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Abstract

Abstract

Due to their mechanical properties, biocompatibility and degradability, magnesium alloys
are promising materials for various medical implants, such as bone fixations or stents.
Compared to other materials, negative long-term effects of the implants or a second oper-
ation to remove the implant can be avoided. Another advantage of the degradation of the
material is the potential therapeutic effect of the alloying elements itself. In this work,
magnesium-lithium alloys are considered as biodegradable reservoirs for lithium which
can be used for neurological treatments. For this purpose, small implants with defined
structures need to be fabricated. This manuscript describes the requirements and prop-
erties of the thin films produced by magnetron sputtering. Particular attention is paid
to the corrosion properties, as these determine not only the lifespan of the implants but
also the concentration of released ions. Different possibilities to tailor the properties of
the films are also discussed.

In a first study, alloys with four different lithium fractions were compared in terms of their
structural and mechanical properties and corrosion rate. A subdivision of the properties
according to the phases present in the film was found. While the single-phase alloys ex-
hibited a corrosion rate similar to that of unalloyed magnesium films, which only slightly
increased with lithium content, secondary phases sometimes resulted in strongly increased
corrosion rates due to galvanic corrosion in the absence of passivating surface films. How-
ever, the corrosion rate could also be controlled by other factors, such as orientation or
grain boundary modification by changing the sputtering parameters during the manufac-
turing process.

The release of lithium during degradation determines the effectiveness of the implants as
a reservoir for neurological treatments. It has, therefore, been studied over longer periods
as well as at the onset of corrosion. The onset of contact with the solution is of particular
interest as the surface films and surface processes significantly influence corrosion, espe-
cially for thin films. A lithium carbonate film, which forms in air and dissolves during
immersion, was identified on the studied thin films. Subsequent selective dissolution of
the lithium leads to a change in concentration throughout the measurement.

Since the bulk structure of the film and the surface affect the corrosion resistance, both
can be altered to adjust the properties. A plasma treatment with a dielectric barrier
discharge plasma resulted in a change in surface chemistry and morphology. The modi-
fied surface showed improved corrosion resistance after only a few seconds of treatment.
The addition of silver to the alloy increased the tensile strength while not significantly
affecting corrosion rate.

This study, thus, provides a first insight into magnesium-lithium thin films as neurological
implants and different processes and options to consider for optimising the films for the
application.
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Zusammenfassung

Magnesiumlegierungen sind aufgrund ihrer mechanischen Eigenschaften, Biokompatibi-
litdt und Degradierbarkeit vielversprechende Materialien fiir den Einsatz in verschiede-
nen medizinischen Implantaten wie beispielsweise als Knochenfixierung oder Stents. Im
Vergleich zu anderen Materialien kénnen negative Langzeitfolgen der Implantate oder ein
zweiter Eingriff zur Entfernung des Implantats vermieden werden. Ein weiterer Vorteil
des Abbaus des Materials liegt in der potentiellen therapeutischen Wirkung der beinhal-
teten Legierungselemente. In dieser Arbeit werden Magnesium-Lithium-Legierungen als
biodegradierbare Reservoirs fiir die neurologischen Behandlungen mit Lithium betrach-
tet. Hierzu miissen kleine Implantate mit definierten Strukturen angefertigt werden. Die
folgende Arbeit beschreibt hierzu die Anforderungen und ermittelten Eigenschaften von
Diinnschichtfilmen, welche durch Magnetronsputtern hergestellt wurden. Ein besonderes
Augenmerk liegt auf den Korrosionseigenschaften, da diese nicht nur die Lebensdauer der
Implantate, sondern auch die Konzentration der Wirkstoffe bestimmen. Zusétzlich werden
verschiedene Moglichkeiten diskutiert, die Eigenschaften der Filme anzupassen.

In einer ersten Studie wurden Legierungen mit vier verschiedenen Lithiumkonzentratio-
nen beziiglich ihrer strukturellen und mechanischen Eigenschaften und ihrer Korrosions-
rate verglichen. Es ergab sich eine Unterteilung der Eigenschaften abhingig von den in
Film vorliegenden Phasen. Wihrend fiir die einphasigen Legierungen eine Korrosions-
rate dhnlich zu Magnesiumfilmen ohne Legierungselemente ermittelt wurde, welche mit
Lithiumgehalt leicht anstieg, fithrten sekundére Phasen teilweise zu deutlich erhohten
Korrosionsraten aufgrund von galvanischer Korrosion, wenn keine passivierenden Ober-
flichenfilme entstanden. Die Korrosionsrate konnte allerdings auch durch weitere Faktoren
wie beispielsweise die Orientierung oder Anderung der Korngrenzen durch Anpassung der
Sputterparameter wiahrend des Herstellungsprozesses angepasst werden.

Die Lithiumfreigabe wéhrend der Degradation definiert die Wirksamkeit der Implantate
als Reservoir fiir neurologische Behandlungen. Aufgrund dessen wurde diese sowohl iiber
langere Zeitrdume als auch wiahrend des Starts der Korrosion betrachtet. Der Beginn des
Kontakts mit der Losung ist von besonderem Interesse, da gerade fiir diinne Filme die
Oberflachenfilme und -prozesse die Korrosion mafigeblich beeinflussen. Auf den untersuch-
ten Diinnschichten wurde ein Lithiumcarbonatfilm ermittelt, welcher sich an Luft bildet
und wéhrend der Immersion gelost wird. Anschliefend fiihrt eine selektive Losung des
Lithiums zu einer Konzentrationséinderung iiber den Messungsverlauf.

Da sowohl die Struktur des Volumens des Films als auch die Oberfliche einen Einfluss
auf die Korrosionsbesténdigkeit haben, konnen beide zur Anpassung der Eigenschaften
verandert werden. Eine Plasmabehandlung mit einem dielektrischen Barriereentladungs-
plasma fiihrte zu einer Anderung der Oberfliichenchemie und -morphologie. Die verinderte
Oberfliche zeigte eine verbesserte Korrosionsbestandigkeit nach nur wenigen Sekunden
Behandlung. Die Zugabe von Silber fiihrte zu einer Erhohung der Zugfestigkeit wihrend
die Korrosionsrate unveridndert blieb.

Diese Studie bietet somit einen ersten Einblick in Magnesium-Lithium-Diinnfilme als neu-
rologische Implantate und verschiedene Prozesse und Optionen, welche es fiir die Opti-
mierung fiir die Anwendung zu bedenken gilt.
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Motivation

Lithium as a global player material is worldwide known and increases in importance due
to its applications for electromobility and energy storage |1, 2]. Besides this, it has ad-
vantageous properties for many further applications, not least in the field of medicine.

It is widely used and state-of-the-art for the treatment of bipolar disorder |3} 4] and can
also be prescribed for several other mood disorders, including suicidal behaviour [5]. Fur-
ther, a beneficial effect on the treatment of other neurological diseases such as Alzheimer’s,
Parkinson’s or ischemic strokes is observed [6H11]. However, the use in medicine is dis-
cussed controversially due to possible side effects. Lithium is only a trace element in the
human body with a blood serum level of 2-4 ng/g [12]. Continuous Li intake or high
concentrations can lead to side effects ranging from nausea to severe tremor, kidney dys-
function, epithelial cell disease or renal failure [13H15]. Since the desired lithium levels
for, e.g., bipolar disorder range only from 0.4 mmol/l to 1.2 mmol/1 [16], it needs to be
carefully controlled and adjusted for a patient.

Therefore, a local treatment by placing a reservoir directly in the brain is advantageous to
reduce the necessary dosage and to avoid exposure of the overall body to the drug. The
release of Li from implants such as, e.g., ceramics or hydrogels in treatments for bone re-
growth or nerve regeneration has been tested before [17-20]. Placing such implants in the
brain comes with many additional challenges regarding size, placement and interaction
with the tissue. Biodegradable thin-film implants offer an option for fabricating small
implants that allow continuous ion release. Biodegradable materials degrade over time in
the body until full dissolution when the task of the implant is fulfilled [12]. This prevents
the necessity of additional surgery to remove the implants and results in ion release of
all ions included in the material. Biodegradable metals of interest include magnesium,
iron and zinc [12, 21, 22]. Magnesium is the biodegradable material which is most widely
studied and discussed. The corrosion rate of Mg is found to be the highest, followed by
Zn and Fe. Thus, while extensive research is done on Mg alloys to reduce the degradation
rate, the studies on Fe-based alloys try to enhance the degradation rate [23]. All three
materials are biocompatible and are of interest for different biomedical applications, de-
pending on the degradation and mechanical properties needed |12, 21} [22].

To prepare local Li-releasing implants, biodegradable alloy thin films can be used. If Li
is directly present in the alloy, no further steps for adding the therapeutic element are
necessary, and a simple process for easily adjustable shapes and sizes can be carried out.
Since Mg can offer additional therapeutic advantages for neurological disorders [24], 25|
and previous studies on the preparation of Mg-based thin films were carried out [26-32],
MglLi alloys were investigated as the material of choice. The process for fabricating Mg
alloy thin films with adjustable structure was previously developed by Haffner et al. [26].
The released Li concentration can be influenced by the Li content in the alloy, the area
of the reservoir and the corrosion rate. However, the degradation process is not that
straightforward in praxis due to several connected processes influencing each other. This
includes the oxidation and release of the metal alloy elements, hydrogen evolution, forma-
tion of components such as oxides and hydroxides as corrosion products but also the effect
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of such products as passivating surface layers, influence of the ions in solution and the
preferred release of one element from the alloy [33-35]. Additionally, negative side effects
due to corrosion products such as pH change, hydrogen gas bubble formation and ion
release can occur and can cause problems when interacting with the surrounding tissue
[36, 137]. Therefore, the material properties and degradation processes need to be studied
and understood in detail in a physiological surrounding to allow control and adjustment
of the ion release for treatments.

The goal of this thesis is to give first insights into the fabrication and properties of MgLi
thin films for the usage as neurological implants and provide possibilities to adjust the
properties according to the application.

Therefore, in the first sections and the fabrication and general properties of MgLi
alloys prepared by magnetron sputtering with different Li contents are described. This
includes the properties such as microstructure, phase, mechanical properties, and corro-
sion rates of stress-free thin films, as well as the possibility of adjusting parameters by
changing the sputtering parameters.

Since the application is mainly based on the degradation of thin films, a particular focus is
placed on understanding the corrosion process. The influence of the solution in long-term
studies and additional analysis on the corroded samples is discussed in section |3.3

In the manuscript in section [3.4] the degradation and ion release of films with low Li
content are then analysed to study the corrosion processes and passivating layers on the
sample surface. This also includes the changes of films in air and ageing effects.
Additionally, the corrosion of the thin films can be changed by additional elements (section
or a post-treatment. In chapter , the influence of an easy and fast post-treatment
by dielectric barrier discharge - plasma is described.
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Fundamentals

To underline the possibilities and challenges for MgLi thin films as a biodegradable im-
plant material for local drug release, the following chapter will discuss the underlying
principles and state of the art. Therefore, the properties of Mg and Mg alloys, specifically
MgLi, concerning medical usage are described first before discussing the influence of the
fabrication as thin films.

Since the application is highly dependent on degradation and, thus, corrosion, an addi-
tional section focuses on the theory and studies of different corrosion processes and the
usability of several measurement techniques specifically for the samples of this work.

2.1 Magnesium and its alloys

Mg is a widely available, second group alkaline earth metal with a melting point of 650 °C
, . It has the lowest density of construction materials with 1.74 g/cm? and a good
strength-to-weight ratio , leading to applications in several fields such as aerospace or
automotive industries [41].

Mg has a hexagonal close-packed (hcp) structure with lattice parameters a =3.2088 A
and ¢ =5.2111 A . It possesses a Young’s modulus of around 44.7 GPa (at 20 °C) ||
and a varying tensile strength between 150-400 MPa depending on factors such as the
material purity and fabrication. A lower tensile strength is found for cast material, and
higher values are measured for wrought material [41]. The ductility is low due to the low
amount of independent slip systems. While slip along the <1120> direction is possible
on basal, pyramidal and prismatic planes (figure and <1123> slip can take place
along the pyramidal planes (figure , the critical resolved shear stress is much lower on
the (0001) basal plane, therefore, slip mainly occurs on those [43-H45]. Additionally, twin
formation on the {1012} and {1011} plane is possible.

Cc
A

A

s e ~ E Y __* — _+
basal prismatic pyramidal

Figure 2.1: Slip systems in a hexagonal unit cell of Mg.

If the material is in contact with water for specific applications, the degradation needs

5
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to be considered in addition to its structural and mechanical properties. Mg possesses a
low standard electrode potential of -2.37 V vs SHE (standard hydrogen electrode) [46/al,
which leads to high corrosion rates. Due to the complexity of the corrosion process and
the importance for the applicability of Mg-based materials, it will be discussed separately
in section 2.3

2.1.1 Applications in medicine

While the corrosion of Mg should be avoided for applications such as the automotive
industry, this property can also be used as an advantage if the degradation process is
controlled. In medicine, Mg and Mg-based alloys are studied for biodegradable implants
to avoid side effects of long-term implants or prevent additional operations for implant
removal [22].

Mg is already present in human bodies with approximately 25 g [47], and an intake of
around 300 mg is necessary for adults per day [1]. It is important for many cellular pro-
cesses, used as an intracellular cation and takes part in over 600 enzymatic reactions [47].
Mg is partially stored in bones, and any excess Mg can be filtered by the kidney, thus not
leading to side effects when Mg is released during the degradation of implants [47] 48].
The usage of Mg for implant materials is not a new development [49]. The first Mg
implants, Mg wires, were tested in 1878 by E.C. Huse [50]. Further studies were con-
ducted around the beginning of the 20th century. The implants often did not lead to any
infections or pain, but subcutaneous gas cavities could form. In general, the corrosion
products and hydrogen gas proved to be the biggest hindrance for a wide use of Mg im-
plants due to possible reactions with the tissue [36], |37]. Thus, the corrosion process of
the material in solution, in vitro and in vivo, has been studied to overcome the challenges
of corrosion control. For each application, specific requirements need to be considered.
This includes, e.g., for vascular stents the mechanical stability for at least six months, a
corrosion rate below 0.1 mm/yr [22] and a low hydrogen evolution to avoid side effects
due to gas bubbles [51].

By understanding the corrosion and adapting it accordingly, several products have reached
an animal or clinical trial or even the market. This includes stents (Magmaris®: coronary
stent and UNITY-B: biliary stent [52-54]) and orthopaedic implants such as screws and
pins [12, 55} |56[. In addition to the advantage of degradation of the implant, the mechan-
ical properties of Mg are closer to the mechanical properties of bones than other typical
implant materials, thus leading to less mismatch and side effects [57].

Nanoparticles, flakes and coatings of Mg were also studied as therapeutic materials by
drug loading of the biodegradable material or taking advantage of directly formed active
species such as hydrogen and pH shift leading to stress in bacteria and cytotoxic effects
[58-61].

Since Mg takes part in neurological functions by neurotransmission, connection at the neu-
romuscular junction or prevention of excitotoxicity [24, [25], diseases such as Alzheimer’s,
Parkinson’s, epilepsy, anxiety and depression could be influenced by it |25]. Therefore,
Mg is not only advantageous for preparing biodegradable substrates for other treatments
but also for a release during degradation in the brain, which might be beneficial for treat-
ing disorders. While the studies described in this work mainly discuss the effect of Li
release from MgLi alloys as a therapeutically active element, Mg itself can, therefore, also
positively affect the treatment.

6
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2.1.2 Mg alloys for medical applications

While the properties of Mg itself can be slightly influenced by adjusting, e.g., the fabri-
cation and microstructure, a more fundamental change occurs when additional alloying
elements are included. This can significantly change properties such as mechanical be-
haviour and corrosion. Several studies discuss alloys such as WE alloys (Y+rare earth
element-Mg alloys) or AZ alloys (Al4Zn- Mg alloys), mainly produced by casting, rarely
as wrought alloys [62]. However, for medical applications, the biocompatibility and non-
toxicity of the elements are the deciding factors. While Al is, for example, often added in
Mg alloys to improve strength and castability, the possible negative effect on neurological
pathologies makes it unfit for usage in implants [63].

Thus, mainly elements such as Ca, Zn, Zr, Sr or rare earth elements (REE) are stud-
ied [64]. Ca is already present in the human body and has advantageous effects such as
a reduction in grain size and improved mechanical properties while not influencing the
corrosion resistance negatively. Good corrosion resistance and mechanical stability are
found for low amounts of Zn, Zr or Sr. The properties are not only influenced by a change
in structure but also by additional protective films formed by the added elements. REE
improve corrosion resistance and strength; however, toxicity cannot be excluded, even
though advantages can be found in possible anti-carcinogenic properties [63].

Alloying with Li is also possible, often in addition to other elements such as Al, Zn, Ca
or REE, to change strength and ductility [65-67]. Even though Li is a mild toxic element
[68], it was discussed for its usage in medical applications [69-71], and in experiments, no
negative effect on cell lifetimes was found [68]. Alloys such as the LZ alloys (Li+Zn) are
studied for the use in medical applications with the addition of Zn to reach high strength
in the mixed phase [66].

2.1.3 MgLi

Mgl is of interest for this work due to the effect of Li on mood disorders such as depres-
sion, reduction of suicide and suicidal behaviour |5 and the possibility of reducing side
effects by placing a local Li reservoir in the brain. However, to foresee the behaviour of
such an implant, the properties of the material have to be determined.

MgLi possesses a lower density than pure Mg of 1.35-1.65 g/cm? [72] due to the low
density of Li itself (0.534 g/cm?® [38]). The addition of Li not only leads to a reduction
in density but also an increase in formability and ductility |73]. The specific strength
and stiffness can be kept relatively high, even though ultimate tensile and compressive
strength are reduced |72, [74]. This change in mechanical properties occurs mainly due to
the change in crystallographic structure. Li has a bce structure with a =3.5089 A [75]
and is the only element that changes the hcp lattice of pure Mg to body-centred cubic
(bee) at room temperature [74]. Three different zones can be defined in the MgLi phase
diagram [76] (see figure[2.2). Up to roughly 5-5.6 wt% or 15.6-17.2 at% of Li (temperature
dependent), the Mg-rich a-phase is present as hep. It is often named a-Mg or a-MgLi.
For high fractions of Li over roughly 10.9 wt% (30 at%), a bcc structure, 3-Li or B-MgLi,
based on the structure of pure Li is present. Between these compositions, a mixed o+3-
phase is formed.

Including Li reduces the a and ¢ lattice parameters and the c¢/a ratio even for the o- phase

7
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(comparison: a = 3.2076 A, ¢/a = 1.6227 for 0.65 wt% vs. a = 3.193 A and ¢/a = 1.6068
for 5.24 wt% Li) [42].

The change of hep to a more cubic-like structure or the presence of bee leads to the avail-
ability of more slip systems for mechanical deformation. With a c¢/a ratio closer to 1,
the prismatic and pyramidal slip are more pronounced, leading to a higher ductility and
maximum elongation [77, |7§]. The elongation varies depending on the Li content. Zhou
et al. found, e.g., an increase from around 15 % to 41 % from Mg3.5Li to Mg8.5Li [79].
On the other hand, while low amounts of Li can increase the strain hardening and yield
strength, further Li addition and additional slip lowers the possibility for strain hardening
and reduces the tensile strength [7§]. Furthermore, the plastic anisotropy is reduced, and
in comparison to pure Mg, the grain growth during recrystallisation is increased [77]. [3-
MglLi shows an especially high formability, ductility and slightly reduced Young’s modulus
but also lower strength and low thermal and creep resistance |72, [80].

Weight fraction lithium [wt%)]
0 . . .5 10 15 20

3649 °C
588 °C

6007
o
o
3 400
o hcp
)
3

a-MglLi

2007
@

0 AU S M. : :

0 10 20 30 40 50

I Atomic fraction lithium [at%)]

Figure 2.2: Phase diagram of Mg-Li. Reproduced and adapted with permission from Springer
Nature [76].

While Li could be equally distributed in the single phase material or grains from each
phase in the mixed material, a segregation at the grain boundaries is found even for low
Li fractions [81]. This can either lead to an enhanced embrittlement or improved grain
boundary sliding. For mixed-phase materials after heat treatment and mechanical treat-
ment, grain boundary sliding was found to lead to superplasticity [72]. The Li segregation
at grain boundaries possibly influences the diffusion of Li, which is in general lower for
o-phase than -phase [82, 83], leading to an easier transport of Li to the surface over grain
boundaries also for the hcp phase. The accumulation of Li could also affect the corrosion
properties of the material which will be described later.

In addition to the phases, the properties of MgLi are also influenced by microstructure.
Different post-treatments such as heat treatments or mechanical treatments, e.g. rolling,
change grain sizes and texture [40, 72, |84]. This can lead to hardening of the material.
Especially for nanostructured Li-rich materials, an improved strength is found [40]. Other
elements such as Zn, Al or REE are often added for improved properties [40}, 65, 66].
Working with MglLi also has additional challenges due to the high reactivity of Li. This
leads to high oxidation [72] and complicates the processing. Especially for -MgLi, ad-

8
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ditional ageing effects result in the formation of precipitates and recrystallisation to a
partial a-phase even at room temperature [85, 86]. This can lead to age softening and
defect formation at interfaces between both phases. Therefore, the properties also depend
on the time between sample preparation and experiment.

2.2 Sputtered thin films

The definition of thin films differs in the literature. While some describe that a thin film
is thinner than 1 pm [87, [88], it can also include structures in the pm-range or even 100s
of pm if the material is still small in comparison to the substrate [89]. Thin films can be
fabricated by different techniques using solid, liquid or gaseous deposition [90]. The most
commonly used techniques are chemical (CVD) or physical (PVD) vapour deposition. In
PVD, the material of choice is brought into the gas phase by physical means such as
heat or ion bombardment. The atoms will then deposit and form a layer on the chosen
substrate without any additional chemical reactions taking place.

Sputtering as one of the PVD techniques is carried out in a vacuum chamber which is
flooded with an inert gas such as argon for non-reactive sputtering [91]. An applied voltage
starts a plasma between the target material and the substrate. Due to the bombardment
of the target by compounds from the plasma, atoms of the target will be ejected and
deposited on the substrate. For a higher sputtering rate and lower necessary voltage
and pressure, permanent magnets can be placed behind the targets for the so-called
magnetron sputtering |90, 92]. This leads to a longer, spiral path in the plasma and, thus,
further ionising by interaction of gas atoms. Therefore, the amount of ions hitting the
target is increased, leading to a higher sputtering rate. A side effect is the formation of
specific sputtering trenches due to the small area of attack. The composition of materials
including multiple elements can differ from target to deposited material since, depending
on the atomic number of the elements, the atoms have a different angular distribution.

2.2.1 Microstructure of thin films

During sputtering, parameters of the process, such as the applied power, pressure of gas
and gas flow, can be adjusted. This can then increase or decrease the energy of the atoms,
therefore influencing the microstructure formed during deposition.

The development of microstructure dependent on the temperature of the substrate (75)
and melting temperature (7},) as T;/Ty, was described by Movchan and Demchishin in
1969 193], indicating different zones 1-3 depending on the substrate temperature since it
influences the energy available for activation and, thus, diffusion.

Thornton then added the dependence on the pressure and developed the structure-zone
model shown in figure [94, 95]. The model is mainly described by zone 1-3 and a
transition zone T between 1 and 2 [94, 95, 97].

e In zone 1 with the lowest T;/T,,, the low diffusion leads to a high defect density,
shadowing and open grain boundaries. The diameter of the grains increases with
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Ar gas
pressure
[mTorr]

Figure 2.3: Structure-zone model developed by Thornton showing the microstructure of sput-
tered films dependent on the temperature (substrate temperature Ty and melting temperature
Ty,) and the inert gas pressure. Reproduced with permission from Elsevier [96].

temperature.

e In the transition zone T, surface diffusion is already possible, resulting in a denser
structure with the formation of less defined grains or fibrous structures.

e For zone 2, a smooth surface and dense grain boundaries between columnar grains
are reached, leading to better mechanical properties.

e In zone 3, volume diffusion and recrystallisation can occur, forming round grains
and microstructures similar to bulk material.

e On the other axis, the increase in pressure shifts the transformation temperatures
to higher values due to a loss in kinetic energy.

The revised structure-zone model by Messier et al. exchanged the pressure with a sub-
strate floating potential and claims the T zone as a subzone of zone 1 [98]. Barna and
Adamik also added the importance of impurities on the final structure [99], and Anders
adjusted the model by switching to a generalised temperature and normalised energy flux
to account for other deposition techniques [100]. Thus, the different structure-zone mod-
els can give an insight into the approximate structure of thin films but need to be defined
and adapted for the system of interest [97].

In comparison to bulk materials, fewer precipitates are found in sputtered films. This is
due to the fast cooling rate during deposition, leading to non-equilibrium supersaturated
solutions of materials which can possess very different melting points [32].

In addition to the microstructure described in the structure-zone model, changing the
sputtering parameters also influences the film stress, specifically, the intrinsic film stress
defined by the structural disorder [96]. For the fabrication of stable, possibly freestand-
ing thin films, an optimisation to low film stress is necessary to prevent such films from
deformation after lift-off from the substrate.
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2.2.2 Mg alloy thin films

For medical applications, Mg alloy thin films are of interest in different forms such as
coatings or freestanding films for, e.g., stents or scaffolds |26] [61]. Fabrication by sput-
tering leads to the advantage of an easy change in structure (amorphous or crystalline),
adjustment of thickness, production of supersaturated single-phase materials and struc-
turing by other thin-film techniques |27, 61].

Sputtered Mg alloy thin films show a strong preferred orientation and, thus, higher tex-
ture than bulk material. This is influenced by a preferred growth in [0001] direction due
to the lowest surface energy of the (0001) planes [28], leading for MgAg and WE alloys
to a columnar growth with grain sizes in pm range and a grain length equal to the film
thickness 28, [29].

The influence of different alloying elements such as Ag, Zn, Ca and REE on the film
properties have been tested. While for MgAg typically only 2 wt% Ag are soluble in Mg,
sputtering can form metastable solid solutions up to 6 wt% before precipitates occur [28|.
By adjusting sputtering parameters, even metallic glasses such as Mgh0Zn5Ca, which thus
have a high solubility and no precipitates, can be fabricated [30]. The parameters need
to be chosen as low power and high pressure to reduce diffusion.

For many alloying elements such as Ag, Y and Gd, an increase in lattice parameter with
addition of the alloying element is found |27, 31]. The surface roughness is also reduced
for sputtered AZ alloys in comparison to sputtered Mg [101].

The texture and addition of elements influence the mechanical properties due to solid
solution strengthening, high defect densities and small grain diameters [28| [31]. A higher
yield strength is determined for MgAg, MgY and MgGd when including more of the alloy-
ing element, while the Young’s modulus stays similar [28, [31]. The maximum elongation
is often decreased at the same time [28]. The influence of sputtering parameters for the
different alloys was analysed. Studies claim an influence of the sputter pressure on the
maximum elongation due to lower diffusion and increasing inert gas atoms addition to
the films for higher pressure [29]. A change of pressure and power can change between
brittle and ductile films, even leading to amorphous materials |29} 30, 102].

While the adapting of parameters for changing the microstructure is dependent on the
specific alloys, a general route for the structuring and fabrication of freestanding thin films
in a thickness range of 10-250 pm was developed by Haffner et al. [26] and is described
as performed in the studies for this work. The outline is shown in figure 2.4l It includes
UV-lithography, magnetron sputtering and etching steps.

In the first step, a silicon wafer is coated by spin coating with an image reversal resist
(a). After transferring a mask structure onto the wafer by illumination with ultraviolet
light and removing the non-illuminated photoresist (b), a layer of Al with a thickness of
approximately 150 nm is added by magnetron sputtering (c). The resist is then dissolved
in acetone so that only the structure remains as an Al hard mask (d).

A Bosch process is then carried out by ICP-RIE (inductively coupled plasma - reactive
ion etching) to etch up to a depth of at least 20 pm for the films produced in the following
studies, often further to up to 60 pm (e). After cleaning in acetone and isopropanol, AIN
is added with a thickness of 500 nm by reactive magnetron sputtering using an Al target
and nitrogen gas (f) before the final sputtering of Mg alloy (g). During the lift-off in
20 wt% KOH, the sacrificial AIN layer is dissolved (h). The freestanding thin films can
then be cleaned in distilled water and isopropanol before drying them with nitrogen.
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a) Spin coating b) UV-litography
B Si substrate

M Photoresist

C) Al sputtering d) Al hard mask Al
B AIN
e) ICP-RIE f) AIN sputtering
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g) Mg sputtering h) Lift-off
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Figure 2.4: Fabrication steps for freestanding Mg alloy thin films using UV-lithography, mag-
netron sputtering and sacrificial layers as performed for this work, based on the process of

Haflner et al. .

2.3 Corrosion

Corrosion can occur by chemical or electrochemical means or with the additional influence
of biological matter a, 46/ b]. Tt is, in general, defined as the degrading or destruction
of a material due to reactions with the environment. While corrosion was defined in the
past mainly for metals, it can now include the degradation of all materials b]. The
type of corrosion described in the studies of this thesis is electrochemical, more specifi-
cally, metal corrosion and oxidation in an aqueous solution. The overall reaction includes
an anode, a cathode, an electrolyte and a path for the electrons to transfer between the
electrodes, forming a corrosion cell. Other factors, such as temperature, pH, and salt in
the solution, can further influence the reactions that take place. |104 a]

While the anodic reaction includes the corrosion and dissolution of the sample by oxi-
dation, the cathodic reduction reactions can include different reactions depending on the
reaction medium and electrode potential. The probability or strength of corrosion is de-
scribed by the electrode potential, which is always defined as the potential compared to
another electrode. Metals with a lower electrode potential are more prone to corrosion
and will act as anodes if they are in contact with metals with a higher potential. b
While corrosion in aqueous solution, in general, is defined by the ion release, this does
not have to be a continuous release over the surface. The different types of corrosion are
split into homogeneous and local corrosion, which includes, but is not limited to, galvanic,

dealloying, intergranular, filiform, pitting and crevice corrosion [103|c, |46 c, b]:

e For homogeneous or uniform corrosion, the reaction takes place on the overall
surface. It often occurs if no stable passivating layer is formed. While measurements
and calculations for corrosion rates only assume uniform corrosion, other corrosion
types also take place and need to be considered.

e In galvanic or microgalvanic corrosion, two metals or metal phases are in contact
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with each other, leading to faster corrosion of the compound with the lower electrode
potential.

e Similar to galvanic corrosion, dealloying corrosion, also called selective corro-
sion, describes the dissolution process of one specific alloying element due to the
lower potential.

e [f a difference in potential occurs at grain boundaries due to, e.g., preferred accumu-
lation of one compound at boundaries, this could lead to intergranular corrosion.

e When corrosion products are formed during corrosion, they can form filaments on
the surface, which start from surface defects and lead to an active anodic head of the
filament and a growing cathodic area of corrosion products. This process is called
filiform corrosion. It often occurs if the corroding material is coated.

e Pitting corrosion occurs if the material itself is not homogeneous or the passivation
layer forms cracks or other defects, leading to a preferred attack and formation of
pits at those places. It can also be influenced by highly reactive anions in solution.

e Crevice corrosion takes place if another object limits the volume above an area
of the sample and less exchange of solution occurs, leading to localised corrosion.

2.3.1 Mg corrosion

Mg has a very low electrode potential of -2.37 V vs SHE [46|a]. The redox reaction consists
of the anodic Mg ion release and cathodic hydrogen evolution. Mg ions and hydrogen can
then further react to Mg hydroxide. [105]

Oxidation: Mg — Mg*" +2e~

Reduction: 2H,0 +2e —— 2Hy; +20H"

Redox: Mg + 2H;0O — 2Hy + Mg(OH),

Since Mg often reacts to MgO and forms an oxide layer in air, the reaction to Mg(OH),
can also be rewritten as

MgO + H,O —— Mg(OH),

The change and reaction of the surface layer are influenced by the stability of such layers
on the surface and solubility in water. The stability is typically described by the Pilling-
Bedworth ratio (PBR) [106, [107]. The ratio defines the stress of a surface layer on the
substrate by calculating the ratio of the corrosion product’s molar volume to the original
metal’s molar volume. A value of 1, therefore, defines a stress-free film, and any value
of PBR=1-2 is defined as relatively stable. While <1 means that tensile stress occurs, a
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PBR>1 leads to compressive stress. For MgO, the PBR is <1 with 0.8, but for Mg(OH)s,
a value of 1.8 and, therefore, a more stable film is reached [108].

The stability of surface layers is, however, also dependent on an applied potential and the
pH of the aqueous solution. Those parameters and the responding products are given in
Pourbaix diagrams, showing different areas of reactions [109]. The reaction and formation
of Mg(OH)s is just stable for a higher, alkaline pH [109] and, thus, the pH influences the
corrosion by reducing the corrosion rate for a higher pH 110} [111].

g

Corrosion rate (mm y1)

°
S

Average test pH

Figure 2.5: Corrosion rate dependent on the pH in Hank’s balanced salt solution
(buffered) for three exemplary Mg materials (high purity Mg HP Mg, AZ91, ZE41 Zn+REE).
Reproduced and adapted with permission from Elsevier |111].

At a pH of 7.4, which corresponds to the pH in a human body, neither Mg(OH), nor
MgO are stably formed and therefore do not hinder further reaction and dissolution [112].
However, Mg(OH), can still form at lower pH due to an increase of pH close to the sample
by the reactions taking place [32]. Since the corrosion rate reduction due to the hydroxide
layer is higher for a higher pH, the open circuit potential (potential of the sample vs.
reference in a certain system if no voltage is applied, Eocy) can also shift pH dependently
[113] |114].

An additional point to consider when describing the corrosion of Mg is that the cathodic
and anodic reactions cannot be easily separated. For a standard metal, the cathodic
reaction - in this case, hydrogen evolution - takes place if a negative potential is applied,
while a positive potential leads to more anodic reaction, thus, metal dissolution and a
decrease in the cathodic reaction rate. However, for Mg alloys, an enhanced voltage
also leads, in many cases, to an increase in hydrogen evolution and a fast Mg dissolution,
which already starts in the cathodic region. This is called negative difference effect (NDE)
[105, 115, 116]. Certain theories, such as the presence of Mg™" ions or the influence
of the protective film as cathodic regions for hydrogen evolution, have been proposed.
Both hypotheses were contradicted by other studies [34, 115, 117-119]; thus, no final
explanation has been determined.

2.3.2 Influencing factors

The corrosion process and rate of Mg are very complex and influenced by several factors,
such as the structure, including microstructure and texture, the solution in which corrosion
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takes place and additional elements. The importance of these factors will be discussed in
the following sections.

Influence of structure

The structure of the Mg samples can highly influence the corrosion rate. This is often used
to lower the rate by thermal or mechanical treatments [120]. Hereby, two main factors are
changed: grain size and orientation. The influence of grain size is widely studied. Grain
boundaries, in general, count as defects, increase the area available for corrosion start
and, therefore, could increase the corrosion rate, especially if a change of composition
occurs between grain volume and boundary [121} |122]. However, it is often found that
small grains lead to improved corrosion resistance due to the formation of a more uniform
passivating film [121H123], smaller precipitates [32] or a change in potential at the grain
boundaries [124]. The formation of a better passivating film also explains why short-term
measurements might show higher corrosion rates for small grains since the film has not
been stably formed.

The orientation of grains and, thus, the texture also changes the corrosion rate. Even
though all grains consist of the same phase, each plane can show a slightly different cor-
rosion rate, mainly influenced by the strength of bonds between the atoms. Therefore,
theoretically, the densest plane should possess the best corrosion resistance, which is the
(0001) plane in the case of Mg [125, [126]. However, planes with the lowest activity for
reactions also have the lowest activity towards, e.g., oxidation, therefore forming thinner
oxide or protective layers [127H129]. A uniform texture might also be critical for low cor-
rosion additional to the specific plane since it prevents galvanic coupling [130]. Therefore,
the preference of a structure for good corrosion resistance has to be determined for each
particular system of sample alloy and surrounding.

Influence of solution

As already described for the pH in section [2.3.1], the solution in which corrosion takes
place strongly affects the corrosion rate. This is even more true if additional ions are
involved [131]. Kwon et al. showed a strong difference in the corrosion behaviour of a Mg
alloy if different ions were present in the solution even though the pH was held constant
[132]. Silva et al. found that the oxygen content can also influence the corrosion [133].
When working under physiological conditions, either just in a salt solution or in vitro
or in vivo, the system is complex. While added organic components such as molecules
and cells can also influence [134], the experiments in these studies are carried out in salt
solution; thus, this effect is mainly described in the following.

In salt solutions such as Hank’s balanced salt solution (HBSS), hydrocarbonates, carbon-
ates, and carbon dioxide are often present as buffering systems or from air, leading to the
formation of MgCOj3 or more complex carbonates |[135]. The formation of carbonates,
in general, was found by Santucci et al. [112] to be more stable with increasing pH and
increasing concentration, while MgCQOj specifically is stable in a broad pH range. Addi-
tional salts, including elements such as Ca, can lead to the formation of further carbonates

or phosphates. Ca phosphate is especially known to form a stable product which reduces
the corrosion rate [131], [136] (table 2.1). It also has a PBR of 1.27 and, thus, forms a
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surface film with low film stress [108].
A complex system including cells or in vivo measurements can influence the corrosion
rate [134, |137], but the influence and process of corrosion product formation are still
important. Zhao et al. found, e.g., Mg carbonates and phosphates on Mg alloys after
implantation into a mouse model, indicating that the effect of salts in solution is also of
interest for the final application [13§].

Influence of purity

When discussing the influence of additional elements on corrosion, two possibilities have
to be considered - impurities and alloying elements.

Impurities are, in general, unwanted additions of elements. When comparing ultra-pure
Mg with high-purity Mg, the corrosion rate of ultra-pure Mg is significantly lower [139].
The impurities are problematic if they have low solubility and, thus, form additional
phases with higher electrode potential which can lead to microgalvanic corrosion. Since
nearly all elements have a higher electrode potential than Mg [46 a], this results in faster
Mg dissolution. One impurity which is often included is iron. If the concentration exceeds
0.005-0.017 % [140} [141], it can increase the corrosion rate. Techniques such as sputtering
might prevent the formation of additional phases and, therefore, reduce such effects [27].
Elements can also be added on purpose as alloying elements to influence the properties.
This can include changing the microstructure or surface properties to reduce the corrosion
rate, at least in comparison to Mg with low purity [120]. REE have a similar electrode
potential to Mg, and the potential of Ca is even lower, leading to a lower overall potential
of the intermetallic phase [142]. A decrease in size of the second phase or continuous
distribution preventing the propagation of pits can, e.g., reduce the corrosion rate [108,
143H146]. Since Mg alloys can form passivating surface layers, sputtered Mg alloys have
also been discussed as self-healing layers, which can prevent galvanic corrosion [120].

2.3.3 Mg thin film corrosion

The structure of thin films produced by sputtering results in two main factors which can
reduce the corrosion, namely a strong texture with basal (0001) planes on the surface and
a supersaturated solid solution preventing the formation of additional phases up to higher
fractions of the alloying element |27, 31, (126}, 147].

Therefore, less pitting corrosion and other local corrosion is found for sputtered samples
since less galvanic coupling can occur with precipitates [32]. Blawert et al. also discussed
the incorporation of alloying elements of thin films into the passivating layers, leading to a
better corrosion resistance if distributed homogeneously, which can further be influenced
by changes in microstructure [101].

For WE alloys, no effect of the alloying elements on the corrosion rate occurs since no pre-
cipitates are found [102]. Even an increase of the alloying element does not lead to changes
as studied for up to around 23 at% of Y or 3.6 at% of Gd [31]. For MgAg, the addition of
the element even decreases the corrosion rate by increasing the standard potential when
forming a solid solution [27]. A reduction is also measured for amorphous MgZnCa, for
which the corrosion rate is possibly reduced by reducing the hydrogen evolution via Zn
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| PBR [108] | K[149]

Li,COs3 1.35 8.15-1074
Mg(OH), 1.80 | 5.61.10712
MgO 0.80 ;

LiOH 1.26 -

MgCOs3 2.04 6.82-1076
Mgs(POy)s | 2.29 | 1.04-102*
Liz(POy)s 1.20 | 237101
Cag(PO4)2 1.27 2.07-10733

Table 2.1: Pilling-Bedworth ratios (PBR) and solubility product constants (Kg, at 25 °C of
possible corrosion products of MgLi in salt solution.

incorporation [30]. For this material, an influence of the sputtering parameters on the
corrosion by changing from polycrystalline to amorphous material is described.

2.3.4 MgLlLi corrosion

The electrode potential of Li is even lower than for Mg with -3.05 V vs SHE [46/ a]. Thus,
Li enhances the reactivity and the corrosion rate. It is found to increase the hydrogen
evolution by increasing the cathodic kinetics [35, |148]. While Li is studied to reduce
the corrosion resistance short term, studies also show enhanced resistance over longer
measurement times [33]. This might be influenced by a stronger increase in pH during
the beginning, which stabilises Mg(OH), on the surface afterwards [73].

Since the influence of corrosion products on the corrosion resistance is influenced by the
stability and solubility, PBR and solubility product constants of possible components
formed by MgLi in salt solutions are listed in table 2.1} The effect of Li on the corrosion
is highly influenced by the exact amount of Li. The main change depends on the MgLi
phase. In general, the corrosion resistance is often described to be the highest for 3-MgLi,
followed by o-MgLi and then a+3-MgLi [150].

The corrosion rates and influences for each phase are described in the following sections.

o-phase

For MgLi with a hcp structure, the corrosion is generally assumed to be similar to the
corrosion of pure Mg [151]. Thus, the formation of MgO and Mg(OH), will occur [152].
Since Li has a lower electrode potential than Mg, the corrosion potential of the alloy
decreases with increasing Li content [153]. During the corrosion, anodic and cathodic re-
gions develop on the surface. Hydrogen and corrosion products are formed in the cathodic
regions and the corrosion progresses as filiform corrosion [150} [154]. While Li can lower
the overall electrode potential, Li et al. found for a-MgLi with different Li fractions the
best corrosion resistance for the highest Li fraction due to the influence on microstructure
and surface films [153].

In addition to the corrosion products on Mg, Li-containing components are found. For
MgLi-based alloys such as, e.g., LA51 (Mg-5Li-1Al in wt%), Li;CO3 and LiOH are formed
in air on the surface [155].
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a+[3-phase

In a mixed-phase material, the corrosion is mainly driven by galvanic coupling of two
phases [156, 157]. Since the electrochemical potential of one phase - in this case {3 - is
lower than for the other phase, this one is often preferentially corroded and a combination
of filiform corrosion and localised corrosion takes place [150]. The corrosion is found to
start accordingly at the grain boundary and attacks the 3-phase as studied by Song et al.
[158].

The corrosion rate also changes over time due to the formation of a protective layer.
Since the layer mainly forms on 3-phase, Wang et al. described that therefore the main
corrosion occurs in 3-MgLi at the beginning but later changes to a-phase with increased
hydrogen evolution [159]. Due to the higher activity and the higher availability of Li and
therefore faster oxidation and reaction to corrosion products (a more detailed description
can be found in the section for B-phase), the 3-phase might be better protected against
corrosion while the a-phase is preferentially attacked. Several stacks of protective films
have been proposed on mixed-phase MgLi alloys [108|, [159].

The corrosion rate is highly dependent on the amount of each phase and microstructure
of the material [157, [160]. The properties of the material can also change if Li diffuses and
thus changes the distribution of phases [85, 157 |160]. For structures with smaller grain
sizes and higher 3-phase fractions, a better protection of the overall material can already be
developed similar to the one found on the high Li content phase. The microstructure was
changed by forging and rolling for a LZ91 alloy, resulting in a higher corrosion resistance
due to smaller grains and a higher B-phase fraction [157]. In addition to the faster diffusion
of Li from bcc to the surface, the smaller grains can reduce the stress of surface films
formed if the PBR is not 1 |108].

Wang et al. also found an increase in -phase with rolling, leading to the highest corrosion
rate for the middle value of the rolling ratio (rolling ratio of 5 in comparison to 3 and 10)
[159]. Thus, for o+p3-MgLi, microstructure and Li content influence the galvanic coupling
and formation of passivating layers which have the main influence on the corrosion process.

-phase

The -phase MgLi alloys include the highest Li fraction and, therefore, the highest activity.
However, several studies found the lowest corrosion rate for those materials, mainly due
to a protective film formed during corrosion |151} |161}, [162]. This film formation leads
to less pitting and a corrosion resistance which is enhanced over time while intergranular
corrosion can still take place [33, [L50]. The single phase exhibits low hydrogen evolution
and development of few defects [163]. It also shows a lower NDE than o-MgLi [164].

Layer systems including oxides, hydroxides and carbonates were discussed [40, [161]. Since
the PBR for both Li and Mg oxides is <1 but 1-2 for LiOH, Mg(OH), and Li,CO; and
2.04 for MgCO3 (table , several combinations of protective layers are possible [108].
While Li et al. [165] ascribe the low corrosion rate to a Mg(OH), layer with additional
Li components such as LiOH closing the otherwise porous structure, Yan et al. [162]
claim a reduced formation of Mg(OH)y due to a more stable MgO layer formed because
of additional Li doping. The doping with Li lowers the chemical reactivity and increases
the PBR. Since the PBR for MgO is 0.8 before doping but changes to >1 if a minimum Li
doping of 15-18 at% is reached, this would be in agreement with a change in passivation
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mainly in 3-phase materials [162].

Other measurements show C signals in the outer layer. Li;COj is widely discussed to form
on 3-MgLi and influence the corrosion [40, 163, [166]. However, in the case of, e.g., Yan
et al. [161], the Li;COj3 layer can also be attributed to the storage in air. The reaction
of Li into additional compounds leads to a depletion of Li in the area underneath the
passivating layer. Thus, the material can change into a-phase in the zone directly under
the surface |40, (161} [162].

Since the discussion of whether Li;COg3 is even formed during corrosion or is mainly a
product of the fast reactivity of Li in contact with air is a widely debated point, it will
be discussed in more detail separately.

2.3.5 Li,CO; formation

Especially for 3-MgLi, an ongoing discussion of whether Li;COj is formed in corrosion
and reducing the corrosion rate in comparison to a-MgLi takes place. It is found on the
surface of samples before and after corrosion and has a PBR of 1.35, indicating a possible
stability |108].

For high Li fractions, a large amount of Li is available close to the surface and can
readily react. Additionally, further Li can diffuse easier to the surface for $-phase since
the diffusion coefficient of Li in 3-MgLi is found to be higher than in the a-MgLi [82,
83]. In a-phase a coefficient dependent on the Li fraction and temperature but relatively
independent on the direction in the structure is determined [83], [167].

The study by Yan et al. showed an increased thickness of the Li;CO3 film over time
in air [168], indicating a continuously ongoing reaction to the carbonate. Tests of Li-
free alloys in dissolved Li;COj also showed a reduction of filament-like corrosion with
Li and carbonate components found on the surface afterwards [169]. Since carbonate is,
in general, present under physiological conditions, similar reactions could be possible on
MgLi [163].

However, other studies emphasise that the PBR would propose a stable layer independent
of the Li fraction [150]. Even though less Li is available, a formation and diffusion of Li
to the surface, possibly also over the grain boundaries with increased Li fraction, could
occur. This would contradict the start of Lio,COs3 formation as the influence on the lowest
corrosion rate for B-phase.

Additionally, several studies found that Li;COgs is dissolved when samples come into
contact with aqueous solution, even if carbonate is present in the solution itself [162,
170]. This is due to the relatively high solubility of Li;COjs in water (see table for
comparison to other components). The presence of Li;COj3 in measurements before and
after corrosion might, therefore, be attributed to storage in air before each measurement,
while other components such as MgO doped with Li [162] have the actual effect on reduced
corrosion rate.

However, other studies claim to have measured Li;COj3 during in-situ measurements or
in near in-situ studies after long immersion times [166, 170]. The stability of Li;COj in
solution is dependent on the pH and Li concentration present in solution [112]. Therefore,
since corrosion can increase both pH and concentration due to a high reactivity at the
beginning, the formation of Li;CO3 becomes more likely over longer immersion times.
Since the concentration will be increased for 3-phase material, the formation on the bce
material could be favourable, however, no final decision can be found with the research
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available.

2.4 Corrosion measurement techniques and feasibility for
MgLi thin film measurements

The quantitative analysis of the corrosion rate can be done by measuring either 1) the
loss of material of the sample or 2) the gain of released material (ions, electrons, gas).
Several techniques have been developed in the past , , and a few main techniques
will be described with an additional discussion regarding their relevance for defining the
corrosion rate of Mg, Mgli and, more specifically, thin films.

It has to be noted that the measurement parameters, such as time frames or additional
activation by, e.g., voltage application, lead to differing corrosion rates from methods that
cannot be directly compared. Especially the definition of which material counts as cor-
roded can change the corrosion rate. While some methods measure released ions, others
include the corrosion products formed in the sum of released material, therefore changing
the value.

These factors often lead to corrosion rates which are lower for electrochemical measure-
ments (e.g. potentiodynamic polarisation) than weight-loss or hydrogen-evolution studies
but the differences can also give further insights into the corrosion process and
thus provide additional information.

2.4.1 Weight-loss measurements

The first possibility to define a corrosion rate is by measuring the weight loss of a sam-
ple during immersion time since (a part of) the material is dissolved during corrosion.
Weight-loss measurements are carried out by measuring the mass of samples before and
after immersion , . The corrosion rate, often described in mm/yr, can then be
calculated from the corroded mass m and time ¢ by taking the surface area A and density
p of the material into account.

m
t-A-p

CR = (2.1)

Weight loss measurements need longer immersion time to identify a significant weight
change and can be carried out in a solution relevant to the application. In the experiments
described in the publications of this work, a salt solution (HBSS, H1387, Sigma-Aldrich,
with added sodium bicarbonate, 155 mmol) with a pH of 7.440.2 controlled by CO, gas
regulation and a temperature of 3741 °C is used to work at conditions similar to phys-
iological conditions. The longer immersion leads to measurements closer to equilibrium
conditions than electrochemical techniques, which will be discussed in section [2.4.3|

While first challenges can arise due to a non-exact definition of the surface area due to
roughness changes and - in the case of MgLi thin films - only a few values of bulk ma-
terials for the density, the estimation of a corrosion rate could be determined. A main
challenge is caused by the obligatory cleaning step after immersion. In general, samples
are cleaned in mainly chromic acid after immersion to remove any corrosion products
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formed on the surface, which would increase the weight, possibly even to a mass larger
than before immersion. Since the definition of corrosion for weight loss measurements
includes the material which reacted from the metal to corrosion products, this weight
has to be removed. Even though this is a standard praxis for Mg alloys [105, [171], the
measurement on thin films is complicated. In addition to the small weight loss and, thus,
minor change in weight by the corrosion itself, the cleaning step can change the surface
of Mg alloys slightly (see figure and, therefore, change the determined corrosion rate.
While the small influence of chromic acid on the surface does not affect the corrosion rate
significantly for larger samples with larger volumes and more difference in weight between
starting material and corroded material, a careful cleaning to avoid larger influences has
to be performed if weight loss measurements are used for thin film samples of Mg alloys.
The immersion times of thin films are also often short to avoid a pitting through the
film during measurement since the calculations assume homogeneous corrosion and do
not include such phenomena . Alternatives of cleaning processes, e.g. in ultrasonic
baths, were also developed to remove any corrosion products from Mg but were not
used in this work.

If surface films or treatments which alter the sample to oxide or carbonate-containing
compounds are added, the studied minor weight loss cannot determine the corrosion rate
accurately due to problems in identifying the reaction to surface films and the differenti-
ation of the removal of corrosion products or such films.
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Figure 2.6: SEM images of Mg-3(wt%)Li thin films before and after treatment with chromic
acid.
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2.4.2 Hydrogen evolution

In addition to the loss of material from the sample, the products of the corrosion reactions
can also be measured. During the reduction, hydrogen gas is produced and can thus be
used to determine the rate of corrosion , . The sample is placed in a solution
under a funnel that directly connects to a tube of a burette to determine the volume of
developed Hy. While this method thus only uses a very simple set-up and measurements
can be carried out at different time points throughout the degradation, problems can arise
for samples with low corrosion rate and in physiological salt solutions for which the H,

21



Fundamentals

evolution can differ significantly from the determined corrosion rate by other methods
[118, |171]. Even though Hs is also produced for thin films and the corrosion rate is
not necessarily low, the small amount of area and corrosive material only produces low
amounts of gas, which are more difficult to detect and can lead to further differences in
the detected corrosion rate to, e.g., weight loss measurements (exemplary visible in [31]).
Therefore, the hydrogen evolution is not used for determining the corrosion rate in this
work.

2.4.3 Potentiodynamic polarisation

Electrochemical measurements such as potentiodynamic polarisation allow estimating
long-term corrosion rates in relatively short measurements [171].

A three-electrode set-up including working, counter and reference electrode is used. For
the experiments described in this work, the sample is placed in a holder with an opening
on one side with an area of 0.916 cm? as the working electrode [176]. Additionally, a Pt
mesh as a counter electrode and an Ag/AgCl reference electrode (reference electrode with
3 mol/1 KCl solution) placed in a Luggin capillary are chosen. The open circuit potential
Eocv, often also described as corrosion potential, of the sample can then be measured
between the sample and reference electrode when no additional voltage is applied. This
is the potential where the cathodic current equals the anodic current [103) d]. Figure
2.7 shows the set-up used in the following studies. Since the surrounding should model
physiological conditions, these measurements are carried out in HBSS under temperature
and pH control similar to the weight loss measurements.

RE (Ag/AgCl)
CO, inlet pH measurement
- WE :

: -~ CE (P h
temperature H——L CE (Pt mesh)

measurement

L.y
\ /
heating plate

Figure 2.7: Schematic set-up for potentiodynamic polarisation measurements with a three-
electrode set-up including the sample in the sample holder as the working electrode (WE), a
reference Ag/AgCl electrode (RE) and a Pt mesh counter electrode (CE).

A voltage can be applied to enhance the corrosion kinetics. By measuring the current
while applying a continuously increasing voltage starting in the cathodic region and reach-
ing into the anodic region, the change in current with potential can be measured. The
corrosion rate C'R is defined by the change in thickness d over time ¢. By using Faraday’s
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law, this can be written as [176]:

d M
CR="

- . 2.2
t n-F-p 0 (22)

with the density p, the Faraday constant F', electrons released per atom n and the molar
mass M and corrosion current density 7.
The current density is described by the Butler-Volmer equation as [177, [17§]

a-n-F-n (1—a)-n-F-n

1=19 | e RT —e RT (23)

The exchange current density or corrosion current density i is influenced by the rate and
surface concentration of the reduced and oxidised species [177]. « is defined as the transfer
coefficient and 7 is the overpotential, thus, n = F — Eocyv. Additionally, temperature T’
and gas constant R are included.

Ig i 4

Ig i

E olcv E

Figure 2.8: Schematic of a potentiodynamic polarisation measurement, depicted as a Tafel
plot.

The current measured is often plotted logarithmically in a so-called Tafel plot (figure
. If either the anodic or cathodic overpotential is high, the other reaction is negli-
gible, leading to a linear equation and a straight line in the plot if the graph is plotted
logarithmically. [179]

) . oa-n-F

l5(0) =lgdo + 55T (2.4)
. .. (I=a)n-F

lg(i) = lgip + oy (2.5)

The crossing point of the linear branches at Egcy thus, theoretically directly defines ig,
and the C'R can be determined. In addition to the corrosion rate, the plots can also show
a plateau due to passivation followed by a sharp increase in current at a certain potential,
indicating a start of pitting in anodic measurements when the passivating film starts to
develop defects [103 e, 32].

While this measurement, thus, theoretically gives insight into the corrosion rate and
formation of passivating films, some factors have to be taken into account for Mg alloy
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corrosion. The measurement generally does not show corrosion in a non-disturbed system
and varies significantly from the corrosion rate of weight loss or hydrogen evolution [180].
One problem is also the assumptions for the Tafel extrapolation, which only describes
one reaction occurring for each branch. In praxis, this does not hold true, especially
considering the NDE, which, together with the formation of oxides and hydroxides, often
prevents a crossing of both linear extrapolations at Focy [118|, [180H182]. The hydrogen
evolution and formation of bubbles on the sample surface can further influence the results
[183], especially considering small measurement areas as often used for the thin film
samples.

However, an extrapolation from the cathodic branch can be used to estimate a corrosion
rate and compare different samples placed in the same set-up [180, |184].

2.4.4 In-line ICP-MS

During the corrosion in solution, the sample itself gets dissolved. Therefore, additional
information regarding the corrosion rate and, even more importantly, about the specific
released element can be determined by analysing the dissolution product in the elec-
trolyte.

Samples of solution with dissolved species can be analysed by techniques such as in-
ductively coupled plasma - mass spectrometry (ICP-MS) or inductively coupled plasma-
atomic emission spectrometry (ICP-AES, also called ICP-OES, OES = optical emission
spectrometry) to determine, e.g., catalyst loading, stability of partially metallic catalysts
or the concentration in solution after a defined duration of corrosion [66| 79, 185-187].
However, this only gives the integral information over time between measurements. Based
on previous measurement techniques [18§], an in-line technique was presented by Ogle and
Weber in 2000 [189]. The AESEC (atomic emission spectroelectrochemistry) combines
ICP-AES with an electrochemical flow cell upstream in which the sample is added as the
working electrode. Thus, the dissolved elements can be directly analysed downstream and
during electrochemical measurements. Similar set-ups with ICP-MS have been developed
[185] 190, [191], and both types are used for the study of time-resolved corrosion or catal-
ysis [185] 1188, [192]. Both will be discussed; however, the main focus is on the technique
used for studies in this thesis, thus, a combination of the flow cell with ICP-MS.

In both cases, the system consists of the flow cell - a cell with defined sample surface in
contact with solution and defined volume over the sample through which the electrolyte
is pumped with a defined speed -, the spectrometer and the data acquisition system.
Multiple important parameters have to be taken into account during the measurement.
While, e.g., the flow rate can be determined to compare the ion release of different samples
measured with slightly differing rates, this rate will also directly influence the corrosion
process by, e.g., hindering precipitation, changing passivation layers or pH changes [188,
193-195]. The flow cell includes a three-electrode set-up with a counter electrode and
reference electrode. In figure 2.9 the set-up of the flow cell [196] [197] described in this
work is shown. In the ICP-MS system, the electrolyte is converted into an aerosol in
the nebuliser by Ar flow and then transported into the spray chamber, from which only
a few droplets will be transferred into an Ar plasma to bring the elements into the gas
phase and ionise them. Afterwards, the ions are passing into a vacuum chamber for mass
determination. Here, at first, any remaining neutral particles are separated from the ions,
and the beam is focused before it reaches a collision/reaction cell. In this cell, any ions

24



Fundamentals

a) b) c)
Outlet

Inlet

» CE (Pt)
RE \
] ———— i .
Inlet - WE gr/ [
Flow measurement

(sample with Cu tape) Potentiostat

WE © |CE

Figure 2.9: Schematic of flow cell as described in [196, 197] and inline ICP-MS measurement.
a) Flow cell as used for the measurement of Mg alloy samples, including a Pt counter electrode
(CE), reference electrode (RE) and the sample as a working electrode (WE), connected by
copper tape. b) Cross section of flow cell. ¢) Overall set-up with solution flow through the flow
cell to the ICP-MS.

including multiple atoms are split, in the case of the machine used in this work (Agilent
7900 ICP-MS) by collision with He atoms. The quantification dependent on the mass
takes place using a quadrupole mass spectrometer in high vacuum to avoid recombina-
tion. While ICP-MS allows the quantification of isotopes and detection down to a limit of
ppt (parts per trillion), the electrolyte needs to be much more diluted than for ICP-AES.
[185, [188]

The dissolution rate j,, is then defined by the concentration c¢(t) after calibration, the

flow rate f of the electrolyte and the area of sample A in contact with said electrolyte
[185] |188|:

Jm(t) = f-c(t)/A (2.6)

To calculate the dissolution current density i, the Faraday constant F', electrons released
per atom n and the molar mass M are taken into account

i(t) = ju(t) - n- F/M (2.7)

While this current density (if it is added up for all elements) can, in theory, be compared
to the results of, e.g., potentiodynamic polarisation if a voltage sweep is performed in the
flow cell (e.g. |182]), the influence of side reactions, signal broadening and transfer time
from flow cell to ICP-MS need to be taken into account [182, 188 |189).

By applying a potential or current, a change in composition during and after passivation
regions can also be determined. The combination with the flow cell and identification
of each element individually, thus, makes the identification of the stoichiometry of dis-
solved elements possible. Therefore, selective dissolution due to dealloying, preferential
corrosion, film formation during corrosion, or catalytic reactions can be measured time
resolved. The combination with electrochemistry also helps to receive information not di-
rectly available from ICP-MS, such as the oxidation state of the elements after corrosion
[185] [188].

Several studies by both in-situ ICP-MS and ICP-AES have been carried out for further
understanding the corrosion process and protective layers during corrosion. The system
also allows to analyse the ion dissolution during other electrochemical measurements [198§]
or reactions under additional influences such as, e.g. light or scratching [185 191} 196,
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199, 200].

The techniques were used for several studies on Mg and MgLi. For Mg corrosion, studies
by Thomas et al. investigated the influence of impurities of Fe, proving an increase in
activity [201]. The influence of a pH change and applied anodic potential was tested by
Rossrucker et al. [110} [182], showing a lower NDE for low polarisation and high pH.
Compared to ex-situ measurements, the dependence on time and change after applying
anodic polarisation can be directly observed. For Mg corrosion, earlier studies suggest the
possibility of the formation of Mg™ additional to Mg®™ as a reason for the NDE occurring
for Mg, however, analysis by Swiatowska et al. [117] and Lebouil et al. [115] showed only
Mg?" and rather suggested the growth of cathodes by corrosion product formation if an
anodic potential is applied. This also leads to an improved stability of the dissolution
after anodic polarisation when the sample is held at Focy. The formation of hydrogen
gas can be identified as noise in the measurements [117].

For MgLi, specifically with high Li content (3-phase), the composition of a passivation
layer formed during corrosion was analysed by determining the change in stoichiometry
when applying an increasing voltage and scratching the surface [162, |166| 200], showing,
e.g., a preferred Li dissolution after the scratch in the study by Yan et al. [200]. Hou et
al. found a greater Mg:Li ratio in the dissolved ions than in the material itself and de-
termined the presence of Li;COg3 by a change to a ratio similar to bulk when the voltage
is increased over a certain threshold [166]. However, Yan et al. [162] did not find the
same difference in ratio but rather found a Mg-rich layer determined by Mg-rich particles
released after scratching.

For the studies of thin films, the possibility to gain insight into the start of the corrosion
in-situ is especially important since the surface affects the overall sample properties sig-
nificantly due to the high surface-to-volume ratio. Additionally to thin films on substrate,
free-standing thin films can also easily be placed into the flow cell, however, special care
has to be taken to prevent corrosion mainly as crevice corrosion when the thin film is bent
around the O-ring [197].

Since the dissolved ions are directly detected, no effects such as the NDE can influence
the assumed corrosion rate compared to the actual ion release. Since the detection limit
is very low, there is also no effect of concentrations that are too low due to the thin films,
especially since, in any case, the technique analyses in short time frames, and thus, no
long-term accumulation of corrosion products is necessary. It also allows for the identi-
fication of light elements such as Li, therefore allowing the studying of nearly any Mg
alloys.

While the technique can be used for longer in-situ experiments, the measurement times
for thin films are limited to prevent crevice or pitting corrosion through the whole film
to avoid contact between the electrolyte and the substrate material or sample holder
additional to the sample. Thus, no long-term corrosion properties are analysed. Since
the machine is very sensitive, the electrolyte needs to be adjusted. While the corrosion
rates were mainly determined in HBSS (155 mmol) at a pH of 7.4+0.2 and a temperature
of around 37+1 °C (see 2.4.1] to simulate physiological conditions, for the in-situ
measurements, the concentration was adjusted to 15 mmol HBSS during the experiments
for this work. The pH was close to 7.4 but no temperature control was applied. This is,
however, possible by, e.g., a water bath heating [188].

In-line ICP-MS might not be necessary to determine the corrosion rate, which can be
done with less effort with other techniques, but it provides a further understanding of
corrosion processes and element-dependent dissolution of MgLi thin films.
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2.4.5 Further measurements

While several techniques have been discussed to determine the corrosion rate and analyse
the corrosion process, those often need to be combined with additional measurements
[105]. Those can be used for studying the surface pre- and post-corrosion to inves-
tigate a change in surface composition by, e.g., formation of corrosion products (e.g.
SEM/EDX (scanning electron microscopy/energy dispersive X-ray spectroscopy), XRD
(X-ray diffraction), XPS (X-ray photoelectron spectroscopy)), or change in surface mor-
phology (e.g. AFM (atomic force microscopy), SEM) for defining the overall change
during corrosion. Additional measurements such as EIS (electrochemical impedance spec-
troscopy) can give further insight into the electrochemical processes taking place at dif-
ferent time scales and help to identify the formation of corrosion layers. Thus, since
the corrosion of Mg and Mg alloys in aqueous solution and especially in more complex
electrolytes is a complex system, no single technique can give all results necessary to
understand the ongoing process.

27



Results

3

Results

To analyse the viability of MgLi thin films as a local drug reservoir for the treatment of
neurological disorders, in the following studies and chapters with additional experimental
results, the fabrication, structural properties and corrosion rate of MgLi thin films with
varying Li content will be discussed. In addition to the general test of the properties of
such alloys, the studies opt to further understand the corrosion, the influence of partici-
pating parts such as phases, Li content, microstructure, orientations or surface films on
the corrosion rate and a more detailed corrosion process and ion release will be described.
This not only provides a more thorough understanding of the underlying mechanisms oc-
curring but also allows the understanding of adjustments to the corrosion rate by changing
the sputtering parameters or applying additional post-treatments.

3.1 Publication: Structural characterisation and degra-
dation of Mg-Li thin films for biodegradable implants

To develop MgLi thin films for medical treatments, freestanding films of the alloys have
to be prepared and studied. In this work, thin films in o and a+3-phase were fabricated
by magnetron sputtering with low film stress. The microstructure and phases were anal-
ysed, showing not only 3-phase for higher Li fractions but also additional Li,CO3 and a
change in orientation. In mechanical tests, a lower tensile strength was found for all MgLi
compositions compared to pure Mg, and the maximum elongation was reduced except for
samples with the lowest Li fraction. While the corrosion rate increased for an increase in
Li fraction in the o-phase due to higher reactivity and the influence of orientation changes,
a lower corrosion rate was found at high Li fraction in the mixed phase, indicating a pos-
sible effect of protective surface films.

Own contributions to the following article
(concept - 50 %, planning - 75 %, experiments - 75 %, analysis - 90 %, writing - 90 %):

Sample preparation and preparation optimisation

XRD, SEM and EDX investigation

Tensile testing, weightloss and potentiodynamic polarisation measurements

Interpretation and discussion of the results

Writing of the manuscript
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The paper Hanke, L., Jessen, L.K., Weisheit, F., Bhat, K., Westernstroer, U., Garbe-
Schonberg, D.,; Willumeit-Romer, R., Quandt, E. Structural characterisation and degra-
dation of Mg—Li thin films for biodegradable implants. Scientific Reports 13, 12572(2023)
[202] published by Springer Nature is open access and the use is permitted by the Cre-
ative Commons Attribution 4.0 International License (http://creativecommons.org/
licenses/by/4.0/).
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Structural characterisation
and degradation of Mg-Li thin films
for biodegradable implants

Lisa Hanke?, Lea K. Jessen?, Felix Weisheit?, Krathika Bhat?, Ulrike Westernstréer?,
Dieter Garbe-Schénberg?, Regine Willumeit-Romer? & Eckhard Quandt*™

Freestanding thin films of Mg-Li (magnesium-lithium) alloys with a Li mass fraction between 1.6%
(m/m) and 9.5% (m/m) were prepared and studied with respect to their structure and degradation
properties. With increasing Li content, the microstructure deviates from hexagonal Mg-Li with

strict columnar growth and preferred orientation, and additional cubic Mg-Li and Li,CO; occur. The
corrosion rate was measured in Hanks’ balanced salt solution by potentiodynamic polarisation and
weight loss measurements to investigate biodegradation. Influences of the orientation, phase and
protective layer formation lead to an increase in corrosion from 1.6 to 5.5% (m/m) from 0.13+0.03 to
0.67 +£0.29 mm/year when measured by potentiodynamic polarisation but a similar corrosion rate for
9.5% (m/m) and 3% (m/m) of Li of 0.27 + 0.07 mm/year and 0.26 + 0.05 mm/year.

Magnesium and its alloys are widely studied as materials for applications in the medical field due to their bio-
degradability. Different elements such as, e.g., Ca, Zn or rare earth elements (REE) are included to improve
mechanical properties or tailor the degradation rate to adjust them for applications as, e.g., stents or bone
implants'~*. Additional to the advantage of having an implant which degrades after it is no longer required,
the possible therapeutic effects of the implants are explored by, e.g., loading stents with drug-eluting layers® or
using the corrosion process and changes in the environment such as pH and hydrogen evolution directly for its
antibacterial properties®.

In line with the idea to use the implant itself as treatment, an alloy including the therapeutically active element
lithium will be analysed in this study. Lithium is used in treatments for mood disorders, in particular bipolar
disorder, and is also studied to have effects on Alzheimer’s and Parkinson’s disease’"!?. Magnesium itself shows
also neurological effects'!. Therefore, the degradation and, thus, continuous release of both the magnesium
and additional elements would allow a local treatment in the brain. If a controlled and local release is achieved
by understanding the degradation of the material, side effects which can occur during the treatment with Li'?
could be reduced.

For Mg-Li, the structure in bulk materials differs from pure Mg by a reduction of the distance in ¢-direction
and a phase change to a body centred cubic (bcc) phase (P phase) for higher Li fractions (Mg-Li phase diagram,
Fig. 1 1%). This change leads to additional non-basal slip on the prismatic planes, twinning, and more ductile
properties even in hcp Mg-Li alloys. For higher Li fractions, the addition of the second phase can significantly
change the mechanical properties. Li et al. showed that cracks are preferably formed at the phase boundaries
which is facilitated by the difference in the number of gliding systems present in both phases and, thus, a differ-
ence in stress accumulation'. Additionally, the ageing of the second phase and change from bcc to hep phase
even at room temperature influences the properties over time'**>.

The corrosion rate of Mg-Li alloys is influenced by several factors such as the high activity of Li, change of
microstructure and surface films. The low electrochemical potential of Li leads to an increase in the cathodic
kinetics and a more significant shift of the pH. Filiform corrosion is found to be one of the main corrosion pro-
cesses occurring for Mg-Li alloys in the a or a+ p materials'®'%. For films with mixed phases, micro-galvanic
coupling is found as a main factor for an increase in corrosion rate with preferred corrosion and pitting at the
phase boundaries'®*°. However, the diversity of microstructure and protective layers formed during corrosion
makes a clear indication of the influence of the different factors on the corrosion rate difficult. Li et al. showed
that the corrosion rate decreases from a+ > a > p'8. The lower corrosion rate of the bec phase is assumed to be
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Germany. ZInstitute of Metallic Biomaterials, Helmholtz Centre Hereon, Geesthacht, Germany. 3Marine
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Figure 1. Mg-Li phase diagram, adapted from"’. The region with a Li fraction from 0 to 50% (n/n) is
depicted and the concentration of sample films (Li mass fraction of 1.6% (m/m), 3% (m/m), 5.5% (m/m) and
9.5% (m/m)) are marked. Low Li concentrations lead to a Mg rich a-phase with a hcp structure and high Li
concentrations to a B-phase with a bcc structure. In the mixed phase regions, a-phase and p-phase are formed.

due to the high density and stability of a formed protective layer. While for the Mg rich phase, mainly a porous
Mg(OH), layer is expected to form during corrosion?"?, the layer structures of surface films formed on Mg-Li
including the bec phase are complex. Xu et al,, e.g., analysed the structure of the natural film formed in air as a
Li,CO; film on the surface, Mg oxide and Li oxide film underneath and Mg-rich film before the bulk material®.
Other studies claim for films formed in air or during corrosion several compounds including carbonates, oxides
and hydroxides of both Li and Mg, often separated in a layer structure!®?»*. Previous studies assumed or sus-
pected that the formed Li,COj; has the main influence on the higher corrosion resistance of the bcc phase?*627.
The Pilling-Bedworth ratio (PBR), which is a measure for film stress and, thus, identifies a stable film for
1<PBR<2,is>1 for all Mg:Li ratios for Li,CO;. Thus, it could already be formed for lower Li mass fractions in
the hep phase'®. Yan et al. suggest another possible influence as Li doping and therefore strengthening the MgO
and hindering the formation of the more porous and less protective magnesium hydroxide. Since the critical
Li fraction for forming a stable layer of MgO is calculated to be around 15-18 at. % (4.8-5.9%(m/m)), this is in
agreement with the formation of the layer only on Mg-Li with B or a+ $%. Therefore, with the assumption of
the formation of a stable MgO layer by Li doping, the higher Li fractions leads to a decrease in corrosion rate
by changing the film stress.

However, it has to be noted that the corrosion of Mg-Li with different phases is a complex system, leading to
other studies showing the lowest corrosion rate for the hcp phase'”. The main influences on the actual corrosion
rate are therefore not just Li content and phases but also the microstructure of the material.

For neurological implants, small freestanding films and structures in the sizes of a few um-mm are needed.
Previous to this paper, no extensive studies of Mg-Li thin films regarding the growth and properties are available
to our knowledge. As found for thin films of other Mg alloys, significant influences on the properties in com-
parison to bulk materials are expected. For different Mg alloys such as Mg-Ag or Mg-REE, the structure of thin
films was studied®*. For sputter-deposited films, the hexagonal close packed (hcp) magnesium phase (a phase)
is strongly textured with a preferred growth direction of [001] and a columnar grain structure is apparent®-3-3°,
The strong texture influences the deformation by, e.g., reducing work hardening and influences therefore the
mechanical properties®. The corrosion of thin films in comparison to bulk is shown to be more homogeneous
with less effect of pitting®>*®. Additionally, the corrosion resistance and oxidation of different planes are different
due to the packing and binding energies, thus, the corrosion rate is influenced by the texturing of the films¥.
The (001) plane is found to show the lowest corrosion rate due to the densest packing, however, since the faster
oxidation of other planes could lead to a protected surface, the actual influence on the corrosion rate cannot be
directly predicted®®*. Since the properties are highly dependent on structure and microstructure, they can be
influenced for the same alloy by changing the sputtering parameters, leading to higher densities or differences
in the film growth depending on the energy available for diffusion of the atoms?*>40-*2,

In this study, Mg-Li thin films with a pure hcp or an a+ f structure (Mg-Li phase diagram, Fig. 1) are pre-
pared via magnetron sputtering. To gain insight into the corrosion process dependent on the specific structure
present in the thin films, studies with respect to their growth and microstructure are carried out to allow a cor-
relation with influences on the corrosion rate. Additionally, the possibilities to influence and tune those to meet
specific requirements given for applications are discussed.
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Composition and microstructure.

The compositions of the prepared Mg-Li thin films are marked with

red dashed lines at mass fractions of 1.6% (m/m), 3% (m/m), 5.5% (m/m) and 9.5% (m/m) in the phase diagram
in Fig. 1 (fractions given in Supplementary Table 1). As shown, two sample types are prepared with Li mass frac-
tions leading to pure hexagonal phase, while the other two theoretically consist of a and p phase with approxi-
mately 89% (Mg-5.5Li) or 22% (Mg-9.5Li) a phase.

Very low iron contaminations are measured for all film compositions. Representative XRD diffractograms for
all compositions are displayed in Fig. 2a in comparison to pure Mg prepared by the same procedure. While pure
Mg exhibits a strong texture with a main peak of (002) at 34.3°, including 1.6% (m/m) Li leads to less preferred
growth and for Mg-3Li, a random orientation is identified (Supplementary Fig. 1). For both materials in the a+
phase, the hexagonal phase shows a preferred orientation of (110). Additional bce can be identified as small peaks
in the diffractogram, and additional studies of the reciprocal space allow the identification of strong (110) peaks
for Mg-9.5Li at an angle of y =32°-40°, indicating a strongly textured -phase. While the lattice parameter a is
only slightly decreased from Mg-1.6Li to higher Li mass fractions, c is reduced, especially for the increase of Li
from 1.6% (m/m) to 3% (m/m) (peak shift in Fig. 2a, calculated lattice parameters in Supplementary Table 2).
When the second phase is present, the parameters do not decrease further since the added Li is included in the
additional phase. Of interest are as well the peaks at, e.g., 21.3°, 23.3°, 29.4° and 34.1° for Mg-5.5Li and Mg-9.5Li
which indicate the existence of Li,CO; (Supplementary Table 3). Because of the formation of this additional
phase, the amount of B-phase is reduced.

Investigations via EDX show a layer including carbon and oxygen on the surface of Mg-9.5Li, thus, the
Li,CO; identified by XRD can mainly be assigned to a film formed on the surface of the samples when those are
stored in air. The formation of Li,COs in humid air for B-phase Li is also shown in previous studies?>?. A layer
of Li,O is formed on the surface of alloys with high Li content and can react further to Li,COj; if CO, is present
in the surrounding atmosphere®. There is no significant compositional change over the layer thickness for, e.g.,
Mg-1.6Li (Fig. 2b). Cross-sectional images of the different Mg-Li alloy freestanding thin films with a thickness
of 10 pum are given in Fig. 3a for analysis of the microstructure. Mg-1.6Li exhibits a columnar growth with a
constant diameter of approximately 500 nm to 1 pm over the whole film thickness. This structure is also identified
for pure Mg films with the strong (001) texture prepared via magnetron sputtering®. For Mg-3Li, smaller grains
are formed close to the substrate while columns start after a few 100 nm with increasing diameter up to 1.5 pm to
2 um with a few columns exhibiting a diameter of around 4 um. Less columnar growth is visible for Mg-5.5Li and
cannot be identified for the highest Li mass fraction. The surface, however, still exhibits a structure which leads
to the identification of grain sizes of approximately 1.5-2 pm. The difference in the cross-sectional images can
not only be assigned to a change of columns to a different microstructure because of additional phases but also
to less preferred fracture at the grain boundaries during bending. This is influenced by, e.g., voids formed due to
the self-shadowing of the columns. For Mg-9.5Li, oxidation of the samples also plays a major role in the visible
structure since the samples are highly affected. While a thin oxide film is formed for all films and is apparent in
the surface images in Fig. 3a, only for films with higher Li content (Mg-9.5Li) the oxide grows significantly until
the film is completely oxidized (Fig. 2c).

To classify the microstructures further, they can be compared with the structure-zone model***. The substrate
temperature during the deposition was (49-54) °C for Mg-1.6Li, (54-66) °C for Mg-3Li and (60-66) °C for
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Figure 2. Structure and composition of freestanding thin films (a) XRD diffractograms for Mg, Mg-1.6Li,
Mg-3Li, Mg-5.5Li, Mg-9.5Li thin films. The positions of the hcp and bec Mg-Li phases and Li,CO; are
marked. Additionally, the orientation of the corresponding planes for the hcp phase are indicated, (b) EDX line
scans of cross sections of Mg-1.6Li and Mg-9.5Li thin films as used for corrosion measurements, (c) EDX line

scans of cross sections of Mg-9.5Li freestanding thin films after 1 day and 8-9 months.
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Figure 3. SEM images (a) Surface and cross-section of freestanding Mg-Li thin films. (b) Side view or cross-
section of Mg-Li films (Li: 1.6% (m/m), 3% (m/m), 9.5% (m/m)) on Si substrate with thicknesses of 10 nm, 100
nm, 1 pm and 20 um.

Mg-5.5Li and Mg-9.5Li samples. This leads to T/T,,=0.36 for Mg-1.6Li and T/T,,=0.39 for Mg-9.5Li as the
highest and lowest possible values, leading in theory to structures in the T-zone, changing into zone 2. For higher
zones, the grain boundaries get denser, and the defect density decreases, therefore fewer voids occur which could
influence the fracture at grain boundaries. Additionally, a shift from straighter fibres to more complex structures
at lower layers for Mg-3Li is in good agreement with the microstructural cross-sections.

Film growth. To identify and understand the differences in microstructure, the growth of Mg-1.6Li, Mg-
3Li and Mg-9.5Li films is additionally analysed. The sputter times were chosen according to the sputtering rates
for 10 um to result in approximately 10 nm, 100 nm, 1 pm and 20 pum. The results are displayed in Fig. 3b.

The growth for the lowest Li mass fraction starts with island growth, similar to pure Mg*. The film covers
the whole surface for a thickness> 10 nm, resulting in columnar growth. The energy of the particles from the
sputtering process itself and the low temperature of the substrate do not allow sufficient diffusion for a more
homogeneous growth®. The columnar growth is additionally in good accordance with the structure formed with
the preferred orientation of (001) because the fastest growth for hexagonal faces is in direction of the c-axis®.

The film growth process is studied to be highly influenced by including alloying elements*!. For Mg-3Li, the
layer formation starts with layer growth, including only few defects in a 10 nm thick layer. After approximately
(400-500) nm, the growth changes to columnar growth. This change can be attributed to film stress which accu-
mulates over the layer and changes the energetically favourable growth. Pores and voids can already be identified
after the column growth for a layer thickness of 1 pm. Even though columnar growth is visible, the homogeneity
of the signal on the reciprocal space mapping from XRD shows that a random orientation is formed throughout
the whole film (Supplementary Fig. 1). Since the growth is not as strictly orientated as for Mg-1.6Li, it leads to
an increase in column diameter and void formation.

For Mg-9.5Li, the film growth at the beginning cannot be directly identified as island growth, however, at
a film thickness of approximately 100 nm, a grain-like surface with a high roughness is visible. Even though
these samples were measured directly after preparation and the oxidation of the samples is thus minimal, a
colour change of the samples showed a slight oxidation even for the fastest possible measurement and therefore
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influences especially the thinnest layers. For the thick films, samples with only minor oxidation exhibit columnar
structures. However, the sample is only partially breaking at the grain boundaries and, thus, the structure is less
pronounced.

Tensile testing. The mechanical properties were studied by tensile testing perpendicular to the growth
direction of the films. Since Mg-5.5Li freestanding thin films are very brittle, possibly partially due to oxidation,
no tensile test measurement is possible. Thus, except for the poor mechanical stability, no further analysis of the
properties is possible for this sample type. Exemplary stress—strain curves for the other tested Mg-Li alloys are
shown in Fig. 4 and the strengths and elongations are listed in Table 1.

In comparison to pure Mg samples with the same sample shape and measured with the same set-up®, add-
ing Li lowers the tensile strength and especially the yield strength. For Mg, the main slip system is basal slip but
pyramidal slip is also proposed to be available in a smaller amount due to higher energies?>%4. For the (001)
orientated samples, the alignment of the planes in one direction leads to a sharp change from elastic to plastic
deformation. Including additional orientations hinders the gliding between grains, however, since not only the
orientation but also the lattice structure is influenced by the addition of Li, this does not increase the tensile
strength directly but increases the difference between tensile strength and yield strength. While the maximum
strain for Mg-1.6Li is similar to pure Mg samples, it is decreased for Mg-3Li and Mg-9.5Li. Examination of
the cross-section after tensile testing shows a moderately ductile fracture and no preferred breakage at the grain
boundaries, therefore excluding this as a main influencing factor on the fracture mechanism during tensile test,
even though Mg-1.6Li exhibits fracture at the grain boundaries during the fracture by bending.

Corrosion rate. Exemplary potentiodynamic polarisation curves for all studied Mg-Li alloys and Mg are
shown in Fig. 5 after 5 min of immersion. For Mg, the intrinsic corrosion rate measured by weight loss measure-
ments in concentrated chlorine solution of highly pure Mg ingots is 0.3 mm/year®. Similar values have also been
found for high purity Mg in Hanks’ balanced salt solution over long measurement times***°. The corrosion rates
of Mg-Li in this study will be compared to Mg thin films sputtered with the same technique and similar purity
of the starting target to analyse the influence of Li on the structure and activity, and, thus, the change of corro-
sion rate. It has to be noted that pure Mg in this case is not actual ultra-high purity Mg which is proven to have
a lower corrosion rate than the Mg used here which might include impurities™.

Even though Li has a lower electrochemical potential than Mg thin films prepared by the same process®!, the
corrosion potential E.,, is slightly increased for Mg-1.6Li, Mg-3Li and Mg-5.5Li, however, the difference to
Mg is due to the high standard deviation not significant for Mg-3Li and Mg-5.5Li (Table 2). The highest E,, is
measured for Mg-9.5Li. However, the higher potential does not directly correspond to a decrease in corrosion

150 ——
©
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Figure 4. Exemplary stress strain curves of Mg-1.6Li, Mg-3Li and Mg-9.5Li dog-bone shaped thin films.

Mg-Li alloy Omax (MPa) Ry, (MPa) Emax (%)
Mg-1.6Li 148+10 110+10 6.1+0.9
Mg-3Li 144+10 116+8 3.0+0.8
Mg-9.5Li 138+10 101+20 34+0.9
Mg 171 153+8 744

Table 1. Average values and standard deviation of tensile strength o,,,,, yield strength R, and elongation at

break ¢, in comparison to pure Mg samples®.
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Figure 5. Exemplary Tafel plots obtained by potentiodynamic polarization measurements vs Ag/AgCl
reference electrode in Hanks’ balanced salt solution at a pH of 7.4+0.2 and 37+ 1 °C for Mg, Mg-1.6Li, Mg-3Li,
Mg-5.5Li and Mg-9.5Li thin films.

Eeore (V) icorr (A/M?2) CRg (mm/year) CRy,;, (mm/year)
Mg - 1.81£0.05 0.05+£0.01 0.12+£0.02 1.32+£0.37
Mg-1.6Li -1.73£0.02 0.06+0.02 0.13+£0.03 0.80+0.14
Mg-3Li -1.76£0.04 0.12+0.04 0.27+£0.07 3.75+0.68
Mg-5.5Li -1.77+0.08 0.30£0.13 0.67+£0.29 20.25+0.33
Mg-9.5Li -1.63+£0.06 0.12+0.03 0.26+£0.05 2.70+£0.38

Table 2. Corrosion potential E_,,, corrosion current density i, and corrosion rate CRyc resulting from
Tafel plots obtained by potentiodynamic polarisation and corrosion rate CRy,; measured by weight loss
measurements after 2 h for Mg and Mg-Li alloys (Li: 1.6% (m/m), 3% (m/m), 5.5% (m/m), 9.5% (m/m)).

rate for this samples. The corrosion current densities i, and, thus, corrosion rates CRy are determined via Tafel
extrapolation®*? of the nearly linear branches in Fig. 5 and listed in Table 2. The corrosion rate was calculated
by the following equation using the determined i, the molar mass M, Faraday constant F, number of electrons
n and density p°%

CREC — icorr * M.
n-F-p

Even though the potentiodynamic polarisation thus does not measure the steady state of the corrosion, it
allows a comparison of corrosion rates determined for the different MgLi alloys. While for Mg-1.6Li the cur-
rent density is similar to pure Mg, it is doubled when increasing the Li content to 3% (m/m). Mg-5.5Li exhibits
the highest corrosion current density with 0.30+0.13 A/m>2 Of interest is the decrease in corrosion rate when
increasing the Li mass fraction further to Mg-9.5Li which is similar to the corrosion rate of Mg-3Li.

To get further insight into the corrosion over time, weight loss studies are carried out over 2 h (Table 2). While
the corrosion rate for Mg-1.6Li is lower than for pure Mg films, the same trend as for the electrochemical meas-
urements with faster corrosion up to Mg-5.5Li and a corrosion rate of Mg-9.5Li similar to Mg-3Li is determined.
Since for the weight loss measurements, the corrosion product is removed and, thus, included in the corrosion
rate, this indicates that not only more material is transformed into a corrosion product layer and not released into
the solution, but also that the corrosion of the material underneath is hindered. To understand the development
of the corrosion rate over time, the weight loss measurements are repeated for Mg and Mg-1.6Li for 1 h and 4 h.
After 1 h, the corrosion rates for both sample types are higher than after 2 h, and the difference between both sam-
ple types is even more pronounced with CRy, 1, =2.22+0.37 mm/year and CRy 1 11 = 1.24 £0.15 mm/year. The
corrosion rate after 4 h is similar for both materials (CRyg 4, = 0.89+0.44 mm/year; CRyg.1 15,40 = 0.85+0.27 mm/
year) but lower than after 1 h and 2 h. Thus, over time the corrosion rate decreases, possibly due to passivation. It
has to be noted that the difference of the rate over immersion time is also influenced by of the smaller influence
of surface changes occurring due to the cleaning steps. Since the weight of the sample was limited to (3-4) mg,
a slight attack of the film with the chromic acid is impacting the identified corrosion rate, especially for small
overall weight changes due to short immersion times. This also leads to an increased corrosion rate measured
by weight loss for thin films in comparison to larger bulk samples measured under the same conditions. The
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attack on Mg and Mg-1.6Li was checked to be similar after cleaning and, thus, a comparison between the thin
films is possible and the faster stabilisation and passivation because of Li addition can be assumed and is not
influenced by this effect.

Discussion

The addition of Li highly influences the film growth, phases and, thus, microstructure and orientation of the
Mg based thin films formed during sputtering. Changing from a strict columnar growth with a preferred (001)
orientation to random orientations and the formation of Li,CO; and oxides on the surface does not only influ-
ence the microstructure but also the resulting material properties. Thus, the properties also partially differ from
results for Mg-Li bulk materials. The decrease of the tensile strength is in good agreement with literature: Mg-Li
alloys show additional non-basal deformation, specifically more pronounced pyramidal and prismatic slip and
twinning*®**!, Because of the change in lattice structure, increasing the Li mass fraction lowers the tensile
strength further. However, even though addition of Li is described to increase the maximum elongation due to
the additional slip systems™, this is not the case for the thin films in this study. The change in microstructure
and orientation and void formation for Mg-3Li and the formation of brittle carbonates (and possibly oxides) for
higher Li mass fractions could influence the mechanical properties and therefore hinder the improved elongation.

Degradation of hcp Mg-Li.  For Mg-Li films in the hcp phase, an influence of the activity of lithium and
the change in microstructure can influence the degradation. For the lowest Li fraction, a similar or lower cor-
rosion rate was found during weight loss measurements in comparison to magnesium thin films prepared by
sputtering with similar purity. This allows the assumption that effects on the corrosion rate are influenced by the
Li content and no additional factors when comparing to bulk samples or samples with high purity. The lower
corrosion rate for Mg-1.6Li at shorter times can be influenced by a faster formation of a protective corrosion
product layer. Since the layer is not more stable or passivating than for Mg, the corrosion rates are converging for
longer immersion times. However, this decrease does not occur for Mg-3Li. For a-phase Mg-Li alloys, Li et al.
found a decrease in the corrosion rate from Mg-1Li to Mg-3Li for textured bulk materials, and therefore the
opposite effect to the results presented in this study'”. The average grain size of the investigated samples stays the
same, but less groove-like corrosion and pitting occur. This is attributed to changes in the orientation and surface
films'’. Since an effect of the structure and microstructure was shown for bulk materials, it can be assumed that
the change in microstructure and orientation from Mg-1.6Li to Mg-3Li also changes the properties of thin films
in this study significantly. The change in structure for the thin films with an increase in grain size and a change
in orientation differs from the change in structure for the bulk samples, the increase in Li included leads to an
increase in corrosion rate instead of a decrease. This could also be influenced by the changes in void formation
which is increased from Mg-1.6Li to Mg-3Li and, thus, might additionally increase the corrosion rate.

For Mg-3Li films, which have a random orientation of grains, the corrosion rate is higher than for Mg-1.6Li
with a preferred orientation in the [001] direction. However, due to the change in Li content, the increase can-
not be attributed to the orientation directly. To exclude additional influences, Mg-1.6Li films with a thickness
of 20 pm and two different textures—(001) and (110) (Supplementary Fig. 2)—were prepared and analysed.

For both sample types, the texture is less preferred than for pure Mg, but either more (001) or (110) planes
are aligned parallel to the surface, differing from a random orientation. Since the microstructure of both films
is similar, the orientation can be assumed to be the main influencing factor. While the corrosion potential is less
negative for (110) samples, those samples also exhibit a doubled corrosion current density (Table 3). Thus, the
passivity is higher for (110) orientated samples, but the corrosion rate is confirmed to be slower for (001) planes.
Oxidation and corrosion layers formed can strongly influence the corrosion rate, thus, the corrosion potential can
give an insight into the activity of the surface. The properties of the passivating films such as density and thick-
ness are influenced by orientation and the oxidation layers are often thinner but more stable for basal planes®*,
leading to a more negative potential but still decreasing possibly the corrosion rate. Processes such as pitting are
found preferably on the basal planes as well’** because of a lower passivity. However, the (001) planes of the
bulk material show the lowest corrosion rate according to previous studies due to the highest packing density
of atoms®”*. Thus, the change of corrosion rate by change of orientation cannot be directly described by just
taking the theoretical corrosion rates of planes into account but the orientation influences the corrosion rate of
Mg-Li thin films, leading to lower corrosion rates for (001) oriented planes in this study. Therefore, it can be
assumed that the increase in corrosion rate from Mg-1.6Li to Mg-3Li is influenced not only by the presence of
additional Li but also the change in orientation.

Degradation of mixed phase Mg-Li. The main effect for the highest corrosion rate being measured
for Mg-5.5Li can be assigned to the inclusion of additional phases and therefore micro-galvanic coupling. The
increase of the Li mass fraction and second phase should, thus, lead to an even more pronounced increase

E.o. (V) icore (A/M?) CRg (mm/year)
Mg-1.6Li (002) -1.79+0.03 0.08+0.01 0.19+0.02
Mg-1.6Li (110) —1.68+0.04 0.16+0.01 0.36+0.02

Table 3. Corrosion potential E_,,,, corrosion current density i, and corrosion rate CRyc resulting from Tafel
plots for Mg-1.6Li films with orientations of (002) and (110).
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in corrosion for Mg—-9.5Li. The deviation from the expected behaviour is mainly discussed to occur due to a
more protective layer formed for the cubic phase which can already cover most of the surface for mixed-phase
materials with a high amount of p phase and/or small grain sizes and uniform distribution®”. The lower activity
of Mg-9.5Li and increase of the corrosion potential are in good agreement with the prevention of further fast
corrosion due to a passivation layer. The Li,CO; formed in air on the surface of the film (Fig. 2) for Mg-9.5Li
does not necessarily lead to a protective effect and lowering of the corrosion rate since Li,CO, is water soluble?.
The formation of a stable protective layer with the increase of Li content for samples in the  phase is discussed
previously as the effect of the formation of Li,CO; during corrosion or MgO doped with Li***-%, However, the
formation of Li,CO; is not specific for films with higher Li.

Since the experiments are carried out in Hanks’ balanced salt solution containing carbonates, phosphates
and calcium, for all films the formation of calcium phosphates and carbonates could possibly decrease the cor-
rosion rate. EDX studies shortly after corrosion for several days in the solution identify the corrosion products
for all alloys as mainly oxygen rich, hinting at the formation of mainly oxides and hydroxides (Supplementary
Fig. 3). Since the Li mass fraction is approximately 11% (m/m) in the  phase, the critical fraction of Li for doped
MgO to be stable is reached (>4.8-5.9% (m/m)) and could therefore protect the surface?®. Further studies of the
surface films and corrosion behaviour in detail are necessary to understand the corrosion process for thin films
with different amounts of Li.

By comparing the different Mg-Li alloy compositions, the importance of not only the phases and microstruc-
ture but also all subsequent factors evolving by oxidation and during degradation such as protective layers are
identified as the main influencing factors on the corrosion behaviour. For possible applications, the hcp phase
alloys prove to be of interest due to the corrosion rate similar to pure Mg and adjustable Li release by choice of
the right mass fraction of Li. Due to the better mechanical properties, Mg-1.6Li might be preferred for the use
for implants if the Li release is sufficient. For treatment with a higher concentration of Li while still maintaining
a relatively low degradation rate, Mg-9.5Li showed to be an interesting candidate, however, the stability over
time and the influence of protective layers need to undergo further studies for reproducible use of this alloys.

Conclusion

It was shown that freestanding Mg-Li thin films can be prepared via a combination of lithography, sacrificial layer
technique and magnetron sputtering. The first studies show that the structures and properties differ depending
on the Li mass fraction:

1. For hexagonal Mg-Li thin film alloys (Mg-1.6Li, Mg-3Li), the growth process and subsequent microstruc-
ture is changing from an island film growth and columnar growth to film growth and a mixed grain/columnar
structure with increasing Li content. Additionally, the preferred growth with one preferred orientation for
Mg is less pronounced for higher Li mass fractions.

2. For mixed-phase a+ [ Mg-Li thin film alloys (Mg-5.5Li, Mg-9.5Li), higher Li fractions lower the corrosion
rate, possibly due to protective surface film formation. Since the thin films have a total thickness in the pm
range, the formation of carbonates and oxides in air can lead to an oxidation of the whole film.

3. Even though theoretically more available gliding systems should increase the ductility for increasing Li
content, this is not found for the thin film samples due to the microstructure prepared by sputtering. The
tensile strength is lowered in comparison to pure Mg.

4. For Mg-1.6Li thin films, the corrosion rate is similar to Mg thin film samples. However, a faster passiva-
tion leads to a faster stabilisation of the corrosion rate over immersion time. The change in microstructure
and orientation leads to increasing corrosion rates with increasing Li content for hexagonal Mg-Li. When
including a second phase and therefore galvanic coupling, a high increase in the corrosion rate is found,
however, the formation of protective layers for higher Li mass fractions (Mg-9.5Li) improves the corrosion
resistance significantly. No final statement on the composition of the protective layers is possible with the
experiments in this study.

Materials and methods

Film preparation. Mg-Li alloy films were prepared on silicon substrates and as freestanding thin films fol-
lowing the process developed by Haffner et al.*®, consisting of a combination of UV-lithography, sacrificial layer
technique with etching and sputtering. Mg-Li targets (FHR) with Li mass fractions of 2.5% (m/m), 5% (m/m),
9% (m/m) and 14% (m/m) were used. All samples were prepared in a Von Ardenne CS730S cluster machine
with a base chamber pressure of <5 x 10”7 mbar and 25 sccm Ar gas flow. The sputtering parameters were chosen
to prepare films with low film stress at the thickness of between 10 and 20 um and are listed in Supplementary
Table 4.

A 4" silicon (Si) wafer is coated with photoresist and structured using a mask aligner (MA6/BA6, Siiss Micro-
Tec). The structures are prepared as 15 mm x 15 mm squares for corrosion measurements and dog-bone shaped
structures with a strut length of 7 mm, parallel length of 5.5 mm and a width of 0.5 mm for tensile testing. After
sputtering aluminium (Al) as a hard mask, the Si wafer is etched around the Al coated structures in a deep etch-
ing step via a Bosch process (ICP-RIE SI 500, SenTech). Aluminium nitride (AIN) is deposited as a sacrificial
layer before the deposition of the Mg-Li alloys. During the sputtering process, the substrate temperature was
measured with temperature measuring strips. After the preparation of the final layer, Al and AIN are selectively
etched in a 20%(m/m) potassium hydroxide (KOH) solution and the freestanding films are cleaned in isopropanol
and distilled water. For studying the film growth of Mg-Li alloys, films on Si substrate (15 mm x 15 mm) with
a thickness of 10 nm, 100 nm, 1 um and 20 pm were deposited.
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Characterisation. The chemical composition of the samples was determined using high resolution induc-
tively coupled plasma mass spectrometry (HR-ICP-MS, Element XR, Thermo Fisher Scientific) and atomic
absorption spectroscopy (AAS, Flame AAS Agilent 240 AA, Agilent Technologies) on a minimum of three
freestanding thin films per composition. For ICP-MS measurements, thin films were dissolved in ultra-pure
subboiled 2%(v/v) HNO;. The resulting solutions were further diluted with ultra-pure DI water (MilliQ, QPod
Element) at a dilution factor (DF) of 10 for the measurement of Li and Fe, and DF 2000 for the measurement of
Mg. Indium (2.5 ug/L) was added to every sample solution for internal standardisation. All isotopes Li-7, Fe-56,
and Mg-25 were measured in Medium Resolution mode (MR, 4000 R.P.). Accuracy of the results was monitored
with certified reference materials “Trace elements in water” NIST SRM1643f and NIST SRM1640a. Measure-
ment uncertainty as estimated from replicate analyses of sample solutions was 2-12%rel. for Li, and 0.1-9%rel.
for Mg. For AAS, a 1 vol% HNO,; solution and dilution factors of 3-20 for Li measurements and 200 for Mg
measurements were used.

The samples were additionally analysed by X-ray diffraction (Smart Lab 9 kW, Rigaku) and SEM/EDX (Ultra
55 Plus, Zeiss and ULTIM MAX 65, Oxford Instruments). The XRD scan to identify the crystallographic structure
and phases was performed with a parallel beam and monochromatic Cu ka radiation on a 6/2 8-scan with a range
of 20°-90° with a speed of 5-10°/min and a step size of 0.03°. Additional reciprocal space maps were measured
by combining 2D scans for sample tilt angles of x =0°, 15°, 30° and 45°. For studying the microstructure, cross-
sections were prepared by bending the samples until fracture. SEM images are taken with an accelerating voltage
of 3 kV and EDX is performed with 10 kV.

The mechanical properties were determined by uniaxial tensile testing in a BETA 5-5/6 x 10 Messphysik
set-up with a strain rate of 0.4%/min. For each composition, a minimum of six dog-bone shaped samples with
a thickness of approximately 20 um were measured and the tensile strength, yield strength and elongation at
fracture were compared.

Corrosion tests. Corrosion experiments were carried out in a 155 mmol Hanks' balanced salt solution
(Hanks’ balanced salts H1387, Sigma-Aldrich) with added sodium bicarbonate (0.35 g/I). For both corrosion
measurements, the pH was kept around 7.4 (+0.2) using a CO, regulation and the temperature was held at
approximately 37 °C. For each measurement type and composition, a minimum of three samples were tested. For
electrochemical measurements, a three-electrode set-up with an Ag/AgCl reference electrode and Pt mesh coun-
ter electrode connected to a VersaSTAT 3-300 potentiostat (AMETEKSI) was used to measure linear potentiody-
namic polarisation. The sample was included as the working electrode in a sample holder with an exposed area
of 0.916 cm?. After holding the sample at the open circuit potential (Eqcy) for 5 min, the measurements were
carried out from — 0.3 V to+0.3 V around Ecy with a scan rate of 1 mV/s. Further details regarding the setup
can be found in Ref.*?. Additionally, the weight loss during 2 h of corrosion was measured by immersion tests of
the samples in the solution with the same exposed area as for electrochemical measurements. The samples were
cleaned from corrosion products using chromic acid solution for 15 s. Different time lengths of treatment were
tested beforehand and an appropriate time for releasing the corrosion product without attacking the underly-
ing film material in a significant amount was chosen. The sample weight was determined before exposure and
after cleaning to calculate corrosion rates. For identification of corrosion products, freestanding thin films are
fully immersed in the solution at RT (24 +2 °C) for several days without pH control and the cross-sections are
analysed via EDX as described for structural measurements.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding
author on reasonable request.
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3.2 Influence of sputtering parameters on the corrosion
rate of Mg-3Li

As discussed in the publication in chapter[3.1], the corrosion rate can not only be influenced
by the Li content itself but also by the structure, e.g., the orientation. To investigate this
influence further, the impact of a structure change by adjustment of sputtering parameters
and, thus, the direct tuning of the corrosion rate during the sputtering process, is discussed
in the following study.

Power [W] | Pressure [107% mbar] | Sputtering rate [nm/s]
20 2.3 1.78
1.5
2.3
100 4 3.19
6
150 2.3 4.70

Table 3.1: Set of sputtering parameters for magnetron sputtering of Mg-3Li to analyse the
influence of power and pressure change on the structure and corrosion rate of the thin films.

The properties of thin films prepared by magnetron sputtering can be influenced by chang-
ing the parameters such as pressure, power or gas flow. In this study, a variation of power
(50-150 W) and pressure (1.5-6-1072 mbar) for Mg-3Li is exemplarily investigated to
identify possible influences on the structure of the film and the resulting corrosion rate
(sputtering parameters table . Figure shows the corrosion rates for all tested
parameter combinations.
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Figure 3.1: Comparison of corrosion rates for Mg-3Li thin films on substrate sputtered with
different sputtering parameters (for power change: a) constant pressure of 2.3-10~3 mbar, for
pressure change: b) constant power of 100 W).

Since the film stress varies, all corrosion studies were performed on substrate. Different
corrosion potentials between -1.70 V and -1.79 V are measured for all parameter sets, but
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no direct dependence on power or pressure can be assigned. The lowest corrosion rate
is determined for samples prepared with a power of 100 W and pressure of 4-10~2 mbar.
Especially for the highest pressure of 6:10~% mbar, the potentiodynamic polarisation mea-
surement is more unstable with high fluctuations, including steps from possible pitting and
depassivation, therefore leading to higher errors. Since not all parameter combinations
are tested, this study does not aim to determine the lowest or highest possible corrosion
rate but instead to identify possible correlations between parameters, microstructure and
corrosion rate, therefore showing tuning possibilities.

Film stress analysis by producing freestanding thin films and comparing the rolling ratios
shows that changing the parameters leads to significant film stress (figure .

50 W 100 W 150 W

Power
change

1.5%1073 2.3¥1073

mbar mbar

Pressure
change

Figure 3.2: Comparison of freestanding Mg-3Li sputtered at different pressure and power
(for power change: constant pressure of 2.3-1072 mbar, for pressure change: constant power of
100 W). The film stress can be identified by the rolling of the films.

For a pressure of 2.3-10~% mbar, the lowest film stress is exhibited for 50 W samples;
higher power leads to compressive stress. At 150 W, both compressive and tensile stress
samples can be found, depending on the position on the wafer during sputtering. The
surface of all samples, but especially for 100 W, are shiny and, therefore, smooth. At
100 W, a change of pressure leads to flat and stable films for a pressure of 4-10~2 mbar
with compressive stress for the other films, thus not allowing a direct trend. For all pres-
sures sputtered at 100 W, the surface is smooth. However, a colour change for the lowest
pressure indicates a change in the sample surface (figure .

Factors such as grain size, roughness, and grain boundaries could also influence the corro-
sion rate. As discussed by Qu et al., smaller grains can decrease the biodegradation rate
of pure Mg . The improved corrosion resistance could be influenced by an improved
oxide layer or grain boundaries acting as corrosion barriers 203]. However, if the
surroundings do not allow for sufficient passivation due to high corrosion rates , the
corrosion rate can also be increased. Grain boundaries offer possible attack points for
corrosion if the structure is not dense due to increased surface area. Here, the grain size
decreases with increasing sputtering power, and the structure is denser, with smaller grain
structures apparent on the surface. This reduces the area of easy attack. Due to the ad-
ditional energy at a higher power, more diffusion of atoms is possible, hindering a strong
shadowing. At much higher energies, this can additionally lead to a shift from the T zone
to zone 2 with stronger columnar growth . However, in the samples discussed here,
microstructural analysis of cross-sections of all sample types does not show a significant
change in the microstructural type (figure (3.3).

Increasing the pressure can lead to lower energy of the incident sputtered atoms and, thus,
more lattice defects . However, other studies describe that a pressure change does not
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Power

Pressure

Figure 3.3: Microstructure of Mg-3Li thin films sputtered at different pressure and power
(for power change: constant pressure of 2.3-1072 mbar, for pressure change: constant power of
100 W).

influence the corrosion rate or can lower the corrosion rate by leading to finer gran-
ular structures . For samples prepared at the lowest pressure of 1.5-1072 mbar, the
SEM images confirm the change in the surface properties, which was already apparent due
to the colour change. The sputtering at such pressures is less stable, and smaller particles
or droplets can be found on the surface and in the film. However, since no significant
change of the corrosion rate to the pressure of 2.3-10~% mbar is measured, this cannot be
the main influence for a corrosion rate change. For samples sputtered at the pressure of
4-10~3 mbar, thin columnar structures are formed. Even though the surface is not flat,
no significant gaps and no rough sub-structure on the grains are formed.

Since the Mg-3Li samples for a pressure of 4:107% mbar and a power of 100 W showed
the lowest corrosion rate and low film stress, freestanding thin films were prepared for
corrosion measurements, leading to corrosion rates of 0.144+0.02 mm/yr in comparison to
0.27£0.07 mm/yr for the standard sputtering parameters at 50 W described in the chap-
ter . For both samples, a similar Li fraction (3.540.5 wt% vs 3.940.1 wt%, measured
by AAS) is found. Therefore, this cannot be a main influence on the change in corro-
sion rate. The main difference shown in cross-sectional images of the microstructure is
analysed to be a denser structure and smaller columns, indicated by fewer voids at grain
boundaries, and a flatter surface structure with less pronounced grain boundaries (figure
a). The comparison of exact XRD peak heights for freestanding thin films is difficult
since they cannot be fixed completely flat. However, no significant change in orientation
can be observed and stronger signals and, thus, more low-indexed planes parallel to the
surface can be found for the 100 W sample (figure b). Thus, by changing the sputter-
ing parameters, the same corrosion rate as for Mg-1.6Li in freestanding thin films can be
achieved for Mg-3Li.

As a result, no direct trend, such as a decrease in corrosion rate with increasing power
or decreasing pressure, can be identified. Still, the possibility of influencing the corro-
sion rate is confirmed. Multiple factors, including a preferred orientation, grain size, void
formation, surface roughness and low film stress, affect the corrosion rate. Thus, the pa-
rameters have to be chosen accordingly for each alloy type. To allow a controlled tuning of
the properties, the influence of the parameters on the plasma and, therefore, film growth
needs to be further analysed.
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Figure 3.4: Comparison of SEM and XRD analysis of Mg-3Li sputtered with two sets of
sputtering parameters (50 W, 2.3-10~2 mbar and 100 W, 4-10~3 mbar) producing stress-free

films.

3.3 Analysis of long-term corrosion in different solutions

The corrosion experiments of the studies are carried out mainly in HBSS over shorter
periods of time due to the measurement set-up (potentiodynamic polarisation or weight
loss in sample holder). To identify further influencing factors and see the corrosion long
term, freestanding samples of Mg, Mg-1.6Li and Mg-3Li are placed in HBSS without
heating (18-23 °C) or pH control (pH range of 7-8.5). The pictures of Mg-1.6Li are shown
in figure [3.5] After a colour change due to the formation of corrosion product on the
surface, holes occur due to inhomogeneous corrosion.

o

v/
7
‘1201:|a¥s / 146 days

Figure 3.5: Exemplary photos of corrosion of Mg-1.6Li over 182 days in HBSS.

As can be seen in figure for all three sample types, the corrosion does not take place
homogeneously over the whole surface but holes are formed due to defects and pitting. Due
to the rolling of mainly Mg-3Li and Mg, the corrosion rate cannot be directly identified
but after around 55-60 days, Mg-1.6Li has the largest remaining area of thin film (dark
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film area), indicating a lower corrosion rate as already described in the paper in For

Figure 3.6: Corroded samples of a) Mg (55 days), b) Mg-1.6Li (62 days), ¢) Mg-3Li (57 days)
in HBSS.

all samples, the formation of a white corrosion product partially retaining the shape of
the thin film is found. To further identify change of the film during the corrosion, XRD
and SEM analysis on the corroded samples were performed. In figure [3.7] the formation
of a corrosion product layer can be easily identified by a change in microstructure. This
surface layer, however, is not dense and is cracked throughout the whole film. In the area
of the white corrosion product, the microstructure is completely changed, only leaving a
porous material.

Figure 3.7: SEM of Mg-1.6Li samples after 63 days in HBSS. a) Cross section of white, corroded
area, b) cross section of dark area, c) surface.

To identify the change of the film, XRD analysis was carried out on both the dark (possibly
remaining metal alloy) and white (pure corrosion product) area of Mg, Mg-1.6Li and Mg-
3Li samples. In figure both are directly compared to the spectra of uncorroded thin
films. In the grey regions, the Mg or MgLi can still be identified for all samples but
is much lower or not present for the white regions due to the corrosion. Instead, MgO
and carbonate containing compounds (MgCO3 or Mg,Ca(COs3),+1) can be found on both
Mgl alloys with additional influences of salts such as NaCl since the samples could not
be completely cleaned due to instability after corrosion. It can be assumed that the white
area is not only a salt accumulation of NaCl singe it mimics the shape of the metal film
before (see figure , thus, corrosion products of the thin films are included. The signal
in general is lower due to the reduced amount of material. In addition, XRD only detects
crystalline material, thus, any amorphous components cannot be determined. A possible
inclusion of Ca into the corrosion product hints to the importance of the solution on the
corrosion process as discussed in section [2.3.2 HBSS is chosen since it includes the many
elements which are present in the human body such as Na, Ca, Mg, K, CI, S or P and
glucose (H1387, Sigma-Aldrich with added sodium bicarbonate). Other studies for Mg
corrosion are carried out in simple NaCl salt solutions (e.g. 1165]) or other simulating
body fluids (e.g. 187]). To see the effect of the salts on the corrosion of MgLi, samples
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Figure 3.8: XRD of a) Mg after 56 days, b) Mg-1.6Li samples after 66 days, ¢c) Mg-3Li after
74 days corrosion in HBSS on white and grey sample area. Additionally, XRD diffractograms
of the samples before corrosion are shown.

of Mg-1.6Li were placed in HBSS, DMEM (Dulbecco’s modified Eagle’s medium, DMEM,
31966047, Thermo Fisher, with 10 % fetal bovine serum, S0615, Merck), aCSF (artificial
cerebrospinal fluid) and distilled water as a comparison without temperature and pH
control.

In figure 3.9, images of the samples after short immersion and after longer immersion are
shown. For samples in both distilled water and DMEM, the sample is nearly completely
corroded before 10 days in solution while samples in both aCSF and HBSS are more stable
with large areas intact or more homogeneously corroded after over 50 days. An estimation
therefore leads to a corrosion rate <0.6 mm/yr in DMEM and water, <0.1 mm/yr in aCSF
and <0.05 mm/yr in HBSS. Since the film is, however, not corroding homogeneously, this
only gives an estimation of the influence of corrosion and no direct corrosion rates.

The composition of aCSF is similar to HBSS, containing mainly salts and glucose including
carbonates, phosphates and Na, Ca, Mg, Cl. The DMEM used in this studies overall has
a higher concentration of salts than in HBSS and additionally includes amino acids and
vitamins. The concentration of Ca and carbonates and phosphate containing components
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is higher, thus, an easier formation of such components on the formation of a passivating
layer cannot be the deciding factor. The organic components can in theory also decrease
the corrosion rate [135]. One possible explanation is a change in pH. DMEM is found to
buffer a change in pH better than HBSS , thus, due to the lack of pH control, an
increase in pH can be more pronounced in HBSS, leading to lower corrosion rates.

Distilled
water DMEM
C
o
o
£ o
9 €
w E
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Figure 3.9: Mg-1.6Li samples in different solutions after short (1-2 days) and longer corrosion
(for fast corroding samples 6 days, for slow corroding samples around 60 days).
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3.4 Publication: Investigation of in-situ ion release and
surface film formation of hcp Mg-Li thin films

In addition to the influences of the microstructure on the corrosion rate of the hep o-MgLi
alloys (Mg-1.6Li and Mg-3Li), which are discussed in the ion release of the samples
can give further insight into changes of the corrosion with a change in Li content. There-
fore, both long-term (3 days) and short-term studies (in-situ study during the first 30
min-1 h of immersion) were carried out to analyse the release of both Mg and Li over
time.

For comparison, thin films with 5.5 wt% of Li were added with a composition very close
to the boundary between hcp and mixed phase.

The difference in corrosion process previously suspected by the change in corrosion rate
to an increased corrosion rate with Li fraction and microgalvanic coupling for Mg-5.5Li
were confirmed, and a process of preferred ion release over time was proposed.

Further, a Li-rich layer on the surface of the a-phase samples stored in air was found,
which is released directly after contact in solution and, thus, increases the Li concen-
tration during the start of the treatment if not pre-treated. Therefore, the formation of
Li;CO3 on the surface of a-MgLi confirms that the corrosion rate reduction for -MgLi
might not only be influenced by Li;CO3 as discussed in section
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In this work, the dissolution process of magnetron sputtered Mg-Li thin films was investigated by in-situ flow
cell/ICP-MS measurements and ex-situ ICP-MS measurements after longer immersion and additional XPS mea-
surements. High Li concentrations are released due to a Li rich carbonate layer formed in air. The depletion of Li
leads to preferred Mg release before preferred Li release occurs due to the higher activity of Li and incorporation
of Mg in corrosion products. This data provides a baseline for developing release profiles for medical application,

more generally, it unravels details of the corrosion mechanism of lightweight MgLi alloys.

1. Introduction

Biodegradable materials such as magnesium (Mg) are of interest for
several medical applications to reduce permanent implants’ side effects,
improve bone healing or release bioactive components [1-4]. A key
point of interest is the understanding and control of the degradation rate
of such implant materials to verify the lifetime of the implants, avoid
adverse effects from fast corroding materials and allow for the adjust-
ment of the material properties to facilitate a better treatment [5-7].
Understanding the degradation process becomes even more crucial if the
degradation products, e.g., corrosion products and pH change [4] or ion
release [8], are used as therapeutically active species. A material of in-
terest for ion release studies is magnesium-lithium. While the release of
lithium (Li) from different materials is already studied [9-12], it was
recently proposed to use Mg-Li thin films as a reservoir implant releasing
Li for the local treatment for neurological applications [8,13] such as the
treatment of bipolar disorder, Alzheimer’s or Parkinson’s disease
[14-17]. The therapy with Li is associated with several side effects and
has a small therapeutic window [15,18]. Thus, the control of the con-
centration is of high importance. Mg can be used as the base material for
implants not only because it is already widely studied as a biodegradable
and biocompatible material and used in clinical trials and medical ap-
plications [2,19] but also because it shows possible positive therapeutic
effects [19,20]. The treatment with Mg-based materials is already
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established for particles loaded with additional drugs or using the
degradation products, such as hydrogen. Here, both the benefit of a
biodegradable carrier and the effect of Mg itself are taken advantage of
[21-24].

Mg-Li alloys can be differentiated in a-Mg-Li, a+p-Mg-Li and $-Mg-Li
with o as the hexagonal closed packed (hcp) Mg-rich phase and p as the
body centred cubic (bcc) Li-rich phase. Generally, the highest corrosion
rate is found in the mixed phase a+p due to the microgalvanic coupling
of those phases, while single phases show a lower corrosion rate [25,26].
For hep a-phase Mg-Li with low Li content, the corrosion process is
discussed to be similar to pure Mg with the formation of oxide and hy-
droxide layers [27,28] and filiform corrosion occurring [26,29]. Li
carbonate containing protective layers were also found for Mg-5Li-1Al
samples in the hep phase [30]. For neurological applications, implants
need to be produced in small sizes. The properties of such thin films are
highly affected by surface effects and can differ from bulk material [31,
32]. As previously shown [8], similar to bulk material, Mg-Li thin films
with low Li fraction show a corrosion rate similar to Mg thin films in a
medium chosen to simulate physiological conditions, while the corro-
sion rate increases for higher Li fractions.

The ion release of Mg-Li-Zn alloys [33] and Mg-Li-(Al)-(RE) [34] was
tested to identify the corrosion rate and influence on cells after longer
immersion time for applications as stent material. Zhou et al. found an
increase in both Li and Mg release for Mg-8.5 wt% Li in comparison to
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Mg-3.5 wt% Li [34]. The released Mg and Li concentration from Mg-Li
thin films with 1.6 wt% and 9.5 wt% Li in Dulbecco’s modified Ea-
gle’s medium also showed an increased release of Li and Mg with
increasing Li content due to a higher corrosion rate [13]. The in-situ
measurement of ion release can give further insights not only into the
element concentration available after release but also into the corrosion
process itself. Based on the concept of AESEC (atomic emission spec-
troelectrochemistry) [35-37], combinations of flow cells and induc-
tively coupled plasma — optical emission spectrometry (ICP-OES) or
inductively coupled plasma - mass spectrometry (ICP-MS) have been
used to analyse Mg and Mg-Li corrosion. In addition to identifying the
change in ion release by changing pH, contaminations or determining
the stoichiometry of participating ions [38-41], the formation of surface
films can also be studied by these techniques. Studies were carried out
on f-Mg-Li based alloys to determine the passivation layer formed by
analysing the released ion concentration of each element dependent on
the applied voltage or after scratching to increase the corrosion rate of
those alloys and determines the layer formation before and during im-
mersion [42-44]. By identifying the change in ratio of released Mg and
Li, the formation of Li;CO3 or MgO doped with Li was proposed.

While the formation of surface films and the ion release have been
analysed by surface measurements and in-situ studies for films with
higher Li content, for a-Mg-Li, Mg-like corrosion has mainly been
assumed, and the influence of Li during the process is often overlooked.
Thus, this study aims to gain insight into the process of surface film
formation before and during the corrosion of a-Mg-Li in simulated
physiological medium, especially for magnetron-sputtered thin films.
Since the films with lower Li content proved to be biocompatible and
released a concentration in the therapeutic window during the previous
study by Bhat et al. [13], a detailed understanding by in-situ studies of
films with low Li fraction is also important for the application.

The start of immersion was analysed by online ICP-MS. The addition
of an electrochemical set-up in the flow cell allowed the further studying
if non-equilibrium conditions are applied to enhance the corrosion rate
and identify passivation. The surface composition is determined for
further analysis of the surface on as prepared samples and after corro-
sion. Additionally, 3-day immersion studies were carried out in a me-
dium chosen to simulate physiological conditions, and the released ion
concentration was identified after solution extraction to provide infor-
mation regarding the ion concentration over longer immersion times.
Thus, by combining both techniques, the degradation process over
different time scales can be described and the profile of ion release for
possible treatments can be determined.

2. Material and methods
2.1. Film preparation

Thin films of Mg-Li alloys were fabricated in a Von Ardenne CS730S
cluster machine from targets (FHR Anlagenbau GmbH) with Li content
of 2.5 wt%, 5 wt% and 9 wt% by magnetron sputtering. A base chamber
pressure of <5*10~7 mbar, a gas flow of 25 sccm Ar and pressures
(2.3-3.3*10~2 mbar) adjusted to fabricate samples with low film stress
were chosen. As the substrate, 1.5 cmx1.5 cm and 1 cmx1 cm Si chips
with additional Al/AIN layers were used. The Al/AIN was added to
ensure the same film growth as for the preparation of freestanding thin
films for which the AIN is necessary as a sacrificial layer. The Li weight
fraction in the prepared films with a thickness of 20 um (410 %) resulted
in 1.6 wt% (1.60+0.06 wt%), 3 wt% (3.074+0.12 wt%) and 5.5 wt%
(5.15+0.69 wt%) of Li [8]. Thus, two sample types (Mg-1.6Li, Mg-3Li)
with a hep a-MgLi phase and one sample type (Mg-5.5Li) with mixed
a-MgLi, p-MgLi and Li;CO3 were prepared [8].

To study the degradation of the thin films over longer immersion
times, freestanding thin films with the same compositions were prepared
by UV-lithography, sacrificial layers of AIN and the magnetron sput-
tering of the Mg-Li alloys. For further information regarding the
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preparation method see Haffner et al. [45].

2.2. In-situ study

A set-up combining a flow cell and an ICP-MS (inductively coupled
plasma - mass spectrometer, Agilent 7900 ICP-MS, Agilent Technolo-
gies) was used to measure the ion release from Mg-Li thin films in-situ.
The set-up and flow cell were previously described in detail [46]. A flow
cell with a three-electrode set-up with an Ag/AgCl reference electrode
(RE) and a Pt counter electrode was connected to a Biologic VSP-300
potentiostat. The sample size in contact with solution was determined
by the O-ring size of the flow cell with a diameter of 3 mm. 15 mmol
HBSS (Hanks balanced salts H1387, Sigma-Aldrich with added sodium
bicarbonate (0.35 g/L), solution diluted with distilled water from
155 mmol) was used and pumped through the flow cell by pressurised
nitrogen. A Ga standard was added after the flow cell as a control. The
composition of the solution was measured using an ICP-MS. The Mg and
Li concentrations were calibrated with a multi-element calibration
standard 2a (Agilent) and ICP multi-element standard solution XVI. The
overall flow speed of the solution was determined by measuring the
overall volume of the solution collected in a flask after the ICP-MS at the
end of each measurement. Changes in the flow speed during the mea-
surement could be corrected using signals of other elements included in
the solution, but not in the sample, such as Ca.

By considering the exposed area (determined by the O-ring size), the
dissolution rate jp, is then defined as the dissolved mass of the specific
element per time and area. The dissolution current density was calcu-
lated by i = j,,-z-F/M with the molar mass M, Faraday constant F and z
the valence number of the ions.

The flow cell was connected in parallel to a direct tube of the solution
to the ICP-MS and the measurements were started with the measurement
of pure solution before switching to the flow cell to analyse the ion
release beginning at the start of the degradation. The first degradation is
shown at the time t=0 s. Since the signal is often noisy, additional to the
raw data, a smoothed signal is shown additionally in plots to identify the
general trend.

The first tests were carried out without applying an additional po-
tential (at open circuit potential, Eocy) for 50-60 min. The Eocy was
monitored using the potentiostat. To analyse the degradation further,
additional samples were held at fixed voltages (Fig. 1a) of +0.2 'V vs.
Eocv, —0.9V vs. Ag/AgCl and —0.5V vs. Egcy for 15 min (constant
voltage, CV) after 10 min of immersion (OCV). Additionally, linear
sweeps of voltage (LSV) were applied from Egcy to —0.5 V vs. Ag/AgCl
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Fig. 1. Exemplary voltage profile applied and measured at flow cell during in-
situ ICP-MS measurements: a) For constant voltage (CV) measurements, one of
three different potentials is applied after 10 min of open circuit potential
measurements (OCV). b) For linear scan voltammetry (LSV) measurements,
after OCV, CV at Eocy+0.2 V for 15 min and a further 5 min of OCV for con-
ditioning, the voltage is continuously increased from Eocy up to —0.5 V vs. Ag/
AgCl reference electrode.
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with a sweep speed of 1 mV/s after 10 min Egcy, 15 min +0.2 V vs. Egcy
and 5 min Eqcy (see Fig. 1b) for stabilisation.

2.3. 3-day immersion

Freestanding thin films of three Mg-Li alloys were placed in beakers
with 100 mL of 155 mmol Hanks  balanced salt solution (HBSS, Hanks
balanced salts H1387, Sigma-Aldrich with added sodium bicarbonate
(0.35 g/L)) at a pH of 7.44+0.2 (continuous measurement using a pH
meter and adjusted by CO5 influx) and a temperature of 37+1 °C. After
1h,4h,24hand 72h, 15 mL of solution were extracted, and 15 mL of
HBSS from the same starting solution were added. The maximum im-
mersion time was chosen due to the fast degradation for samples with
low thickness with both sides exposed to the solution and formation of
holes for longer immersion times. The extracted solution was then
diluted with ultra-pure DI water (MilliQ, QPod Element) at a dilution
factor (DF) of 10 for the measurement of Li and Fe, and DF 2000 for the
measurement of Mg for high-resolution inductively coupled plasma -
mass spectrometry (HR-ICP-MS, Element XR, Thermo Fisher Scientific)
as described in [8]. The Mg and Li concentrations of the blank solution
and after corrosion at each time point were determined. The solution
partially evaporated over the measurement time. Thus, a beaker with a
blank solution was heated simultaneously in a similar set-up to assess
the evaporation over the measurement duration. The data from the
measurement was used to calculate the released masses (measured
concentration and calculations described in supplementary).

2.4. Surface composition characterisation

Four samples per alloy type were used to analyse the sample’s sur-
face composition before corrosion, after contact with the solution and
after corrosion. One sample was measured as prepared, one was dipped
into HBSS (155 mmol) shortly before measurement, and two samples
were corroded for 1 h in HBSS. For the two corroded samples, one is
stored in air and one in ethanol between corrosion and measurement. All
samples were analysed using X-ray photoelectron spectroscopy (XPS)
measurements. An Axis Supra spectrometer from Kratos Analytical at
the Ceitec Nano Research Infrastructure was utilised. An aluminium
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anode that produced Al Ka X-rays was used as a radiation source. Since
the samples have low conductivity on the surface due to oxide formation
and, thus, can show a peak shift due to charging effects, they were
measured with charge neutralisation. The samples were mounted on
copper tape. The data was evaluated using the software CasaXPS
(Version 2.3.23PR1.0). After subtracting a Shirley-type background, the
binding energy scale was calibrated by shifting the C 1 s main peak to
284.8 eV.

3. Results
3.1. In-situ ion release at the start of immersion

The ion release of two hep Mg-Li thin films with Li fractions of 1.6 wt
% and 3 wt% were measured in-situ in 15 mmol HBSS by placing sam-
ples in a flow cell directly connected to an ICP-MS. In addition to the two
hep Mg-Li alloys, Mg-5.5Li films with very low content of the additional
B-phase [9] were analysed for comparison to a mixed-phase material
with a higher corrosion rate.

For the first tests, no voltage was applied. Fig. 2 shows the release of
Mg and Li directly after contact with the solution exemplarily for one
sample per alloy. For all samples, a high release of Li directly after
contact is detected, while no such peak can be found in the Mg release.
The peak shows a very sharp increase and decrease. This behaviour can
be explained by a Li-rich, easily soluble layer on the surface. The dis-
tribution of ions in the solution during transport to the ICP-MS might
influence the peak width and, therefore, it might be broader than the
actual released profile [36]. The height of the peak in the dissolution
current density of Li inax increases with increasing Li fraction in the film
(Fig. 2b). This height can be influenced by the Li fraction at the surface
due to, e.g., a thicker or more complete layer of a Li-rich component and
the rate of degradation.

Fig. 2b shows the current density of Mg and Li ions after the direct
contact at an immersion time of 3000 s (average of values between
2800 s and 3200 s, ig,mg, io,Li)- Mg and Li release increase with increasing
Li fraction, showing a higher corrosion rate. The ratio of released Mg and
Li ions can be determined to identify not only the change in rate but also
changes in the degradation process and the Li release. It is given in
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Fig. 2. Ion release of Mg-Li alloys at Eqcy. a) Dissolution rate j,, of Mg and Li over 3000 s starting at the contact of the sample with 15 mmol HBSS. For better
visualisation of both the peak at the start and the later release, the rate for Li is plotted logarithmically. b) Height of peak at the beginning of Li release (imax,1;) and
dissolution current density of Mg and Li after 3000 s (io,vi, io,mg)- ¢) Calculated ratio of iy vg/io,.i (see b) and ratio calculated from the composition of the entire film.

3

51



Results

L. Hanke et al.

Fig. 2¢, additional to the ratio available in the bulk of the film itself
determined from the average composition in the overall alloy thin film.
For Mg-1.6Li, a higher Mg fraction is released. The difference to the bulk
values then shrinks until a ratio similar to bulk is found for Mg-5.5Li.
Thus, a preferred release of Mg or a depletion of Li in the layer under
the direct (Li-rich) surface can be assumed for Mg-Li with low Li content.
It has to be noted that this ratio is determined after relatively short times
and, therefore, does not give information about the release from the bulk
of the thin film after longer immersion times.

In Fig. 3, the Mg:Li ratio over the 50 min of immersion is shown for
Mg-1.6Li and Mg-3Li to identify the influence of time. The time resolved
analysis can give further insight into a possible formation of passivation
or a change of surface to bulk. After the first peak of Li release, a ratio
higher than in the film is directly present and relatively stable or slightly
increasing for Mg-1.6Li, while an increase in the ratio is measured for
Mg-3Li. The slower and ongoing increase could be influenced by a
longer influence of a likely Li-rich layer (as determined by the Li peak
measured at the beginning) for Mg-3Li before a higher Mg release is
reached, either due to depletion of Li or the preferred release of Mg. The
steady state as observed for Mg-1.6Li is not found for Mg-3Li during the
first 50 min of immersion.

The Eocy measured during these experiments determined after
2000 s- 3000 s of immersion decreases from —1.71 + 0.07 V for Mg-
1.6Li to —1.86 + 0.01 V for Mg-3Li. Since Li has a lower electrode po-
tential than Mg, it is expected that the overall potential of the MgLi alloy
is reduced with increasing Li content.

Fig. 4 shows the ion release under anodic and cathodic polarisation
and, therefore, under an either enhanced (+0.2 V vs. Egcy) or sup-
pressed (-0.5 V vs. Egcy) degradation. The potentials were applied for
15 min after immersion at Eqcy for stabilisation (see Fig. 1a). Addi-
tionally, samples were held at —0.9 V vs. Ag/AgCl (anodic polarisation)
since previous studies on p-Mg-Li found a change in composition and,
thus, dissolution of a passivating layer above —1.05 V vs. Ag/AgCl [43].
The current measured by the flow cell decreases to around —0.009 mA
at —0.5 V vs. Egcy and increases to about 0.01 mA at +0.2 V vs. Egcy
and to 0.02-0.03 mA at —0.9 V vs. Ag/AgCl for both sample types
(supplementary figure 1). For Mg-3Li, a continuous further decrea-
se/increase is determined during the application of the constant voltage.
In Fig. 4, a step-like increase in both Mg and Li release for an anodic
polarisation is found with the highest increase in dissolution rate at
—0.9 V vs. Ag/AgCl due to the enhanced dissolution kinetics. For Mg
release, both anodic polarisations lead to similar dissolution rate
changes. While the Mg signal is nearly completely suppressed at
cathodic polarisation, especially for Mg-3Li, no identifiable step and a
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Fig. 3. Ratio of dissolution current density of Mg and Li ing/ir; for Mg-1.6Li and
Mg-3Li at Eqgcy over 3000 s. Due to the high release of Li at the beginning, the
ratio is shown starting at 100 s. The ratio in the bulk, calculated from the
composition of the alloy, is given by dashed lines.

Corrosion Science 238 (2024) 112361

continuing release of Li is measured. This can be affected by the lower
electrode potential of Li and the continuing influence of the first strong
release peak. The ratio of dissolution current density of Mg:Li for an
enhanced potential increases, thus indicating an increased Mg release,
especially for —0.9 V vs. Ag/AgCl (supplementary table 2).

A continuous voltage increase from Eocy to —0.5 V vs. Ag/AgCl is
performed on all sample types (LSV). For conditioning, the samples are
previously held at a voltage of +0.2 V vs. Egcy for 15 min (Fig. 1b) to
enhance the corrosion and, therefore, the formation of corrosion prod-
ucts and passivation layers. Fig. 5a shows the electrical current density
measured for one sample per type. For all types, a region of passivation
can be found. Exemplary release rate curves vs. the applied voltage are
given in Fig. 5b (data sets of 2 samples per type vs. time can be found in
supplementary figure 2). In general, the release increases with enhanced
voltage. Additionally, a plateau or a change in release around a potential
of —1.25V to —0.75 V occurs before the ion release further increases.
For Mg-1.6Li and Mg-3Li, a stabilisation or even decrease of release of
both Mg and Li occurs. While the release increase starts again at around -
0.75 V for Mg-1.6Li, for Mg-3Li, an additional drop or change in slope is
visible around this voltage. Mg-5.5Li only shows short continuous
release before the dissolution rate increases with a similar slope as
before the passivation region. The difference in the release profiles is
even more visible when comparing the ratio of iyg/ir; (Fig. 5¢). The ratio
increases slightly for Mg-1.6Li from around —1.2 V and shows a sharp
increase and decrease around the threshold voltage for Mg-3Li. A
continuous increase over the whole measurement is shown for Mg-5.5Li.
Thus, even though a change in the release profile of the individual ions
occurs for the mixed-phase material, this does not affect the released
ratio in the passivation region specifically. The composition of a
passivating layer does not differ from the ratio in the thin film for the
material with a second phase. For pure hep, in both cases, a shift to more
Mg release can be found, even though the ratio is already higher than
present in the bulk material. A short increase in the ratio for Mg-3Li
could hint at a higher concentration of Mg in the surface film but no
increased availability for corrosion, while Mg-1.6Li shows a preferred
release of Mg even of the material itself after reaching —1 V.

3.2. Release over 3 days

The release of Mg and Li of the three different types of Mg-Li thin
films during an immersion time of 3 days in HBSS at a pH of 7.4 and a
temperature of 37 °C is analysed by ICP-MS measurements on extracted
solution. Fig. 6a and 6b show the dissolved Li and Mg mass (overall
released mass until the point of measurement) and the dissolved mass
normalised with the element mass available in the as-prepared film.

A higher Li fraction in the film leads to more Li mass released. The Li
content of Mg-1.6Li and Mg-3Li is continuously dissolved, and when the
Li content of the samples itself is taken into account, no significant
difference is determined. Thus, the release in Li is proportional to the Li
amount in the film for those samples. The Li release slows down after
longer immersion times, hinting at a possible decrease in corrosion rate
or passivation over time. For Mg-5.5Li, a much higher release and higher
deviation of measured ion masses can be determined compared to the
other alloys.

The Mg release in Fig. 6b does not show substantial differences be-
tween the alloys. Since Mg is the main component in the weight of all
alloys, dividing by the mass in the film also does not significantly in-
fluence the results. While after immersion times of up to 24 h, Mg-1.6Li
and Mg-3Li show similar release, the release after 72 h for Mg-3Li is
lower. However, the data for Mg-3Li after 72 h also shows the highest
standard deviation. In Fig. 6¢, the fraction of released Mg in comparison
to Li mass is given for further insight into the ion release process.
Additionally, the calculated fractions are marked by dashed lines for
each alloy. For both Mg-1.6Li and Mg-3Li, the ratio decreases during
immersion, with Mg-1.6Li samples having a higher Mg fraction after 1 h
than present in the film, while Mg-3Li already shows a release similar to
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Fig. 4. Change of dissolution rate (Ajy,) of Li (a,c) and Mg (b,d), measured for Mg-1.6Li (a,b) and Mg-3Li (c,d) while holding the samples at constant voltages (Eocy
(Mg-1.6Li: —1.77 V, Mg3Li: —1.94 V vs. Ag/AgCl), Eocy +0.2 V (Mg-1.6Li: —1.74 V, Mg3Li: —1.72 V vs. Ag/AgCl), Eocy —0.5 V (Mg-1.6Li: —2.23 V, Mg3Li: —2.39 V
vs. Ag/AgCl), —0.9 V vs. Ag/AgCL reference electrode) for 15 min after 10 min Eqcy measurement. The change is defined as the difference to the dissolution rate at
Eocy after 500 s. Additionally, the dashed line marks the dissolution rate change to reach a total dissolution rate j,=0 ng/(s*cm?) for a voltage of Eocy-0.5 V to
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Fig. 5. LSV from Eqcy to —0.5 V vs. Ag/AgCl of Mg-1.6Li, Mg-3Li and Mg-5.5Li thin films. a) Current density measured in a flow cell with the potentiostat. b)
Dissolution rate of Mg and Li over applied voltage. c) Ratio of dissolution current density of Mg and Li calculated from dissolution rates over applied voltage.

the ratio in the sample. The preferred Li release is then visible for both
alloy types from 4 h to 72 h of immersion. Thus, while the short-term in-
situ measurement showed a preferred Mg release after the first peak of Li
release, which is also visible in the first hour of measurement here, this
changes to a preferred release of Li, possibly due to the higher activity of
Li. Due to the higher availability of Li in Mg-3Li, the first preferred Mg
release is shorter, and thus, after 1 h, the preferred release changed. Mg-
5.5Li again shows the highest deviations but, in general, a higher Li than
Mg release after the beginning with an increasing ratio due to a very

high preferred Li release in the first hour, which was already shown
during the short-term degradation. While the single-phase degradation
is therefore driven by the overall degradation and the preferred release
of the more active species is available but influenced by a Li-depleted
start of corrosion, an addition of a second phase might change the
behaviour to a strong release of the highly reactive second phase by
galvanic coupling.

By taking into account the results of enhanced preferred Mg disso-
lution after a pitting potential is applied in in-situ measurements, the
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Fig. 6. 3-day ion release study in HBSS (155 mmol) at a pH of 7.4 and a temperature of 37 °C, determined by ICP-MS measurements on extracted solution. a) Total Li
mass dissolved until measurement time and percentage of mass released with respect to the overall mass of Li available in the film. b) Total Mg mass released until
measurement time and percentage of mass released with respect to the overall mass of Mg available in the film. ¢) Ratio of dissolved Mg and Li mass. The mass ratio
present in the thin films (calculated from film composition) is marked with dashed lines.

change of preferred release might also be additionally influenced by a

formation of corrosion products mainly containing Mg and, therefore,
reducing the Mg release in comparison to Li over time.
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formed on as prepared and corroded samples play a significant role in
the degradation process.

The surface composition is analysed by XPS on the as-prepared
samples, after dipping them in solution and after corrosion for 1 h.
TheC1s,01s,Mg1sandLil s (+Mg 2p) spectra are given in Fig. 7a-
d for Mg-1.6Li and Fig. 7e-h for Mg-3Li. In the as-prepared state, only for
Mg-1.6Li, a Mg signal is measured on the surface. Both sample types
show a strong Li 1 s peak, indicating an accumulation of Li-rich phases
on the surface. The C 1 s signal also shows a carbonate peak in the as-
sputtered state. For Mg-1.6Li, mainly one sharp peak (mainly hydrox-
ide) is found in the O 1 s spectrum, while for Mg-3Li, an additional
shoulder at lower binding energies indicates the presence of oxides.

The effect of contact with solution on the surface composition is
studied by dipping a sample into the solution shortly before measure-
ment. After the first contact with the solution, the Li signal disappears
for both sample types while a Mg peak is now identified for both sam-
ples. Together with the sharp release of Li at the beginning of the in-situ
measurements, this leads to the assumption that a Li-rich layer exists on
the surface before the immersion, which makes the Li ions readily
available for dissolution. The layer is thicker or more complete for films
with higher Li fraction, enhancing the Li and reducing the Mg signal of
Mg-3Li in comparison to Mg-1.6Li. Thus, first contact with the solution
leads to a decrease of Li and carbonate content on the surface, leading to
the assumption of a LioCO3 layer present before, which is water soluble.

Measurements on samples corroded for 1 h in solution are carried out
after storing the sample in ethanol or air for transport. As shown in
Fig. 7, this influences the sample surface significantly. A strong Mg peak
is still present for samples stored in ethanol to prevent contact with air,
and no strong Li accumulations occur on the surface. In addition to a
broadened Mg peak, a sharp additional peak (Mg-1.6Li, Mg-3Li) of Mg
metal is found, thus, the oxide/hydroxide layer on the surface is thinner
than 5 nm. The O 1 s signal consists of two prominent peaks at around
531.5 eV and 529 eV. While the peak at higher energy is present already
on the as-prepared samples, the peak at lower energy is shown especially
for Mg-3Li as a more minor shoulder after dipping the sample in solu-
tion; therefore, it is not only a signal influenced by ethanol storage. The
C signal for all sample types is strongly reduced. Storing the samples in
air leads to a C 1 s and O 1 s signal similar to the as prepared samples.
The O 1 s signal also slightly broadened with a shoulder at higher en-
ergies, indicating the presence of carbonates. For Mg-3Li, a Li peak and
carbonate can be detected. In comparison, Mg-1.6Li samples do not
show any Li signal with a slight reduction and broadening in the Mg
peak. Thus, the Li compound containing surface layer is formed after
corrosion and contact in air, but the formation speed is dependent on the
Li available for the formation since Li is present close to the surface and
less diffusion is necessary for the formation.

Thus, contact with solution and corrosion does not increase the Li
and carbonate content on the surface during the corrosion time of 1 h of
the thin films, but contact with air does for hcp Mg-Li alloys.

Additional elements in corrosion products, such as Ca and P, can be
detected on the corroded samples (stored in ethanol) (Fig. 3 supple-
mentary). The presence of Ca and phosphates is discussed to reduce the
corrosion of Mg alloys, also with additional carbonates, in a medium
with added salts to simulate physiological conditions [47].

4. Discussion
4.1. Surface in air

In general, for Mg materials, a layer of MgO which partially reacts to
Mg(OH); is formed in air [27]. Yan et al. propose for Mg-Li alloys that
the Mg(OH); can react further to Mg carbonate containing compounds if
stored in air, which leads to a reduction in Mg(OH), [48]. However, for
the samples in this study, the Mg signal in general is reduced and
completely absent for Mg-3Li, thus, another compound is attributing to
the surface composition. High Li and carbonate signals were found on
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the sample surface. Therefore, the formation of a Li and
carbonate-containing layer is found on all sample types with a thicker or
more complete layer for Mg-3Li. LioCOj3 is a common component formed
in air on Mg-Li alloys with high Li concentration and p-phase [42,49].
For high Li concentrations, a large amount of Li is available close to the
surface and can readily react. Additionally, further Li can be transported
to the surface, leading to a Li-depleted zone under the surface layer [49].
However, since the PBR (Pilling-Bedworth ratio) is between 1 and 2 for
all Li fractions, it can also form stably on all a-Mg-Li [26]. To support
this assumption, it should be noted that Xiang et al. also found LioCO3
films on a Mg-5Li-1Al hep alloy [30].

The occurrence of a surface layer consisting mainly of Li components
is also proven in the in-situ release studies by the sharp release of Li at
the beginning of immersion. The peak height increases from Mg-
1.6Li<Mg-3Li <Mg-5.5Li, indicating a higher amount of Li components
formed when the Li content is increased, which is not necessarily
dependent on the phase. Since LipCO3 is water soluble [42], the layer
dissolves and, therefore, does not influence the corrosion resistance of
both Mg-1.6Li and Mg-3Li. The dissolution is also proven by the disap-
pearance of the Li signal in XPS after a first short immersion. Even
though it can be theoretically formed in solution, this highly depends on
the availability of Li ions and carbonate and the pH [50]. Here, the
measurements were performed at a pH of around 7.4, while Li5COs is
more stable for alkaline solutions. The diffusion of Li to the surface can
then lead to a Li-depleted, Mg-rich area underneath the surface layer,
which also adds to the strong Mg signal detected by XPS after the
short-term immersion.

After corrosion, samples were stored again for approximately 7 days
in air. Since, for both alloys, the samples stored in ethanol after corro-
sion showed no Li and low carbonate signal, the change can be attrib-
uted to the exposure to air. Yan et al. found that exposure to air after
corrosion leads to the formation of LioCO3 on the sample surface of a bce
Mg-Li-based alloy after 60 h [48] and starts already after less than
3 hours [42]. The thickness of the Li;COj3 films on Mg-Li will further
grow over time since more Li is transported to the surface [48]. The
formation, however, is not limited to p-phase materials. While the Li
diffusion coefficient in hcp Mg is lower than in $-Mg-Li [51,52], Li is still
available close to the surface and can react with CO, from the air.
Additionally, it was found that Li segregates at grain boundaries for
Mg-Li alloys, also for hecp Mg-Li [53], therefore enabling fast transport
due to grain boundary diffusion. Since the columnar growth or long
grains for both Mg-1.6Li and Mg-3Li offer many grain boundaries and
sometimes void formation [8] leading to the film surface, this can
further facilitate the transport. The amount of Li available is then
influenced by the Li fraction in the film. Mg-3Li presents a Li and car-
bonate signal on the surface after corrosion and storage in air, even
though the Li signal is very low. Therefore, the formation depends on the
Li content present in the hcp Mg-Li due to the higher availability close to
the surface. It can be assumed that this not only increases the layer
thickness as discussed for the as-prepared samples but also the speed of a
detectable layer; thus, the formation of such a layer on corroded
Mg-1.6Li samples after longer storage time might be possible.

4.2. Ion release and degradation

The ion release due to the degradation of the Mg-Li thin films was
tested directly after the immersion in-situ and over longer time. The
degradation can change over time due to the release and depletion of
one element or the further prevention of fast corrosion due to corrosion
products forming protective layers on the surface. For single-phase hcp
Mg-Li, a corrosion similar to Mg is expected. For Mg, a thin, dense layer
of MgO and a thicker, porous layer of Mg(OH) is formed on the surface,
which is more stable in an alkaline solution [50]. The pH close to the
surface increases during the corrosion, stabilising such layers. The
corrosion is driven by filiform corrosion with a cathodic corrosion front
[26]. By adding Li, in general, the hydrogen evolution effect of Mg alloys
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decreases and even though the passivation is not strong, additional
compounds such as Li;CO3 or LiOH have been found on the surface of
Mg-Li based samples [29,30].

In general, the Li release is expected to increase with the Li content
available in the film, which was found for both short-term and long-term
measurements. However, the release is influenced by not only the Li
content but also the degradation process, in the simplest case, the
corrosion rate. In a previous study, the corrosion rate of Mg-1.6Li was
determined to be the lowest, while the corrosion rate increased due to
the change in orientation, higher activity of Li and galvanic coupling
because of the formation of a second phase for Mg-5.5Li [8]. A higher Li
content leads to a higher corrosion rate and, thus, to a higher release in
both Mg and Li ions. This can be even more pronounced if the increase in
Li content also changes the orientation of the material and the micro-
structure [8]. This is in agreement with the higher overall ion release
and, thus, corrosion rate measured herein.

Both a-Mg-Li alloys show a preferred Mg release after the first peak
of Li release in the first hour, and there is a nearly direct start of Mg
release after immersion. Thus, after the dissolution of Li-rich com-
pounds, Li is no longer released preferentially, and a larger amount of
Mg is available, possibly due to the depletion after Li reacting on the
surface. In the 3-day measurements, both a-phase materials show a
similar trend of release with a higher release of Mg at the beginning, as
already mentioned for in-situ measurements. However, the results show
a preferred dissolution of Li over longer immersion times, possibly due
to the lower electrochemical potential [50]. The preferred dissolution of
Li is also observed in the ion release studies at constant voltage. While
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the Mg release is nearly completely suppressed for both materials at
cathodic polarisation, Li release still occurs, especially for Mg-3Li. Thus,
the release is not a continuous release of both materials present in the
phase but preferred of one material even though no two different phases
can be found. Since the Li was found to be accumulating at the grain
boundaries [53], it is possible that these Li-rich areas are corroding
preferentially; however, further studies would be needed to prove the
effect on the ion release directly.

The corrosion of a-Mg-Li, thus, changes from surface to bulk of the
thin films and can be described by three phases (Fig. 8): 1. Li release
from Li containing surface film formed in air, 2. Preferred release of Mg
from Mg-rich area under the surface, 3. Continuous release from the bulk
of the film with preferred Li dissolution. The release of Mg is reduced
over time while the Li release is less reduced; thus, in addition to the
higher activity of Li, the incorporation of Mg in corrosion products
might additionally reduce the Mg release and lead to a higher concen-
tration of Li in comparison to Mg. The anodic polarisation by sweeping
to values above passivation and the start of pitting shows an increase of
Mg release, thus indicating the presence of a Mg-rich corrosion product.
The formation of the corrosion products can then change decrease
corrosion over time [54] together with additional components such as
phosphates (Ca, P) formed due to the additional salts in the solution.
Li-containing components have not been found in the outer layer after
corrosion without storage in air, and after 1 h of immersion, only a thin
layer of oxides and hydroxides is formed. Thus, the Mg metal under-
neath is still detectable. Further measurements would be necessary to
identify the composition of the corrosion products in detail which is not
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Fig. 8. Schematics of possible processes of the surface layer formation and degradation of hcp Mg-Li thin films a)-c) in air and d)-f) in solution. a) Formation of a
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release, possibly due to preferred Li release and formation of corrosion products.
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part of this study.

For the application of such films, the Li release needs to be deter-
mined over time. While the therapeutic range is discussed to be around
0.4-1.2 mM [55], this cannot be directly compared to the concentra-
tions reached in the 3-day studies due to the influence of cells or
placement in vivo on the corrosion rate [56], and the actual volume of
solution and the flow on the final concentration. However, this study
and the preferred release of Li identify that the Li concentration avail-
able cannot be directly derived from the degradation rate of the films
and will change, especially during the beginning of placement and after
long immersion times when Li is depleted. Especially the first Li-rich
layer might lead to higher Li concentrations, and removal of such
layer by, e.g., previous immersion in solution might be necessary.

5. Conclusions

Mg-Li thin films in the hcp phase were studied with respect to the
surface chemistry and degradation by a combination of in-situ and ex-
situ techniques for determining the ion release and additional analysis
of the surface composition by XPS. A process of the formation of surface
layers in air and during corrosion and preferred ion release is described:

o It was found that both sputtered hcp alloys (Mg-1.6Li and Mg-3Li)
formed Li carbonate containing compounds on the surface after
long-term exposure to air. This layer is also formed if corroded
samples are exposed to air. However, the development is mainly
visible for Mg-3Li films after 7 days due to the higher Li content and,
thus, availability of the element.

During degradation in Hanks’ balanced salt solution, this surface
layer is dissolved, monitored by a high release in Li and reduction in
both carbonate and Li signal in XPS. The layer does, therefore, not
contribute to the passivity and influence on the corrosion resistance
of the hep thin films.

While a higher Mg concentration can be found during the first hour
of immersion, a higher Li concentration than present in the film is
determined over a longer time due to the preferred release of Li and
the formation of Mg-rich corrosion products (containing oxides and
hydroxides), which form a passivating layer and decrease the
corrosion rate.

The corrosion process and ion release are time-dependent and
change from direct contact in solution to long-term corrosion. The
combination of in-situ short-term and studies with longer immersion
times, as described in this work, is therefore beneficial to gain a more
comprehensive picture of the complex degradation behaviour of the thin
films.

Understanding the degradation process and reactions in air is also of
interest for other applications of MgLi in fields such as lightweight
construction. For the medical field specifically, the ion release results
also highlight the importance of carefully analysing the ion release when
discussing such thin films for application as biodegradable reservoirs for
treatments with dissolving elements. For an optimisation of the treat-
ment, it is not sufficient to determine the Li release by degradation rate
since a change over time occurs. The change in the ratio of both ions
must also be considered if both can influence the therapeutic effect of
the other element involved. Furthermore, a treatment or solution dip-
ping before tests in vitro or in vivo might be beneficial to avoid the impact
of the high Li release at the start.
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3.5 Publication: Tailoring of Mg and MgLi thin-film cor-
rosion rates with dielectric barrier discharge plasma
treatment

To control the ion release for applications with different release profiles or implant shapes,
the possibility of tuning the corrosion rate is advantageous. While chapter already
discusses the possibility of changing the corrosion rate during the sputtering itself, this
only decreases the corrosion rate if still a microstructure with a lower corrosion rate is
possible and can be formed.

In general, tuning the corrosion rate for Mg-based alloys means decreasing it since the
structures need to be present in the body for a longer time so that the implant can serve
its job. To further reduce the corrosion rate of Mg and MgLi thin films, an additional
treatment by dielectric barrier discharge plasma was tested. The set-up for the treatment
in ambient air is simple, cheap and could be easily upscaled. The surface change by
reducing roughness and formation of a carbonate-containing layer reduced the corrosion
rate by around 50 % without significantly changing the film’s thickness.

Own contributions to the following article
(concept - 50 %, planning - 70 %, experiments - 40 %, analysis - 70 %, writing - 90 %):
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ABSTRACT

Magnesium and magnesium alloys such as magnesium-lithium are of great interest for the application as biodegradable implants. To
control the degradation, a tailoring of the corrosion rate is needed. In this study, the effect of a short (5-20s) dielectric barrier discharge
plasma treatment in ambient air on the corrosion rate of magnetron sputtered Mg and MgLi thin films is presented. The treatment with
atmospheric plasma of as sputtered samples leads to a decrease of the corrosion rate of 45%—50% in Hanks’ balanced salt solution. The
higher corrosion resistance is influenced by a change in surface structure and a formation of an MgCOj3 containing film.
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I. INTRODUCTION example of degradable films that release ions which can act as treat-
ments, MgLi thin films are studied since Li is used in treatments

M i d i 1l idely studied biode- ,
agnesitm and magnesium atioys are wicely studied blode for mood disorders such as bipolar disorder.”"**

gradable materials as candidates for medical applications.
Applications of interest reach from biodegradable orthopedic
implants and stents up to the possible field of therapeutical
treatment.' ™ To ensure the duration of the integrity of the implant
required by the application or the therapeutic activity, the degrada-
tion rate needs to be adjustable. Since the corrosion rate of Mg and
Mg alloys is often too high for the applications,””” several strategies
to reduce the rate have been developed: These include alloying of

* The possibility to
include additional ions in a coating to reduce the corrosion rate
specifically for the application as reservoirs is limited since they
could influence the therapeutic effect if they are released during the
degradation. While small Mg structures with a thickness of 10—
100 um can be prepared by thin-film deposition techniques such as
sputtering,” ™" the addition of a thick coating would additionally
counteract the effort to reduce the implant size. Thus, a treatment
that leads to a thin layer only consisting of the alloy elements itself,

the bulk material,""™"” influencing the microstructure,” ™" surface possibly also in the form of, e.g., oxides and carbonates, is benefi-
treatments, and coatings."”"” The surface treatments range from cial. Possible techniques to form those layers include, e.g., chemical
deposition of inorganic'*™’ and organic” ™" deposition coatings treatment in solution to form MgO or Mg(OH),’*" ion implanta-
over chemical conversion by immersion in solution”"”" to ion tion of nitrogen,”® or plasma treatments.” " K(;cijan et al. showed
implantation®”* or plasma electrolytic oxidation.”*™"’ that plasma treatment in O, and H, leads to pin-hole free oxide
In this study, the focus of the application is on miniaturized layers and, thus, lowering the corrosion rate.’” The formation of an
implants fabricated by MEMS (micro-electro-mechanical systems) oxide film is also studied for plasma treatment with Ar/O, by
technology which can serve as, e.g, biodegradable materials for ~ Tiyyagura® while Nakazawa et al. examined the implementation of
brain implants, either as structural implants, substrates for addi- nitrogen and oxide after the treatment of a Mg surface with an
tional materials or reservoirs for therapeutically active ions. As an atmospheric plasma jet."' Additionally, carbon contaminations on
J. Vac. Sci. Technol. A 41(5) Sep/Oct 2023; doi: 10.1116/6.0002783 41, 053109-1
© Author(s) 2023
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the samples are removed by plasma processes.’ Li et al. show that
a dielectric barrier discharge (DBD) plasma treatment can reduce
or even prevent the corrosion of MgLi alloys with a Li content of
14.2% (m/m) significantly by the formation of Li,CO; and oxide-
containing layers."” Atmospheric pressure plasmas are highly inter-
esting to influence surface properties in an economic way. In com-
parison to other techniques, DBDs can easily be scaled up to
surface treatments in industrial scales."”** By DBD treatment
oxygen groups or compounds can form on the surface by the inter-
action with elevated oxygen species from the plasma.”’ In the liter-
ature, DBDs are also discussed to clean the surface of Mg from
remaining contaminations™® or to lead to the reaction of carbon-
containing components to carbonates additional to the formation
of an oxide layer."” Since for thin films no prior grinding and pol-
ishing can be easily performed, the process can, thus, provide
advantages additionally to the reduction of the corrosion rate due
to the formation of protective layers including oxides and
carbonates.

This study aims to evaluate the effect of a DBD plasma treat-
ment to tailor the corrosion resistance of thin films of Mg and
MgLi. Since the MgLi samples in this study have a Li content of
only 1.6% (m/m), it does not lead to additional Li rich phases
which could lead to high Li concentrated protective surface films as
seen in previous studies,'” but might influence the activity and
microstructure. Additionally, the nature of thin films with ym
thickness does not allow the implementation of thick protective
layers. Thus, the effect of the treatment forming layers below 1 um
thickness on the corrosion rate is studied in Hanks’ balanced salt
solution to simulate the environment in medical applications.
Additionally, the layer formed during the treatment is analyzed
regarding the structure and chemical composition. By including
Mg and MgLi [1.6%(m/m)], the influence of alloying and varying
microstructure can provide a detailed understating of the overall
process.

Il. EXPERIMENT
A. Sample preparation

Magnesium and magnesium-lithium films were prepared by
magnetron sputtering (Von Ardenne CS730S), using targets of
pure Mg and MglLi [2.5%(m/m) Li] from FHR. As a substrate, 4 in.
silicon wafers were cut into 15 x 15 mm? samples and coated with
aluminium (Al) and aluminium nitride (AIN) for comparability to
freestanding thin films. The sputtering was carried out with a base
pressure  of <5x 107 mbar and an Ar pressure of 2.3
—2.6 x 107> mbar with a gas flow of 25 SCCM Ar. A final sample
thickness of 10-20 um of Mg and MgLi thin films with a Li mass
fraction of 1.6% (m/m) was reached. For one measurement set, all
samples were prepared in the same sputtering process, thus, with
the same thickness for untreated and treated samples. Additionally,
freestanding thin films were prepared with the same sputtering
parameters, following the process described by Haffner et al.’
After structuring on the wafer by UV-lithography and etching, a
sacrificial AIN layer was added before the final layer of Mg or MgLi
was deposited. For the etching of the sacrificial layer, the samples
were afterwards immersed in 20 wt. % KOH solution.

ARTICLE pubs.aip.org/avs/jva

B. DBD treatment

The thin-film samples were treated in the gap of a self-built
symmetric volume dielectric barrier discharge setup. All treatments
were performed in stagnant ambient air. The freestanding thin
films were placed on a Si chip (15x 15mm?) and fixed on the
edges to ensure a flatter surface during the treatment. A laboratory
power supply (SM7020-D, Delta Elektronika) and a function gener-
ator (DDS function generator 4025, Peak Tech) were connected to
the high frequency high voltage power supply (Minipuls 4, GBS
Elektronik). The resulting sinusoidal voltage signal of the high fre-
quency high voltage power supply with an output of 1:2000 was
monitored via an oscilloscope (UTD2025CL, UNIT). The treatment
time of the plasma was controlled by an inhibiting signal by a
microcontroller board (Arduino nano every) connected to the high
frequency high voltage power supply. The DBD setup connected to
the power supply can be seen in Fig. 1.

The parameters of the plasma power supply were chosen to
allow the formation of filaments all over the sample surface during
the complete treatment time, giving a state of saturation (Table I).
An overlay of the plasma filaments at all times of the treatment can
be seen in Fig. 1(b). The parameters were adjusted if the setup had
to be adapted in between measurements of different sample sets
due to functioning reasons to ensure a homogeneous surface treat-
ment. For each sample and measurement type, treatments with dif-
ferent treatment times of 5-25s were carried out with the same
parameters to ensure comparability.

C. Sample analysis

The surface of the thin films was imaged and analysed using a
Zeiss Ultra 55 Plus scanning electron microscope (SEM) and an
Oxford Instruments ULTIM MAX 65 energy-dispersive x-ray spec-
troscope (EDX). An accelerating voltage of 3kV for imaging and
10kV for EDX measurements was used. Additionally, the structure
of the thin films was analysed by x-ray diffraction (Smart Lab
9 kW, Rigaku) with a parallel beam and monochromatic Cu Ko
radiation on a 6/2 6-scan with a range of 20°-90° with a speed of
5—10°/min and a step size of 0.03°. The chemical composition of
the sample surface was characterized by x-ray photoelectron spec-
troscopy (XPS). For this purpose, an XPS UHV system from
Omicron Electron Spectroscopy Ltd. with a 240 W Al anode was
used. Survey scans to screen for the elements present at the surface
were conducted at a pass energy of 100eV, a step-size of 0.5V,
and averaged over three sweeps. High-resolution scans of the char-
acteristic core hole-level spectra used for the chemical analysis were
conducted at a pass energy of 30 eV, 15 sweeps, and a step-size of
0.05eV. For data analysis, the software casa xps (Version
2.3.23PR1.0) was utilized and charge correction was done by shift-
ing the C 1s main peak to 284.8 ¢V and adjusting all the corre-
sponding spectra accordingly. The corrosion rate was determined
by potentiodynamic polarisation measurements in a 155 mmol
Hanks” balanced salt solution (H1387, Sigma-Aldrich with added
sodium bicarbonate) at a pH of 7.4 +0.2 (CO, regulation) and a
temperature of 37+1°C. A VersaSTAT 3-300 potentiostat
(AMETEKSI) and a three-electrode setup with an Ag/AgCl refer-
ence electrode, a Pt mesh counter electrode, and the sample
included into a sample holder with an exposed area of 0.916 cm’
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Oquncy power supply Al,05. (b) Photo of the DBD treatment  _
of an Mg thin film seen through the top
o transparent electrode. For the inset, 2
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during a freatment, ensuring area X
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were used. After 5min of measuring the open circuit potential 11l. RESULTS AND DISCUSSION
(Eocv), a linear voltage sweep from —‘0.3V vs Eocy to.+0.3 V vs A. Thin-film characterization
Eocv was performed. Further information can be found in Ref. 48.
Additionally, the same measurement was carried out after 1h of Representative cross sections and surface images of the sput-
immersion time. tered thin films of Mg and MgLi are shown in Figs. 2(a)-2(d).
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TABLE I. The parameters of DBD treatment. Listed are the distance d between
both electrodes, the frequency f, and the discharge voltage Usischarge.

d f (kHZ Udischarge
(mm) @5Vpp) (kVpp)
Mg, MglLi [Fig. 3(b)] 39 20 24
MglLi [Fig. 3(c)] 1.9 17 25.3
Mgli [Fig. 3(c), 1h
immersion] 1.9 19 22.8

While for both materials a columnar growth is visible, the surface
exhibits different structures for both sample types with a more
structured surface for Mg and larger grainlike areas for MgLi. EDX
analysis of the surface of the thin film identify an oxide and car-
bonate signal for both sample types with no significant difference
between Mg and MgLi [2%-3%(m/m) C and 0.5%-1%(m/m) O].
No further quantification of oxide or carbonate components is
carried out due to the possibility of the influence of contaminations
on the exact intensity. In Fig. 2(e), XRD diffractograms show
signals of the thin film itself and the substrate. Mg and MgLi have
a hexagonal closed packed (hcp) structure with a strong preferred
orientation for pure Mg.

Samples of Mg and MgLi on the substrate and freestanding
films of MgLi were treated with an atmospheric pressure dielectric
barrier discharge plasma in air with a saturation of filamentary dis-
charges, as seen in Fig. 1(b).

B. Corrosion measurements

Exemplary potentiodynamic polarization curves for an
untreated and 15s treated sample after 5min of immersion are
shown for Mg and MgLi in Fig. 3(a). The corrosion current densi-
ties and corrosion rates can be determined via Tafel extrapola-
tion.">"” The cathodic branch was used for the estimation of the
corrosion rate for the following studies due to the larger linear area.
The current density of the anodic branch is influenced by addi-
tional hydrogen evolution, film formation, and passivation
regionsf”’52 thus, a corrosion rate determined on the anodic
branch may differ from the rate determined from the cathodic
branch. MgLi samples were treated for 5, 10, 15, and 20s. To
exclude the effect of Li on the influence of the plasma treatment,
Mg samples were treated for 5 and 15 s for comparison. The corro-
sion rates for the measurements are shown in Fig. 3(b). A signifi-
cant decrease in the corrosion rate for both material type is
apparent, lowering the corrosion rate (CR) during a treatment of
15s from CRyntreated =2.19 mm/yr to CRireated = 0.45 mm/yr for
MgLi and from CRypreatea= 1.69 mm/yr to CRyeated = 0.38 mm/yr
for Mg. Since the effect for both sample types is similar and Li or
the different surface structure does not seem to influence the effect
of the treatment significantly, further studies were only carried out
with MgLi samples.

MglLi thin films with a lower corrosion rate were measured
with the corresponding corrosion rates given in Fig. 3(c). The main
decrease in corrosion rate already occurs after a treatment time of
5s with a reduction of the corrosion rate of about 46%
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FIG. 2. Thin films as sputtered on the substrate (Si wafer with the added
Al +AIN layer) (a) and (b) SEM cross section and image of the surface of MgLi,
(c) and (d) SEM cross section and image of the surface of Mg, (e) XRD diffrac-
togram, signals of Mg, Al, AIN, and Si are marked. Peaks without symbol are
kB, WLa, and edge effect signals of the Si substrate.

(0.23 +£0.03 mm/yr to 0.13 +0.01 mm/yr). Since the corrosion resis-
tance differs only slightly for longer treatments, the times were set
to 5 and 15s. Since the potentiodynamic polarization measure-
ments show the degradation of samples only for the short term,
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FIG. 3. Potentiodynamic polarization measurements in Hanks’ balanced salt solution (pH=7.4+0.2 and T=37 £ 1 °C). (a) Exemplary Tafel plots for Mg and Mg-1.6Li as
sputtered on the substrate and after 15s DBD plasma treatment. (b) Corrosion rate (CR) of as-sputtered Mg and Mg-1.6Li on the substrate. (c) Corrosion rates (CR) for
Mg-1.6Li thin films as sputtered, after 1 h immersion and freestanding thin films (without preimmersion).

additional measurements are necessary to confirm the improve-
ment of corrosion resistance over longer time periods. Weight-loss
measurements over longer terms are difficult due to the low sample
weight of thin films and the cleaning resulting in the removal of
corrosion products and possible products formed during the treat-
ment, thus, not allowing the final identification of the corroded
mass. Therefore, additional potentiodynamic polarization measure-
ments were carried out after 1h of immersion to allow the prior
formation of corrosion products on the surface of the film which
can protect the film from further corrosion.””*

As shown in Fig. 3(c), the corrosion rate still decreases after
the DBD treatment significantly to approximately half of the corro-
sion rate. Thus, the treatment not only leads to a passivation
decreasing the first corrosion before a protective corrosion layer is
formed but also leads to a stronger protective layer throughout the
degradation.

No significant change in the corrosion potential E.,, can be
identified for MgLi thin films after the treatment for 15 s in compar-
ison to the untreated samples. While an E,, of —1.85+0.08 V is
measured for the untreated samples directly after immersion, E o
for samples with a 15s treatment measured is —1.85+ 0.01V, thus,
the potential varies for untreated samples, while it is more stable for
the treated samples. After 1h of immersion, the potential is slightly
increased to —1.78+0.02V for untreated samples and
—1.79 £ 0.03 V for samples after 15 s of treatment. The increase after
longer immersion time can be assigned to the lower activity of the
material, possibly due to the depletion of Li on the surface’” and the
formation of other products during corrosion.”””* Thus, the DBD
treatment itself does not influence the potential of the material.

For possible applications of Mg or Mg-based alloys as
implants for small-size applications and not coatings on other
materials, the thin films need to have a thickness in the um range
without an additional substrate. The process to produce the thin
films used in this study is described by Haffner et al.”* Since the

sacrificial layer of Al and AIN is dissolved in KOH, the films are
also exposed to KOH for the duration of the lift-off, resulting in a
changed surface. A treatment with KOH is reported to lower the
corrosion rate even without additional treatment if the sample is
anodized due to the formation of more stable MgO and Mg
(OH)Z;3 ° however, this effect is not observed here, possibly due to
the insufficient thickness and density of the layer formed during
the simple immersion. The effect of the plasma treatment is lower
on the freestanding samples; however, a decrease in the corrosion
rate is still visible [Fig. 3(c)]. Additional to the change of surface
structure, the samples on substrate also had a flatter surface than
freestanding thin films which were only attached to Si chips, thus,
ensuring a more homogeneous treatment. Thus, an optimization of
the treatment and sample fixation for freestanding thin films could
improve the degradation rate decrease further.

The corrosion studies prove that only very short DBD plasma
treatments of Mg and MgLi are required to significantly influence

FIG. 4. SEM image of MgLi thin films, (a) cross section (inset shows the
surface film with higher magnification) and (b) surface image of the surface film
formed after 15 s of DBD treatment.

50:22:0} ¥20Z IMdY GL

J. Vac. Sci. Technol. A 41(5) Sep/Oct 2023; doi: 10.1116/6.0002783
© Author(s) 2023

41, 053109-5

64



Results

JVSTA

Journal of Vacuum Science & Technology A

12

S

o0}

jit

Intensity (10* cps)

0 1 1 1 1 T ™
1200 1000 800 600 400 200 O

Treated wide spectrum
- O1s
\
Mg K|§L Auger
O KLL Auger
/ Mg 2p/
Li1s
k v A' Mg 2s
9 1s \
Untreated

L

Binding energy (eV)

ARTICLE

pubs.aip.org/avs/jva

Treated Mg 2p

(6}
T

Li1s
M

MW

Untreated

Intensity (102 cps)
B o

w
T

1 " 1 1 " 1

58 56 54 52 50
Binding energy (eV)

48

c d -
)12.5 Treated Carbonate C1s ) 20 [Treated H)/dromde Ots =
Carboxyla c-C 2
10.0 151 S
10 L Carbonate N
75+ ™y &
)
‘2 o 5F
o5.0 ‘9
N N
‘9 1 L 1 1 L 1 _.2\ 0 1 1 1 1 1
; Untreated k7 Untreated
[
=25} 4 o
2 £ 15}
L 20 . -
=
15 . 10 +
10 :
5L
5 o
0 L L L L L Il | L | L 1
292 290 288 286 284 282 280 536 534 532 530 528
Binding Energy (eV) Binding energy (eV)
FIG. 5. XPS spectra of untreated and treated MgLi thin films (a) full spectrum, (b) Mg 2p and Li 1's, (c) C 1's (positions of carbonates, C-C and carboxylates are marked,
see the supplementary material at for spectra with a full description of C compounds, fitted according to Fotea et al. (Ref. 62, Fig. S1) and (d) O 1's regions. See the sup-
plementary material Tables S and SliI for the corresponding peak positions and full-width-at-half-maximum.
J. Vac. Sci. Technol. A 41(5) Sep/Oct 2023; doi: 10.1116/6.0002783 41, 053109-6

© Author(s) 2023

65



Results

JVSTA

Journal of Vacuum Science & Technology A

the corrosion of the films. Since the treatment mainly influences
the surface of the films, a passivation and formation of a protective
film is expected to be the reason for the change in the corrosion
rate and is, therefore, analyzed further.

C. Surface films

The degradation of Mg-based alloys such as MgLi is highly
influenced by surface films formed before or during the corrosion.
Those films hinder further ion release or reaction on the surface of
the samples. For Mg and MgLi, layers formed in air and during
corrosion including many components such as MgO, Mg(OH),,
MgCO;, LiO,, LiOH, or Li,COj; are discussed to influence the cor-
rosion rate.” ™"

Surface images and cross sections of 15s plasma treated
samples show the formation of a thin surface film during the treat-
ment as shown in Fig. 4. A more homogeneous surface with
reduced roughness in comparison to untreated samples is visible
after the DBD treatment. The layer formed during the treatment
which can be identified by a structural difference from the main
sample in Fig. 4(a) has a thickness in the range of 50—100 nm.
Since the formed surface film leads to a flatter surface, it reduces
the surface area for corrosion and prevents the start of corrosion at
preformed pits such as, e.g., the edges of the surface structures
shown in Figs. 2(b) and 2(d). A homogeneous corrosion with less
pitting and a smaller active surface can significantly influence the
corrosion rate.”” ' The film can only form by reactions of the ele-
ments of the film (Mg and Li) with elements available in air since
no additional gases are added. EDX studies show an increase in
oxygen and carbon components measured on the surface in com-
parison to untreated samples, especially on the surface [approxi-
mately 3%—4%(m/m) C and 5-5.5%(m/m) O], thus, the film
could consist of components such carbonates, oxides, or hydrox-
ides. However, since the film has only a thickness in the nm range,
EDX analysis cannot give further insights. Therefore, XPS analysis
was carried out on a treated and untreated MgLi sample to identify
the components formed during the treatment. The wide spectra
and Mg 2p, Li 1sand C 1, O 1s spectra are shown in Fig. 5. See
the supplementary material Table SI for the atomic compositions.

While for the untreated sample, a Li signal but only a small
Mg is shown in Fig. 5(b), for the treated sample, a significant
increase of the Mg 2p signal can be found. Additionally, the carbon
spectrum in Fig. 5(c) shows an overall decrease in carbon-
containing components. The lower overall peak width and propor-
tionally higher decrease in carboxylate signal in comparison to car-
bonates could possibly be the result of the removal or a reaction to
carbonate in the layer. The formation of carbonates is also found in
the O 1s spectrum in Fig. 5(d). The lower carbon signal and for-
mation of carbonates could be a result of a cleaning effect, reaction
of other compounds to carbonates and carbonate formation during
the treatment."">"

Different components were discussed in the literature to lead
to a protective layer during corrosion of Mg or MgLi.”*™ For
MglLi, Li,CO; formed during DBD treatment or during the corro-
sion was discussed to influence the corrosion rate for Li alloys with
high Li fraction [14.2% (m/m)].** Those layers could also be
formed for material with low Li fraction.”” Li,CO5 can be formed

ARTICLE pubs.aip.org/avs/jva

in air, leading to a higher Li fraction on the sample surface and a
Mg deficiency in the surface layer in comparison to the bulk mate-
rial on samples without treatment.”” This could lead to the low Mg
signal measured by XPS on the untreated sample. Apparently, after
the treatment, the surface layer formed does not consist of Li,CO3
since the Mg signal is stronger and a decrease in Li is found by
XPS. Thus, Li,COs3 is not the main important component for the
increased corrosion resistance for the MgLi thin films studied. This
is also confirmed by the corrosion rate decrease for samples of Mg
without Li addition.

Since the surface layer is formed in air, possible elements
included could be oxygen, carbon, or nitrogen. For the corrosion of
Mg, the formation of MgO and further reaction to Mg(OH),
occurs. While the layer of MgO is dense but due to a Poisson—
Bedworth ratio <1 unstable, the further reaction to Mg(OH), when
in contact with water leads to a porous layer’* which can only
slightly hinder corrosion. The stability of MgO could be increased
by Li doping;™® however, since there is no or only 1.6%(m/m) Li
included, no stability can be assumed. The wide spectrum does not
show a significant nitrogen signal and, thus, no components
including N can be directly assigned as part of the protective film.
The increase of the carbonate signal and the presence of more Mg
on the surface of treated samples in comparison to untreated
samples could hint to a formation of MgCO;. MgCOs is stable and
can reduce the corrosion rate of Mg *"~"” if the layer is dense.

The lower corrosion rate is, thus, a result of a change in
surface structure and a formation of a protective layer, possibly
including MgCO;. However, as known for the layer formation on
Mg and Mgli in air and in corrosion, the protective layers formed
are often a system of different layers including different compo-
nents”>”>*® and cannot be directly identified as one component
only. The combination of a decrease in roughness and a dense layer
of stable carbonates and oxides leads to a slower degradation not
only for the beginning of the immersion but also leads to an
increased corrosion resistance after longer immersion time.

IV. SUMMARY AND CONCLUSIONS

This study presents a fast and simple method to reduce the
corrosion rate of Mg-based thin films using dielectric barrier dis-
charge plasma treatment. hcp Mg and MgLi thin films were pre-
pared by magnetron sputtering, leading to different surface
roughness and microstructures. After 15s of DBD plasma treat-
ment, the corrosion rate of all as-sputtered samples was reduced by
around 45%-50%, even when the sample was immersed for an
hour before the potentiodynamic polarization measurement. Thus,
a stable protective layer is formed during the treatment which is
also denser and more stable than the passivating films formed
during the corrosion. Analysis of the surface by SEM/EDX and
XPS shows the removal of loose contaminations and a layer formed
on the surface which can influence the corrosion rate by leading to
a smoother surface and components including magnesium carbon-
ate preventing fast corrosion. The treatment was also tested on free-
standing thin films to confirm the effect of the treatment on
samples for the possible application of ion release as therapeutical
treatment.
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The atmospheric DBD plasma treatment presents a cheap and
easily industrially scalable way to prevent the burst release of Mg
thin films. The effect reaching a plateau after 5s also makes the
method reproducible, as the treatment effect saturates quickly.
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3.6 Addition of an alloying element - MgAgLi

Additional to a change in the surface, the bulk material can be changed by alloying with
additional elements. As discussed in section [2.1.2] an alloying element which does not
have any negative medical effects has to be chosen. Since MgAg thin films have been
studied before |27, 28] to improve both the corrosion rate and mechanical properties, Ag
was added to the Mg-1.6Li alloy with 6 wt% of Ag. Mg-6Ag showed the lowest corrosion
rate and a high tensile strength and elongation in comparison to other MgAg thin films
according to Jessen et al. |27, [28].
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Figure 3.10: Comparison of Mg-1.6Li and Mg-6Ag-1.6Li. a) Diffractograms of thin films. In
red, the positions of a MgAgLi phase (cubic, based on [208]) are marked. b) Exemplary stress-
strain curves of Mg-1.6Li, Mg-3Li and Mg-6Ag-1.6Li.

In figure , the diffractogram of Mg-1.6Li and Mg-6Ag-1.6Li are shown. In compari-
son to Mg-6Ag with a strongly preferred [0001] direction of growth, a more random orien-
tation is found with only a slight preference in Mg-1.6Li. An additional phase of MgAglLi
occurs (comparison to Ag-Li-Mg [208]). Even though a second phase is formed, the cor-
rosion rate of Mg-6Ag-1.61i is similar to Mg-1.6Li with 0.1540.03 mm/yr in comparison
to 0.13+0.03 mm/yr measured by potentiodynamic polarisation in Hank’s balanced salt
solution (pH 7.4, T=37=£1 °C). The corrosion potential Eocy is increased due to the Ag
to -1.2940.05 V in comparison to -1.7340.02 V. The mechanical properties are, however,
affected much stronger. The results from tensile testing are shown in figure in
comparison to Mg-1.6Li and Mg-3Li for exemplary samples. The maximum elongation
is reduced in comparison to Mg-1.6Li but similar to Mg-3Li (3.2+1.0 %) while the yield
strength and tensile strength are strongly increased to 335+20 MPa and 350+£20 MPa
due to the hardening effects of the Ag and additional phases formed [28].

Thus, the results show that the mechanical properties of Mgli can be further adjusted
without increasing the corrosion rate by an exemplary alloying element.
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4

Conclusion and Outlook

This thesis is based on the idea of developing MgLi thin-film implants that could be
placed in the brain as drug reservoirs for the treatment of neurological disorders. There-
fore, the properties of magnetron-sputtered MgLi thin films with varying Li content were
investigated. Since the corrosion rate influences the released ion concentration and, thus,
the possible treatment, a special focus was placed on understanding the corrosion process.

Mg-alloy thin films with Li content of 1.6 - 9.5 wt% were fabricated, thus resulting in
films with a pure hcp phase and a mixed phase of hcp and bee MgLi. Due to the high
reactivity of Li, the formation of oxides and carbonates, especially for high Li content,
cannot be prevented. The formation of Li,CO3 was also found for hep MgLi alloys. It,
however, dissolves when the film is in contact with solution. To gain a full picture of the
corrosion processes, several techniques were combined, including in-situ and long-term
studies, analysis of ion release, weight loss and electrochemical measurements. A change
in Li fraction and orientation influences the corrosion for hcp thin films and a higher Li
content and more random orientation result in a higher corrosion rate. During the corro-
sion process, a dissolution of the Li-containing surface layer is followed by a preferred Mg
release in short term measurements. The formation of Mg-containing corrosion products
and the higher reactivity of Li lead to a preferred Li release over longer immersion times.
For films in the mixed phase, the microgalvanic coupling and formation of protective lay-
ers both play an important role. The highest corrosion rate was observed for Mg-5.5Li
while for Mg-9.5Li, a rate similar to hcp samples was measured due to the reduction of
the corrosion rate by passivation.

For the application as a reservoir for treatments, the release of ions not only needs to
be understood but also tailored. To change the corrosion rate and, thus, the ion con-
centration, the microstructure or surface film can be influenced. The reduction in void
formation by changing the sputtering parameters for Mg-3Li reduced the corrosion rate
by nearly 50 %. Applying a treatment by atmospheric DBD plasma led to a reduction
of the corrosion rate of Mg and Mg-1.6Li by over 45 %. While the addition of Ag did
not change the corrosion rate, the alloying with further elements can also adjust other
implant parameters such as the mechanical properties.

The surroundings, including the testing solution or organic components, also play a cen-
tral role. This thesis was part of the research training group ”Materials for Brain” and
was developed in close collaboration with the project of Krathika Bhat which focused on
analysing the effect of Mgli and the degradation of the thin films on cells. Tests with
glial cells and brain slice models proved the biocompatibility of the thin films and an
effect of the ion release on gene expressions, which might be of interest for the effect on
neurological disorders [209]. Additionally, the thin films of Mg and MgLi were studied
with Schwannoma cells, showing better peripheral nerve regeneration under the influence
of Mg released from the thin films[210]. Further analysis of the interaction by studying
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the corrosion products and layers formed on the samples during immersion with cell at-
tachment and a detailed study of the released ions would be necessary to gain a better
understanding of the corrosion process under more complex conditions.

While this thesis gives an essential insight into the general mechanisms and influences
on the degradation of magnetron-sputtered MgLi thin films, it only marks a first step to
the final application. In future work, the analysis of the degradation in more complex
systems in vitro and in vivo is necessary to prove the applicability of MgLi thin films as
implants for the treatment of neurological disorders.
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Structural characterisation and degradation of Mg-Li thin films for
biodegradable implants - Supplementary information

Lisa Hanke?, Lea K. Jessen?, Felix Weisheit?, Krathika Bhat?, Ulrike Westernstréer3, Dieter
Garbe-Schonberg?, Regine Willumeit-Rémer?, Eckhard Quandt**

lInorganic Functional Materials, Institute for Materials Science, Faculty of Engineering, Kiel University, Kiel,
Germany

2|Institute of Metallic Biomaterials, Helmholtz Centre hereon, Geesthacht, Germany

3Marine Climate Research, Institute of Geosciences, Faculty of Mathematics and Natural Sciences, Kiel
University, Kiel, Germany

Mg-Li alloy Li (%(m/m)) Fe (%(m/m))
Target  Film, ICP-MS  Film, AAS Film, ICP-MS
Mg-1.6Li 2.5 1.60+0.06 1.55+0.03 0.0029+0.0008
Mg-3Li 5 3.07+0.12 3.13+0.08 0.0027+0.0003
Mg-5.5Li 9 5.15+0.69 6.12+0.32 0.0028+0.0004
Mg-9.5Li 14 9.31+0.84 9.88+0.07 0.0033+0.0006

Table 1 Mass fractions of Li in targets (nominal) and prepared freestanding thin films analysed by

ICP-MS and AAS. Additionally, the Fe contamination measured by ICP-MS is given. The measurement

uncertainties given are statistical deviations from minimum 3 samples.
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Figure 1 Reciprocal space maps measured with 2D- detector and sample tilting to y=0°,15°,30°,45° for

a) Mg-1.6Li b) Mg-3Li c) Mg-5.5Li d) Mg-9.5Li and zoomed in area around the (002) and (101) hcp
(110) bcc peak for e) Mg-5.5Li and f) Mg-9.5Li.
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Mg-1.6Li Mg-3Li Mg-5.5Li Mg-9.5Li
a[A] 3.208+0.002 3.202+0.002 3.196+0.004 3.200+0.002
c[A] 5.197+0.005 5.175+0.007 5.156+0.010 5.161+0.008

Table 2 Average lattice constants a und ¢ and standard deviations calculated from XRD results for

Mg-Li alloys (Li: 1.6 %(m/m), 3 %(m/m), 5.5 %(m/m), 9.5 %(m/m)).

Mg-1.6Li Mg-3Li Mg-5.5Li Mg-9.5Li
hcp
100 32.16+0.03 32.25+0.03 32.35+0.08 32.27+0.06
002 34.48+0.03 34.67+0.06 34.78+0.07 34.75%0.07
101 36.63+0.03 36.75+0.03 36.87+0.08 36.78+0.05
102 47.90+0.02 48.09+0.03 48.28+0.10 48.21+0.04
110 57.44+0.01 57.55+0.03 57.69+0.09 57.62+0.05
103 63.26+0.02 63.51+0.04 63.79+0.09 63.75+0.05
200 67.40+0.02 67.56+0.03 67.71+0.07 67.57+0.01
112 68.79+0.02 69.00+0.02 69.16+0.09 69.11+0.06
201 70.11+0.02 70.28+0.04 70.42+0.10 70.3310.03
004 72.85+0.07 73.21+0.09 73.45 73.48+0.01
202 78.24+0.05 78.33+0.01
104 81.90+0.04 82.23+0.06 82.64+0.12 82.65%0.10
bcc
110 36.10+0.07 36.03+0.06
200 51.66+0.10 51.48
211 64.89+0.06 64.84+0.07
Li,COs
110 21.39+0.09 21.29+0.06
200 23.38+0.06  23.32+0.07
11T 23.49
111 29.48+0.04 29.38+0.03
202 30.67+0.09 30.52+0.06
002 31.77+0.06  31.65+0.05
112 34.11+0.01 34.02+0.06
020 36.13+0.03 36.06+0.03
021 39.65+0.01 39.64+0.10
310 39.93+0.02 39.91
22T 42.60
112 42.60
220 43.55+0.02 43.45
130 56.77+0.04
33T 65.41

Table 3 Average 26 angles (°) from XRD diffractograms for Mg-1.6Li, Mg-3Li, Mg-5.5Li and Mg-9.5Li
with corresponding miller indices for hcp and bcc Mg-Li and Li,CO5 with. A minimum of three samples
was measured and standard deviations are given if the peak was present in multiple diffractograms.
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Figure 2 XRD diffractograms for Mg-1.6Li thin films with orientations of (002) and (110). The main
orientations are indicated.
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Figure 3 EDX line scans of cross sections of Mg-1.6Li and Mg-9.5Li thin films after corrosion in HBSS
over 3-5 days. The inset shows the area of the corrosion layer.

MglLi alloy Power (W) Pressure (103 mbar)  Sputtering rate (nm/s)

Mg-1.6Li 50 2.3 1.45
Mg-3Li 50 3.3 1.75
Mg-5.5Li 50 2.5 1.17
Mg-9.5Li 50 2.3 0.88

Table 4 Sputter parameters for Mg-Li sputtering at standard parameters for stress-free freestanding
thin films and for Mg-3Li at different pressure and power.
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Supplementary - Investigation of in-situ ion release and surface
film formation of hcp Mg-Li thin films

Lisa Hanke?, Lukas Kalchgruber?, Ulrike Westernstréer®, Dieter Garbe-Schénberg?, Eckhard Quandt?,
Markus Valtiner?

linorganic Functional Materials, Institute for Materials Science, Kiel University, Kiel, Germany
2Applied Interface Physics, Institute of Applied Physics, Vienna University of Technology, Vienna, Austria

3Marine Climate Research, Institute of Geosciences, Kiel University, Kiel, Germany

1. Calculation of dissolved mass during 3-day corrosion, measured by ICP-MS

Time cwg [Mg/L]  cui[pg/L]
Blank 17910 <1
Mg-1.6Li, 1h 19139 12
sample 1 4 h 19539 35
1 day 24593 142
3 days 36108 433
Mg-1.6Li, 1h 22117 16
sample 2 4 h 19786 43
1 day 27067 226
3 days 43626 661
Mg-3Li, 1h 18132 32
sample 1 4h 20292 67
1 day 25677 360
3 days 29598 812
Mg-3Li, 1h 20210 47
sample 2 4 h 19141 98
1 day 27323 379
3 days 39602 888
Mg-5.5Li, 1lh 17134 111
sample 1 4h 20852 213
1 day 21810 847
3 days 37944 2120
Mg-5.5Li, 1lh 19140 98
sample 2 4 h 20840 224
1 day 26640 1598
3 days 41950 4714

Table 1. Measured Mg and Li concentrations by ICP-MS in a blank HBSS solution (155 mmol, Hanks’
balanced salts H1387, Sigma-Aldrich with added sodium bicarbonate (0.35 g/L)), and after 1 h, 4 h, 1
day and 3 days of corrosion of Mg-1.6Li, Mg-3Li and Mg-5.5Li thin films in the solution at 37+1 °C and
pH 7.4+0.2.

The mass of the element (Mg or Li) in the solution at a certain measurement step m; can be directly
determined from the concentration ¢; determined (listed in table 1) and the volume adjusted by the
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evaporation loss Vi. However, to calculate the overall mass released into the solution mg;, the amount
of extracted solution (in the experiments of this study 15 ml) needs to be taken into account. Thus,
mg, can be described by

Mg =Mgiq+mM; =My

With my;.1 as the remaining mass of the element in the overall solution after sample extraction for the
step before. ¢ is the concentration of element in the blank solution which is added in the same
amount as solution is extracted.

m.
my; = 7‘ (V; = 15ml) + ¢ - 15mL
i
2. Additional results
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Figure 1. Current / measured by the potentiostat in the flow cell at constant voltages of -0.5 V vs Eocy,
0.2 V vs Egcy and -0.9 V vs Ag/AgCl during 15 min after 10 min at Eqcy for two samples per alloy (Mg-
1.6Li and Mg-3Li).

ng,cv/ ii,cv ng,cv/ ii,cv ng,cv/ ii,cv

(Eocv) (-0.9 Vvs Ag/AgCl)  (+0.2 V vs Eocv)
Mg-1.6Li 44.3+2.0 64.4+5.2 55.3+1.5
Mg-3Li 20.7+2.6 211.1+455 29.1+3.7

Table 2. Ratio of averaged Mg and Li current density during 15 min at a constant potential of Eqcy,
anodic polarization of -0.9 V vs Ag/AgCl or +0.2 V vs Eocy after 10 min at Eocy for Mg-1.6Li and Mg-3Li
thin films.
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Figure 2. Dissolution rate for two samples per alloy (Mg-1.6Li and Mg-3Li) over LSV from Egcy until -

0.5 V vs Ag/AgCl, measured in situ by ICP-MS. The linear sweep is performed after 10 min OCV, 15
min conditioning and further 5 min OCV.
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Figure 3. XPS spectra for a) Ca 2p and b) P 2p for Mg-1.6Li and Mg-3Li thin films after 1 h corrosion

and storage in ethanol.
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Tailoring of Mg and MgL.i thin-film corrosion rate
with dielectric barrier discharge plasma treatment —
Supplementary Information

Lisa Hanke 1, Torge Hartig 2, Felix Weisheit 1, Tim Tjardts 2, Tim Pogoda 2,

Franz Faupel 2 and Eckhard Quandt *

1 Chair for Inorganic Functional Materials, Institute for Materials Science, Faculty of Engineering, Kiel

University, Kiel, Germany

2 Chair for Multicomponent Materials, Institute for Materials Science, Faculty of Engineering, Kiel

University, Kiel, Germany

TABLE SI. Atomic concentrations of the surface of untreated MgL.i thin films and thin films

after 15 s of DBD determined by XPS.

Untreated Sample

Treated Sample

Element Peak used Relative Amount

for Analysis  (at%)

Cls 31.16
Ols 43.94
Mg 2p 0.45

Lils 24.45

Element

Peak used Relative Amount
for Analysis  (at%)

Cls 13.00
O1s 61.74
Mg 2p 19.59
Lils 4.12
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Background
Envelope

Intensity (a.u.)
Intensity (a.u.)

292.5 290.0 287.5 2850 2825 292.5 290.0 287.5 2850 2825
Binding Energy Binding Energy (eV}

FiG. S1. XPS C 1s spectra of untreated and treated MgLi thin films with all fitted compounds,
fitting according to Fotea et al.%%. The increased intensity for the treated sample at lower

binding energy might be influenced by charging effects.

TABLE SlI. Binding energy positions and full-width-at-half-maximum (fwhm) of components

measured by XPS on the surface of untreated MgL.i thin film samples.

Characteristic Component Binding Energy Fwhm
Peak Position (eV) (eV)
O1s Carbonates 533.6 1.9
Hydroxides 532.2 1.9
Oxides 530.6 1.9
Lils Li20O, LiOH, Li>CO3 553 1.8
Mg 2p Mg(OH)2, MgCOs 49.9 2.0
Cls COs™ 290.2 1.5
COx* 289.3 1.5
C-CO0X 288.7 1.5
COX 287.0 1.5
C - COOX 285.6 1.5
c-C 284.8 1.5
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TABLE SlII. Binding energy positions and full-width-at-half-maximum of components

measured by XPS on the surface of treated MgL.i thin film samples.

Characterisitc  Component Binding Energy Fwhm
Peak Position (eV) (eV)
O1s Carbonates 533.5 2.0
Hydroxides 531.9 2.0
Oxides 529.5 2.0
Lils LixO, LiOH, Li>COs 55.5 1.5
Mg 2p Mg(OH)2, MgCOs 49.8 1.9
Cls COs™ 290.3 1.5
COx* 289.9 1.5
C-CO0OX 289.1 1.5
COX 287.2 1.5
C-CO0OX 285.8 1.5
C-C 284.8 1.5
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a
A

a,c

AAS

aCSF
AESEC
AFM

at% , %(n/n)
AZ alloy

bcc

c(t)

CE

CR
CVD

d
DMEM

n
E

Eocv
EDX

EIS

I

F

HBSS
hcp

7

2o
ICP-AES
ICP-MS
ICP-OES
ICP-RIE
Jm

K,

LA alloy
LZ alloy
m

M

n

NDE
PBR
PVD

p

transfer coefficient

area

lattice parameters

atomic absorption spectrometry

artificial cerebrospinal fluid

atomic emission spectroelectrochemistry

atomic force microscopy

atomic percent

aluminium + zinc alloy

body centred cubic

concentration

counter electrode

corrosion rate

chemical vapour deposition

thickness

Dulbecco’s modified Eagle’s solution
overpotential

potential

open circuit potential / corrosion potential
energy dispersive X-ray spectroscopy
electrochemical impedance spectroscopy

flow rate

Faraday constant

Hank’s balanced salt solution

hexagonal close packed

current density

corrosion current density/ exchange current density
inductively coupled plasma - atomic emmission spectrometry
inductively coupled plasma - mass spectrometry
inductively coupled plasma - optical emission spectrometry
inductively coupled plasma - reactive ion etching
dissolution rate

solubility product constant

lithium aluminium alloy

lithium + zinc alloy

mass

molar mass

electrons released per atom

negative difference effect

Pilling-Bedworth ratio

physical vapour deposition

density
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R gas constant

RE reference electrode

REE rare earth elements

SEM scanning electron microscopy
SHE standard hydrogen electrode

t time

T temperature

T melting temperature

T substrate temperature

WE working electrode

WE alloy yttrium + rare earth element alloy
wt% , %(m/m) weight percent, mass percent
XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction
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