PBS) at 37°C for 180 hours revealed that the coated alloys surfaces remained intact
without visible cracks or pits, and hydrogen evolution was low for all coated samples.
Polarization tests in PBS at 37°C, as shown in Figure 2.4, showed that the sample coated at
500°C yielded best corrosion performance, but hemolysis testing showed that only the sample

coated at 450°C was within the requirement of 5%.

Potential(V VS,SCE)
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Figure 2.4 Polarization test results for bare alloy and alloys coated with CVD at different

deposition temperatures (G. Yang et al. 2018).

For cell experiments and animal testing, they therefore continued with that sample. The coated
alloy did not damage cells in the cell experiment and demonstrated good biocompatibility. This
was consistent with the in vivo testing with rabbits, where lungs, kidney, liver and heart were

investigated after one month. No inflammation, bleeding, necrosis or discoloration was
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discovered for the coated alloy, while for the bare alloy some damage to the lungs were

observed. The coated alloy also demonstrated good osseointegration.

Another study on coatings prepared by CVD was done by (Surmeneva et al. 2018), who coated
AZ91, AZ31 and WEA43 alloys with a 2 um thick Parylene C-coating, a polymer with a dense
structure and smooth hydrophobic surface. It was reported that the coating surfaces after
deposition was uniform, smooth and more homogenous than the substrate surface. By
polarization tests in Hank’s solution it was proven that the coating is an effective corrosion
inhibitor. More interestingly, in nanoindentation tests the Parylene C-coating showed an elastic
behavior. This is advantageous for load-bearing implants, as the coating can follow the behavior

of the implant without cracking and allowing fluids reaching the substrate surface.

2.4 Physical vapor deposition

Physical vapor depositions (PVVD) main advantage is that the deposition can be done at low
temperatures, that is temperatures well below the melting point of the substrate that is to be
coated. This is especially an advantage with magnesium and magnesium alloys, as these

materials are known as sensitive to temperature (Abela 2015).

To deposit a coating by PVD one evaporates a condensable material by very high temperature
or kinetic energy, thereafter the vapor is transported by vacuum to a cold surface on the
substrate. By surface diffusion, the vapor will form a thin solid film on the surface. Even though
the deposition can occur at low temperatures, it is still challenging to use PVC on magnesium
and its alloys due to control of deposition temperature and to secure sufficient adhesion at low
temperatures (Abela 2015). Because of this, the only PVD processes that are suitable for
magnesium and its alloys are the ones where the energy needed in the process are provided by
plasma or high-energy flux, as condensable flux or ion beam (Abela 2015). These PVD-
processes are summarized in Figure 2.5. In these processes there are no need for heating the

substrate in advance.

Figure 2.5 PVD-processes suitable for magnesium and its alloys
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The main difference between the ion-assisted deposition techniques and plasma enhanced
techniques is that in the first mentioned the energetic ion source and the condensable material
flux is separated, allowing more control of each deposition parameter. This in turn improves
the coating properties compared to plasma enhanced techniques, where the ion flux and

condensable material flux comes from the same plasma source (Abela 2015).

In a study done by (Bakhsheshi-Rad et al. 2017), a Mg-0.8Ca-3Zn alloy was coated with a
duplex coating consisting of ZnO and multi-walled carbon nanotubes (MWCNT), where ZnO
was prepared by PVD and MWCNT by dip-coating. First mentioned was 1.1um thick, while
second was 10.2um thick. As expected, polarization tests in SBF showed that the duplex coating
performed better than the bare alloy and the alloy coated with only ZnO, as indicated in Figure
2.6.
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Figure 2.6 Polarization test results from bare, ZnO and ZnO/MWCNT coated alloys
(Bakhsheshi-Rad et al. 2017).

More interestingly, after immersion for 10 days, both the ZnO coated alloy and the
ZnO/MWCNT alloy experienced cracks and pits on the surface. However, the ZnO/MWCNT
coated alloys experienced less corrosion damages and showed smaller corrosion rate than the
ZnO-coated alloy. It was also reported that the ZnO/MWCNT coating showed great
biocompatibility and favored osseointegration. These results indicate that coatings by PVD may
not provide sufficient corrosion protection alone but need a top coating. This was also reported
by (Abdal-Hay et al. 2014), who prepared a TiO ¢L00nm) / PLA ¢1.8um) coating on alloy AM50
with PVD and dip-coating, where the PLA coating significantly improved the degradation
properties in comparison to the TiO-coating alone.
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2.5 Plasma electrolytic oxidation/ Micro-arc oxidation

Plasma electrolytic oxidation (PEO), also known as micro-arc oxidation (MAOQ) is a coating
method that has been used in several industries for decades. When preparing a PEO-coating,
the metal sample is immersed in an electrolyte. The metal sample works as an anode and
working electrode, and usually the electrolyte container works as the counter electrode. High
voltage is applied between the sample and the container, and the oxide layer on the metal is
damaged as the dielectric breakdown voltage is exceeded and discharges occur. The coating
material forms by local ionic transport from the electrolyte to the broken-down areas on the
metal where a thicker oxide-layer is formed. The resulting coating is highly crystalline and thus

is a hard coating with good resistance to wear. (Blawert et al. 2015)

Due to micro-discharges during the PEO-process, pores are often present in coatings prepared
by PEO which is a major challenge as it allows for fluids to reach the substrate surface which
initiate corrosion (Blawert et al. 2015). PEO-coatings therefore only provide moderate
corrosion resistance (Narayanan, Park, and Lee 2015). Sealing coatings on top of PEO-coatings
has been used to reduce the problem, and especially biocompatible and biodegradable polymers
and co-polymers (PLA, PGA) has been mentioned as good candidates (Blawert et al. 2015).
Although pores have been regarded as negative for the mechanical properties of the coating, it
should be emphasized that for bone growth pores is advantageable, as new blood capillaries can
grow into the graft (Blawert et al. 2015). The relationship between porosity and mechanical

properties must therefore be thoroughly evaluated.

PEO-coatings have the advantage of growing both inwards and outwards of the metal specimen,
which secures very good adhesion of these coatings. (Blawert et al. 2015) Micro-structure,
surface morphology and composition of the coatings will influence the coating properties, and
these matters can be modified for desired properties. The composition of the coating depends
highly on the chosen electrolyte, as demonstrated by (Lin et al. 2014), who coated a ZK60
magnesium alloy by PEO to form a thin phosphate-based film containing strontium. Two
different coatings were tested, one without strontium and one containing strontium, with
thickness 10 and 20um respectively. The electrolytes used for preparation were the same except
some Sr(OH)2was added in one of them. The motivation for adding strontium, was a hypothesis
that the element would improve biocompatibility. This was proven by cell tests and measuring

ALP. By inspecting the coatings, it was clear that both coatings were porous and had micro-
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holes, but both coatings enhanced the corrosion resistance (measured in Hank’s solution at

37°C) as shown in Figure 2.7.
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Figure 2.7 Polarization test results of bare, and PEO-coated samples (Lin et al. 2014).
P denotes the sample prepared in an electrolyte without strontium, and Sr-P denotes the

sample prepared in the electrolyte with strontium.

Nevertheless, for the coating with strontium, no damage of the coating was detected after 50
days of immersion, while for the bare sample and the other coated sample, severe local

corrosion had occurred.
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3 Atomic Layer Deposition

Atomic layer deposition is a coating technique based on chemical vapor deposition (CVD)
which prepare thin films with high conformality and offers thickness control on atomic level
(Graniel et al. 2018). The resulting film is dense and pin-hole free. The technique has its origin
from the 1970’s where it was developed with purpose to deposit ZnS for electroluminescent
displays (Graniel et al. 2018). The technique was at the time named atomic layer epitaxy (ALE),
as the films were going to be built up by crystalline or polycrystalline materials (Knoops et al.
2014). Later the technique was introduced to other application areas such as photovoltaics,
catalysis and semiconductors (Puurunen 2014). Stated by (Knoops et al. 2014) was the ALE-
technique especially used for forming highly insulating oxide films to be used as low-leakage
high-k dielectrics in complementary metal-oxide-semiconductor (CMOS) transistors and
dynamic random access memory (DRAM) devices. Applications like these have been the main
reason for research on the technique which from the 1980’s has been referred to as ALD
(Graniel et al. 2018). Today ALD is used in applications as high-k gate dielectrics, resistive
memory, and corrosion protection (Provine et al. 2016). In the semiconducting industry ALD
is now popular due to its ability to be repeated, and control of composition and thickness
(Chalker 2016). For biomedical purposes, ALD has gained a lot of attention over the last years
as it offers compatibility on the nano-scale with the components involved, control of material
composition regarding biocompatibility, and control of chemical reactivity (Graniel et al.
2018).

3.1 The process

In ALD, the thin films are built up by chemical reactions between two gaseous or vapor-phase
precursors. One of the precursors is the main precursor and the other is the co-reactant, also
called the second precursor (Chalker 2016). The dosing of the precursors is alternating and
separated (Knoops et al. 2014). The process is self-limiting due to a limited number of reactive
groups on the surface, and because the reactions are surface-reactions and not gas-reactions,
ALD provides superior film uniformity (Chalker 2016). In (Knoops et al. 2014) and (Graniel et

al. 2018), the process is divided into four steps, as illustrated in Figure 3.1:

(1) The main precursor is applied into the reactor chamber and is left until it has reacted
with the available surface groups on the specimen. The precursor is often an inorganic

coordination compound (a metal centre with ligands).
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(2) The excess precursor is thereafter pumped or purged out of the reactor chamber by an
inert gas, usually N2 or Ar. This is an important step when the cycle is repeated to make
sure that the precursor and co-reactant does not react with each other in the gas phase.

(3) The second precursor, often a small molecule, is introduced when the system is cleared,
which reacts with the molecules on the surface from the first precursor.

(4) The system is then again purged or pumped.
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Figure 3.1 Hlustration of the four steps in ALD (Knoops et al. 2014).

This process, or cycle, deposits a monolayer on substrate surface. To increase the thickness of
the film, the cycle is repeated. For the process to work, it is crucial that the precursor and the
co-reactant do not react with each other, themselves nor the reaction products. This is to make
sure that the reactions happen on the substrate surface, and that the process will be self-limiting

in the sense that when the surface is saturated, the deposition stops (Knoops et al. 2014).
3.2 ALD for improving the corrosion properties of Magnhesium

Even though there is a growing interest for using ALD for corrosion protection of magnesium,

there so far are few papers on the field. This section will give an overview.

(Liu et al. 2018) successfully coated an AZ31 alloy with a hybrid coating consisting of ZrO>
and PLGA. The motivation for this combination was that ZrO; has outstanding biocompatibility
and good corrosion resistance but is often damaged during the fabrication process. Hence,
PLGA, a biocompatible and biodegradable polymer, was added as top-coat to make up for these
potential defects. The ZrO,-coating was deposited with ALD, where one sample was coated by
25 cycles and another with 100 cycles. The film deposition rate was reported to be around
0.117nm/cycle. The PLGA top coating was prepared through spin coating. The hybrid coating

was shown to have good adhesion to the substrate and a Young’s modulus not far from natural
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bone. Corrosion tests were conducted on two samples while immersed in 0.9% NaCl at 37°C.

Results from the dynamic potential polarization tests are shown in Table 3.1:

Table 3.1 Results from polarization tests (Liu et al. 2018)

Untreated Zr0Oz2 (25 cycles) PLGA/ZrOz Zr0O2 (100 cycles) PLGA/ZrOz

(25 cycles) (200 cycles)
Ecorr (Vsce) -1.557 -1.523 -1.518 -1.462 -1.452
icorr (A/CM?) 5.124 x 10 1.546 x 10 1.038 x 106 2.775 x 107 4.902 x 10°°

Overall it was shown by dynamic potential polarization- and EIS-tests that coatings of both of
ZrO2 and a hybrid coating with PLGA improved the corrosion resistance of the magnesium
alloy. Nevertheless, it was shown that the thickness of the ZrO.-layer greatly influences the
long-term properties. The hydrogen evolution tests revealed that the 25 cycle ZrO» coating
accelerated the corrosion process after 72 hours of submersion, while the 100 cycle ZrO; coating
showed great corrosive properties the complete immersion time. This was due to galvanic
corrosion between the coating and substrate, as there existed some nano gaps in the coating.
The hydrogen evolution graph for 96 hours is given in Figure 3.2. A PLGA top-coat will help
the fill the existing gaps in the coating, which in the figure can be seen to have been efficient
for the 100 cycle ZrO», but for the 25 cycle ZrO. worsened the results after a period of 24 hours.
The reason was identified to be due to the formation of a local acidic microenvironment as a
consequence of swelling and hydrolysing of PLGA. This again led to the electrolyte reaching

the substrate surface and accelerated the galvanic corrosion.
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Figure 3.2 Hydrogen evolution rates (Liu et al. 2018)
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In (Q. Yang et al. 2017) they also coated a magnesium alloy (Mg-Sr) with an ZrO coating with
the help of ALD. Corrosion tests were carried out with the samples immersed in SBF at 37°C

for eight days. The results from the polarization tests are shown in Table 3.2.

Table 3.2 Results from polarization tests (Q. Yang et al. 2017)

Untreated Zr02100 cyc. Zr0O2200 cyc. Zr02300 cyc. Zr02400 cyc.
Ecorr (Vscg) -1.928 -1.88 -1.83 -1.647 -1.75
icorr (A/cm?)  3.065 x 104 1.536 x 104 5.102 x 10 1.318 x 10°® 4.88 x 10°®

Similar to (Liu et al. 2018), the results showed that the thicker the coating the better the
protective properties. This was also supported by EIS tests. It was pointed out that it is not
necessary that the thickness itself raises the corrosion resistance, but rather that the thickness
makes up for other factors that influence the protective properties such as surface roughness
and corrosion of zirconia itself. Results also showed that the thicker the coating, the less
increase in pH. The problem with nano gaps, as discussed in (Liu et al. 2018), was also
discussed here. When measuring the weight loss rates during the immersion time, the rates were
continuously decreasing for the 100- and 200 cycle samples. For the 300- and 400-cycle
samples, the weight loss rate decreased at first but then later increased. However, the rates were
still lower than the 100- and 200-cycle samples. It was suggested that this may be due to

corrosion products hindering corrosion at first, but that the electrolyte penetrates at a later stage.

(Q. Yang et al. 2017) also investigated the cytocompatibility with cells (MC3CT3 cell of mice)
by a cell culture test. This was done with a bare sample and a sample coated with 400 cycles of
ZrO2 immersed in SBF. The cell viability was investigated by an MTT assay. Figure 3.3a)
shows the cell viability with immersion time and 3.3b) demonstrates the alkaline phosphatase
(ALP) levels. ALP is a measure of the osteogenic differentiation property, which is a crucial
property for bone healing (Q. Yang et al. 2017).
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Figure 3.3 @) Cell viability and b) ALP viability (Q. Yang et al. 2017)

One can clearly see from the graphs that the coated samples performed better in regards of
cytocompatibility, and it was concluded in the article that the coating will be beneficial for cell-

and tissue growth.

(Marin et al. 2012) coated AZ31 alloys with both mono- and multilayers consisting of TiO and
Al203to improve the corrosive properties of the alloy. The aim of the report was not to enhance
biocorrosion properties and therefore the biocompatibility of the coatings was not emphasized.
Four different samples were coated using ALD, one with a single layer of TiO», the second with
a single layer of Al2Ogz, the third with Al2O3/TiO2 bilayer and the fourth with a multilayer
Al03/TiO2/Al203/TiO2. The samples were left rough to imitate ALD conditions in the industry.
Because of the roughness, the thickness was rather difficult to measure, but was estimated to
be 100-110 nm for all four coatings. When comparing SEM images from before and after
deposition, one could in both cases still observe the rough surface indicating that the coatings
were conformal. Corrosion tests was conducted in 0.05M NaCl at 20°C, and polarization tests
showed that all coatings improved the corrosion properties compared to the bare alloy. The

results are shown in Table 3.3.

Table 3.3 Results from polarization tests (Marin et al. 2012)

Untreated TiOz Al203 AI203/Ti02  AI203/TiO2/AI203/TiO2
Ecorr (Vagiagen) -1.48 -1.61 -1.46 -1.58 -1.57
icorr (A/cm?) 10 10 10 10® 108
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In the study done by (Y. Li et al. 2017), a AZ31 magnesium alloy was coated with a composite
coating consisting of a PEO-layer and an aluminium doped zinc-oxide (AZO) film deposited
by ALD (100 nm). As coatings prepared by PEO often has cracks and pinholes, the motivation
for applying and ALD-coating on top was to fill these. The goal was to investigate both
conductivity and corrosion properties of the coating, and results showed that both were
enhanced with the composite coating. The PEO-coating was insulating, while the composite
coating raised the conductivity to 25 S m*. Corrosion tests was carried out in a 3.5 wt% NaCl

solution at room temperature, and results from the polarization tests are shown in Table 3.4.

Table 3.4 Results from polarization tests (Y. Li et al. 2017)

Untreated PEO PEO/AZO
Ecorr (VSCE) -1.561 -1.343 -0.550
icorr (AJCM?) 3.16 x 10 1.45 x 107 1.36 x 106

(P. C. Wang et al. 2010) studied atomic layer deposited LiAIxOy films with different thicknesses
on an Mg-Li alloys. The motivation was not biomedical purposes, and hence the biomaterials
was not chosen. By SEM-inspection it could be seen that the film was successfully deposited
and conformal. Corrosion tests was also in this article carried out in a 3.5 wt% NaCl electrolyte.
In agreement with the discussed articles, (P. C. Wang et al. 2010) concluded with that an ALD
coating could significantly increase the corrosion resistance of an Mg alloy, and the thicker the

coating the better. The polarization test results are shown in Table 3.5.

Table 3.5 Results from polarization tests. These values have been read of the graph in the
article (P. C. Wang et al. 2010) by the author of this project.

Untreated LiAlxOy (65 nm) LiAlxOy (130 nm) LiAlxOy (200 nm)
Ecorr (VSCE) -1.46 -1.37 -1.18 -1.08
icorr (A/CM?) 2x10% 5x10* 3x10* 104
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3.3 Potential biomaterial-candidates for ALD-coatings on magnesium

In this section, three potential candidates for ALD-coatings to improve the biocorrosion of
magnesium alloys are evaluated. These three are chosen based on the literature study and

availability for further investigation.
3.31 ZrO2

Due to Zirconium’s excellent biocompatibility and mechanical properties, has it been used for
a various range of prosthetic devices (Sollazzo et al. 2008). When exposed to oxygen, ZrOz is
formed, which is a very stable oxide shown to favour osseointegration and cytocompatibility
(J. Li et al. 2017). Its brilliant chemical stability and resistance to wear makes it suitable for

corrosion protection purposes (Piconi and Maccauro 1997).

As discussed in section 3.2, ZrO>-coatings prepared by ALD have been already been prepared
on magnesium alloys for corrosion protection, and the results were promising. However, as
pointed out by (Liu et al. 2018) these films can crack during formation. They suggested that
this could be made up for by increasing the number of cycles, alternatively a top coat. (Q. Yang
et al. 2017) also demonstrated that increasing the thickness enhanced the properties. Hence,
ZrO, is a suitable candidate for the purpose of improving biocorrosion resistance on

magnesium, but further investigation is necessary.
3.3.2 TiO2

TiO2 is a common ALD material for corrosion protection purposes (Salmi 2015). TiO; is a
super-hydrophilic coating with good chemical and physical stability (Kéaridinen et al. 2013). It
is non-toxic for the human body and has anti-bacterial properties (Markowska-Szczupak, Ulfig,
and Morawski 2011). It has been reported that when bioinert magnesium is coated with TiO»,
the surface become bioactive and favours the formation of calcium phosphates (Hernandez-

Montes, Betancur-Henao, and Santa-Marin 2017).

It can be challenging to deposit TiO, due to poor adhesion and homogeneity caused by some
deposition techniques. However, TiO; has already successfully been applied to various
substrates by different techniques to improve their corrosion properties, amongst other metals

stainless steel and titanium. (Hernandez-Montes, Betancur-Henao, and Santa-Marin 2017).
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Considering TiO2 prepared by ALD for protection of magnesium alloys, the literature available
are for now limited. As discussed previously, (Marin et al. 2012) successfully deposited TiO>
on a AZ31 alloy with the help of ALD who enhanced the corrosion protection. This gives an
indication that TiO; is a potential candidate with interesting possibilities that needs to be further

be evaluated by testing.

3.3.3 HfO2

HfO: prepared by ALD is an interesting candidate for CMOS-technology, and the ALD process
for preparing this oxide is therefore well known (Niinisto et al. 2005). Although HfO- prepared
by ALD has not been evaluated corrosion protection of magnesium, this material is an
interesting candidate. Hafnium is in the same chemical group as titanium and zirconium. Due
to this fact, hafnium is expected to have similar performance in biocompatibility and corrosion
resistance, and have shown to have good corrosion properties due to the formation of HfO;
(Rituerto Sin, Neville, and Emami 2014).

In a study by (Jin et al. 2016) Hf ion implementation was executed on WE43 magnesium alloy
to improve its corrosion resistance and biocompatibility, which was tested in SBF. The treated
alloy showed great corrosion properties compared to the untreated alloy. By immersion tests a
thick layer of corrosion products formed on the surface, with a few small pits allowing fluids
reaching the surface. Additionally, the treated alloy showed good cell adhesion and negligible

cytotoxicity.

There is hence reason to believe that HfO> for biocorrosion protection has a potential.
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4 Results

4.1 Summarizing table on coatings prepared by techniques other than
ALD

In Table 4.1, results from different polarization tests conducted on samples coated with various

techniques are listed to indicate the corrosion properties of different coating techniques.

Table 4.1 Results from polarization tests conducted on coatings prepared by different coating

techniques.
. . Lowest
Alloy Coatlpg Thickness | Technique Highest icorr Tes_t Reference
corr
material Ecorr (VscE) (Alem?) solution
Bare -1.39* 7.3x 10 (Tang et al
AZ31 HA 6 um SBF 20913) :
Dip-coating -0.70* 3.10 x 10
Bare -1.73 1.19 x 10 (Amaravath
AZ31 Nb,Os 2 um SBF | o0t 4)y
Dip-coating -15 0.53 x 10* '
Bare -1.7* 3.75x 10
AZ31B | Ca-PIHA 8 um : sgr | (Zhengetal.
PEO/Dip- 02 | 195 x10° 2018)
coating ' ’
Bare -1.7** 3.75x 10
AZ31B Cap 3um SBF (Zhggi’se)t al.
PEO -1.25%* 6.50 x 10
- -5
ZK60 p 10 um Bare 149 1.18x10 Hank’s (Linetal.
PEO 160 116 % 107 solution 2014)
N 5
7K60 P 20 um Bare 149 LI8X107 1 pankes | (Linetal.
PEO 155 | 151x107 | solution | 2014)
N 4
Mg- 0. Ma. Si 6.74 um Bare 1.66 1.21x10 Hank’s (Cui et al.
o79ca | M Sty 5EG Teo Taoaxige] solution | 2017)
Bare -5.55 6.67 x 106
Zhang
- Phosphate - - SBF (
Conversion 439 | 9.14x107 2015)
coating
AZ61 MgF. 2.5 um Bare -1.57 2.79 x 108 SBF
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Conversion 1.06 7.00 x 10 (Fintova et
coating : 1o al. 2019)
Bare -1.54* 2.47 x 10 s .
AZ31 MgF» 13.6 um Hank_s s | (Jiangetal.
Anodizing | -1.36* | 8.53 x 10¢ | Solution | 2017)
Bare -1.610 1.32 x 10 G. Yana et
AZ31B | Carbon nitride | 4.69 um PBS (ai 2glg)e
CVvD -1.31 4.61 x 10 '
Bare -1.33 4,03 x 10* ,
AZ91 Parylene C 2 um Hanks’s | (Surmeneva
cVD 058 642 x 107 solution | etal. 2018)
Bare -1.19 7.41x10* ,
AZ31 Parylene C 2 um Hanks’s | (Surmeneva
cVD 018 722 x 107 solution | etal. 2018)
Bare -1.17 7.71x10°% ,
WE43 Parylene C 2 um Hanks’s | (Surmeneva
oY) 059 329 x 107 solution | etal.2018)
Mg- Bare -1.62 2.02 x 10 (Bakhsheshi-
0.8Ca- ZnO 1.1um SBF Rad et al.
3Zn PVD -1.44 4.23 x 10 2017)
_ 4
Mg- L1 Bare 1.62 2.02x 10 (Bakhsheshi-
0.8Ca- | ZnO/MWCNT 10‘ 2“ m PVD/ Din- SBF Rad et al.
3zn <K Dip 1,27 7.20 x 10° 2017)
coating
Bare -1.41* -
AMS50 TiO 100nm SBF E;\Z?az'b';i;’
PVD -1.28* - '
Bare -1.41* -
. 100nm/ (Abdal-Hay
AMBO [ TIOPLA | 1 8ym  ["PVDIDID | g gan _ SBE 1 etal. 2014)
coating '

*Reference electrode not SCE but Ag/AgCl
** Values obtained by reading of graph in reference by the author of this project

4.2 Summarizing table on coatings prepared by ALD

In Table 4.2, results from polarization tests on magnesium alloys coated by ALD are

summarized.
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Table 4.2 Results from polarization tests conducted on coatings prepared by ALD

. . Lowest
Alloy Coatmg Thickness | Technique Highest icorr Tes_t Reference
material Ecorr (Vsce) (Alcm?) solution
Bare -1.557 5.12 x10* 0.9% (Livetal
. U etal.
AZ31 Zro; 11.7nm N
NaCl 2018
ALD -1.462 | 2.78 x107 )
Bare -1557 | 5.12x10%
. .
AZ31 | PLGA/ZIO, | -/11.70m : 0% | (Liuetal
Spin- 1.452 4.90 x10° NaCl 2018)
coating/ALD ' '
Bare 1928 | 3.07x10%
Mg-Sr Zr0, 38.80m SBF (Qai Eg’i%et
ALD -1.75 4.88 x 10 :
Bare 1.48* 10 .
AZ31 Tio, 100nm 0.05M (Marin et al.
A5 1ol TR NaCl 2012)
Bare 1.48* 10 .
AZ31 ALOs 100nm 0.05M (Marin et al.
D) W e NaCl 2012)
Bare 1.48* 104 .
AZ31 | ALOYTiOJ | 100nm Q0o | (Marinetal.
ALD 158 10° Na 2012)
* -4
gl | AROYTION | oo Bare 148 10 0.05M | (Marin et al.
Al,O3/ TiOy/ ALD 157 0% NaCl 2012)
- -4
azay | MgOand | oo Bare L9611 326007 3 6ut6 | (v. Lietal
MgSiOJ AZO PEO/ALD 0550 | 136x10°] NC 2017)
Bare -1.46 2x10°
0,
Mg-Li |  LiALOy 200nm 3'5Wtf’ . ? Wang
ALD 108 104 NaC et al. 2010)

*Reference electrode not SCE but Ag/AgCI
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5 Discussion

5.1 ALD compared to other coating techniques

After reviewing literature on both ALD and other coatings, there are several aspects that
indicate that more attention should be paid to ALD for corrosion protection of magnesium

alloys in biomedical use.

Comparing the electrochemical potential and current density results from atomic layer
deposited coatings against the coatings prepared by other techniques, one can observe that there
is no obvious gap in magnitude. Moreover, when comparing the thicknesses needed to achieve
these results, nearly all coatings for other techniques have a coating at pum-scale in contrast to
ALD-coatings where all coatings are at nm-scale. This indicates that less material is needed

with ALD to achieve desired corrosion properties.

For both conversion coatings, anodizing and sol-gel techniques, the thickness is rather hard to
control, hence giving a non-uniform surface. As for degradation mechanisms it is desired to
have a uniform coating to secure uniform corrosion, thickness control is an important property
for the coating technique. PEO, PVD and traditional CVD-methods provide better thickness
control, than the last mentioned, but none is comparable to the conformal coatings created by
ALD offering thickness control on atom level. It has been suggested by several papers that the
surface roughness of a coating influences biocompatibility, but the conclusions are
contradicting (Mochizuki, Yahata, and Takai 2016). Hence, it is too early to say if surface

roughness either enhances or worsen biocompatibility.

In the sense of biocompatibility, this highly depends on the composition of the coating, and not
the technique. However, the choice of technique is important regarding coating composition
control. Amongst the coating techniques discussed above are CVD, including ALD, the only

methods offering accurate composition control.

The main motivation for applying a coating on magnesium alloys is corrosion protection, and
hence it is important for the coating to completely cover the surface to avoid pitting. Avoiding
pores are also important to limit hydrogen evolution in regards of cell viability. For conversion
coatings both cracks and pores have been reported as discussed previously, which may induce
corrosion. Sol-gel coatings tend to crack upon drying and therefore needs to be carefully

examined both before, during and after drying. For PVD-films, poor long-term protection has
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been observed and therefore a top-coat have often applied to cover pores in the PVD-coating.
This also goes for PEO-films, where discharges cause pores, thus a top-coat is very often
necessary. In CVD-coatings the film is dense and smooth, in particular ALD where the film is

pinhole-free, which makes these techniques excellent corrosion inhibiting methods.

As magnesium is a heat-sensitive material, low processing temperature during film deposition
is important to avoid temperature defects such as phase transformations. However, it should be
emphasized that impurities in an ALD coating are decreased with increased temperature (Salmi
2015). ALD is not the only coating technique offering deposition at low temperatures but has
its advantage in assuring good adhesion even at low temperatures. PVD processing also offers
low temperatures, but unfortunately it is often difficult to control the temperature during

deposition and to secure good enough adhesion to the substrate.

Although the properties of an ALD coating are superior in comparison to other techniques, it is

noteworthy that ALD is time-demanding compared to other techniques.

5.2 ALD for corrosion protection of magnesium

By the articles discussed in section 3, all work show that the corrosion resistance of magnesium
alloys can be greatly increased by ALD coatings. The thin, dense, and pinhole free coating
created by ALD is excellent considering corrosion. However, for long-term protection the
thickness of the coating should be carefully considered due to some nano-gaps found in the
thinner coatings in which cause early failure by galvanic corrosion between the coating and
substrate. This problem could be minimized by adding a top coat, but this would give less

control of the composition and thickness of the coating and complicate the coating process.

It should be emphasized that only one of the articles discussed, (Q. Yang et al. 2017),
investigated a combination of alloy and coating that possibly could be an alternative for
implants considering biocompatibility. The other articles involve aluminium in either the
coating or alloy, which if released in the body potentially can cause muscle fibre damage,
decrease osteoblast viability, be a releasing factor for Alzheimer’s disease (Witte et al. 2008),
hematotoxicity, neurotoxicity and kidney dysfunction (Liu et al. 2018). Hence, there is a huge

need for further research on the field.
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6 Conclusion and future work

In this specialization project various coating techniques for biocompatible corrosion protection
of magnesium alloys have been reviewed and evaluated. The ALD-process have been
introduced, and the current status on protective coatings prepared by ALD on magnesium alloys

have been investigated.

In conclusion, there is a large potential laying within ALD for corrosion protection of
magnesium alloys for biomedical use. The coating-properties obtained by ALD are superior
compared to coatings prepared by other coating techniques alone. The ALD process itself offer
great composition control in addition to good adhesion, even at low temperatures, which is
crucial for magnesium with its low melting point. Furthermore, there are so far little research
on the specific field of ALD on magnesium of clinical applications, but the results available are

promising.

Zr0O,, TiO2 and HfO- are all coating-materials that already have been prepared by ALD for
various applications. They appear as good candidates for coatings on biomedical magnesium

alloys in terms of biocompatibility and corrosion resistance.

For a potential master thesis, experiments will be conducted to provide more knowledge on the
subject discussed in this report. ZrO, TiO2and HfO2 will be prepared on magnesium alloys by
ALD to further investigate the properties of such coatings. To evaluate corrosion properties and
biocompatibility, electrochemical polarization tests, electrochemical impedance spectroscopy,

and immersion tests to measure weight loss and hydrogen evolution, will be conducted.
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Figure B.1: The potentiodynamic polarisation curves for the bare samples. Note
that the first sample was conducted with an electrode potential from -1 to 1 V
relative to the OCP.
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Figure B.2: The potentiodynamic polarisation curves for the ZrOs-coated samples.
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Figure B.3: The potentiodynamic polarisation curves for the HfOs-coated samples.

Potentiodynamic tests

0.04 — TiO2'1

_05{ — Ti022
_ — TiO2 3
S —1.01
(%]
& —1.51
<
2 -2.01
[d
> -2.59
2
w 3.0

—-3.54

—4.01

1077 1076 1073 1074 1073 1072

i [A/cm?]

Figure B.4: The potentiodynamic polarisation curves for the TiOs-coated samples.
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