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A mi padre,
que me apoyó mientras pudo

A mi madre,
por todo lo que me ha dado





[...] Come, my friends.
’Tis not too late to seek a newer world.
Push off, and sitting well in order smite

the sounding furrows; for my purpose holds
To sail beyond the sunset, and the baths

Of all the western stars, until I die.
It may be that the gulfs will wash us down;

It may be that we shall touch the Happy Isles,
And see the great Achilles, whom we knew.

Though much is taken, much abides; and though
We are not now that strength which in old days

Moved earth and heaven, that which we are, we are;
One equal temper of heroic hearts,

Made weak by time and fate, but strong in will
To strive, to seek, to find, and not to yield.

Lord Alfred Tennyson
Fragment of ”Ulysses”





Abstract

Magnesium and its alloys are currently considered to be a promising metallic
biomaterial. The increasing interest in magnesium alloys is due to their biocom-
patibility, biodegradability and in particular to their mechanical properties which
can be matched more closely to those of bone than the mechanical properties of
other competitor metallic biomaterials, such as stainless steel and titanium. Due
to these characteristics, magnesium alloys represent a promising material to be
used for biodegradable implants. Magnesium is also gaining interest in regenerative
medicine, especially for the fabrication of scaffolds that support tissue formation.
For their application in regenerative medicine, the scaffolds have to present a
porous open-cell structure. However, despite the mentioned features, magnesium
alloys must overcome their poor corrosion resistance.

The main purpose of the present research work was to develop porous mag-
nesium scaffolds for their use in tissue engineering. First, in order to identify the
problems of magnesium as biomaterial, cell cultures on magnesium alloys were
carried out as a starting point. In addition to the identified problems of magnesium
alloys in regenerative medicine by other authors (hydrogen bubbles, pH increase),
it was also detected that adhered crystals on the surface can stop the tissue growth,
due to the crystals, samples were only partially covered by a cell layer. This was
the reason why the crystal deposition and the corrosion behaviour in PBS solution
of magnesium alloys as well as the influence of fluoride treatment on their corrosion
and cell viability were analysed. Taking into account these results, novel Mg-Zn
alloys with a chemical composition designed to increase their cell viability were
developed. It was shown that an acceptable cell viability was achieved with the
novel Mg-Zn alloys compared to Ti-6Al-4V. Furthermore, the fluoride treatment
decreased the corrosion rate and increased the cell viability in all the analysed alloys.

Finally, replication casting process was analysed for the manufacturing of
magnesium scaffolds. The optimal process parameters for several alloys were
analysed taking into account the porosity and the mechanical properties of the
magnesium foams.

As a final result, highly porous scaffolds manufactured with Mg-Zn alloys and
coated with MgF2 for reducing their corrosion rate have been developed. Their
low hydrogen evolution, measured during the present work, makes them a potential
application element in tissue engineering.
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Laburpena

Gaur egun magnesioa eta bere aleazioak metalezko biomaterialen artean oso
interesgarriak bihurtu dira. Interes hau handituz doa bere biobateragarritasunari,
biodegradazioari eta batez ere, bere propietate mekanikoei esker. Ohizko biomate-
rial metalikoekin (titanioa eta altzairu herdoilgaitzak) alderatuz, magnesio aleazioen
propietate mekanikoak hezurrarekiko antzekotasun handiagoa dute. Ezaugarri
guzti hauek etorkizun handiko materiala bihurtzen dute inplante degradagarrien
arloan. Birsorkuntza-medikuntzan ere magnesioren interesa handitzen doa, ehun
berria sortzeko erabiltzen diren zelula-aldamioen fabrikazio esparruan hain zuzen
ere. Zelula-aldamioek hiru dimentsioko egitura porotsua eduki behar dute eta
bere poroak elkar lotuta egon behar dira. Birsorkuntza-medikuntzaren sektorean
magnesio aleazioak etorkizun handiko materialak badira ere, korrosioarekiko duten
erresistentzia apala da hauen erabilpena oztopatzen duena.

Ikerkuntza lan honen helburu nagusia birsorkuntza-medikuntzan aplikatzeko
magnesiozko zelula-aldamioen garapena izan zen. Abiapuntu bezala zelula-
kultiboak burutu ziren biomaterial gisa erabiltzean magnesioak dituen arazoak
zeintzuk diren jakiteko. Literaturan aurkitu ziren arazoez gain (hidrogeno bur-
builen sorketa, pH igoera), ehunaren haztea gelditzen zuen kristalen atxikidura
handi bat antzeman zen materialaren gainazalean. Kristal atxikidura hori dela
eta, zelulek ez zuten lagin osoa estali. Horregatik, magnesio aleazioen korro-
sioa, zelula-bideragarritasuna, kristalen sorkuntza eta fluoruro tratamenduen
eragina magnesio aleazioetan aztertu ziren. Emaitza hauek kontuan hartuta,
Mg-Zn aleazio berriak garatu ziren zelula-bideragarritasuna handitzeko. Aleazio
hauek zelula-bideragarritasun egokia erakutsi zuten Ti-6Al-4V aleazioarekin
konparatuta. Gainera, fluoruro tratamenduak korrosioarekiko erresistentzia eta
zelula-bideragarritasuna handitu zituela antzeman zen aleazio guztietan.

Azkenik, magnesiozko zelula-aldamioak fabrikatzeko galdaketa prozesua aztertu
zen. Fabrikazio-parametroak aztertu eta optimizatu ziren fabrikazioa, porositatea
eta aparren propietate mekanikoak kontuan hartuta.

Garatutako zelula-aldamioek fluoruro tratamenduarekin garatu ziren. Zelula-
aldamio hauek ez zuten hidrogeno sorkuntza handia izan. Hau horrela izanik,
garatutako zelula-aldamioak hautagai interesgarri bihurtzen dira birsorkuntza-
medikuntzan erabiliak izateko.
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Resumen

Actualmente, el magnesio y sus aleaciones están considerados como un
prometedor biomaterial metálico. El interés de las aleaciones de magnesio está en
aumento debido a su biocompatibilidad, biodegradabilidad y particularmente a
sus propiedades mecánicas, las cuales son más cercanas a las del hueso que las de
otros materiales metálicos como pueden ser los aceros inoxidables y las aleaciones
de titanio. Estas características hacen de las aleaciones de magnesio un material
prometedor para su uso en implantes biodegradables. Otra aplicación donde el
interés por las aleaciones de magnesio está aumentando es la medicina regenerativa.
En esta aplicación nuevo tejido es generado en cultivos celulares sobre soportes
celulares. Para su uso en medicina regenerativa, los soportes celulares deben poseer
una estructura tridimensional porosa y con interconexión entre poros. Sin embargo,
a pesar de las características mencionadas, las aleaciones de magnesio presentan
una baja resistencia a la corrosión que dificulta su uso en este tipo de aplicaciones.

El objetivo principal de este trabajo de investigación fue desarrollar so-
portes celulares de magnesio para su empleo en medicina regenerativa. Para
alcanzar este objetivo, como un punto de inicio, se realizaron cultivos celulares
con el objetivo de identificar la problemática del magnesio como biomaterial.
Además de los problemas detectados en la literatura (generación de burbujas
de hidrógeno, incremento de pH), también se detectó que una gran adhesión
de cristales sobre la superficie del material puede detener el crecimiento tisular.
Debido a esta adhesión, las muestras no quedaron completamente cubiertas de
células. Este fue el motivo por el que se analizó la formación cristales y la
corrosión de las aleaciones de magnesio en PBS, así como la influencia de los
tratamientos de fluoruro en la viabilidad celular y en la corrosión. Teniendo en
cuenta estos resultados, se desarrollaron nuevas aleaciones Mg-Zn para obtener
una mayor viabilidad celular. Con estas aleaciones se consiguió una viabilidad
celular comparable a Ti-6Al-4V, y se observó que los tratamientos de fluoruros
aumentaron la resistencia a la corrosión y la viabilidad celular en todas la aleaciones.

Finalmente, para la fabricación de soportes celulares de magnesio se analizó
el proceso de infiltración de metal fundido. Se analizaron los parámetros óptimos
para la fabricación teniendo en cuenta la porosidad y las propiedades mecánicas de
las espumas.

Como resultado final, se desarrollaron soportes celulares recubiertos con MgF2.
Estos soportes no presentaron una gran evolución de hidrógeno, lo que hace de ellos
un elemento potencial para su uso en medicina regenerativa.
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Chapter 1

Introduction

The present thesis, entitled “Development of biodegradable magnesium alloy scaffolds
for tissue engineering”, is part of the research area “Materials science, technology and
manufacturing processes” at the Mechanical and Manufacturing Department of Mon-
dragon Unibertsitatea. The motivation, methodology and the outline of this thesis is
exposed below.

1.1 Motivation

The corrosion resistance and the high mechanical properties of some metallic
biomaterials make them very suitable to be used in long-term and load-bearing ap-
plications [Sta06, Won10]. This way, metallic alloys such as Ti alloys, Co-Cr alloys
and stainless steels are commonly used materials in prosthesis, implants, plates or screws.

On the other hand, novel medical applications and novel medical requirements are
demanding solutions beyond the state of the art. As an example, a novel medical applica-
tion such as tissue engineering is demanding, besides bioinert ability and high mechanical
properties, bioabsorbable and bioactive materials [Hen02]. However, these properties,
which were developed in ceramic and polymer materials in the decade of the 80s, have not
been achieved in metallic materials yet. Therefore, bioabsorbable metallic biomaterials
have become an attractive group of materials to be researched in recent years. In this
way, several studies have been carried out with metallic bioabsorbable materials such
as magnesium and its alloys [Car11b, Car11c, Cas11, Duy07, Gu09, Gu10c, Han10,
Ham12, Hua07, Kan08, Kra10, Li10b, Li11a, Pen10, Pie08, Rei10, Ren07a, Ren07b,
Sta06, Vog10, Wil11, Wit05, Wit06, Wit07b, Wit07a, Wit10a, Won10, Xia12, Xu09a],
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2 Development of biodegradable magnesium alloy scaffolds for tissue engineering

iron and Fe-Mn alloys [Her10b, Her10c] and tungsten [Peu03b, Peu03a, Peu03c].

Among the mentioned metallic materials, magnesium is the material that is having
a greater impact on the scientific community since it combines the property of being
compatible and absorbed by the human body and the property of accelerating bone
regeneration [Wit07b, Wit07a]. In fact, most of the magnesium in the human body
is in the skeleton, being an essential component for bone growth and maturation
[Ara00, Ian01]. Regarding biocompatibility, magnesium is a biocompatible metallic
material representing the fourth most abundant cation in the body and the second most
abundant, after the potassium, in the intracellular medium [Gum04]. Finally, regarding
its ability to be bioabsorbed, the cations generated due to corrosion are efficiently
regulated by the body [Li08].

However, magnesium is not widely used in medical applications yet because of its
rapid corrosion in the organism [Pie08, Sta06, Wit07b, Wit07a, Zen08]. Moreover, the
corrosion of magnesium in physiological media generates hydroxides and hydrogen, as it
is shown in eq. 1.1. Depending on the corrosion rate, the hydroxides could alkalinize the
implant area [Zen08] and the hydrogen generation could create subcutaneous gas bubbles
that could damage the adjacent tissue to the implantation site [Wit07b, Wit07a]. As a
solution, a corrosion rate lower than the human body capacity to regulate the hydroxides
and the hydrogen would avoid both mentioned drawbacks.

Mg(s) + 2H2O → Mg(OH)2 +H2(g) (1.1)

Nevertheless, an analysis of the corrosion rate of different magnesium alloys
in the literature is difficult due to the lack of standardization [Mue10]; different
techniques, electrolytes and test durations are used. Furthermore, applications
like tissue engineering, instead plates and screws for orthopaedic surgery, demands
other kind of structures. For these applications three-dimensional porous struc-
tures with porous interconnectivity, called scaffolds, are needed. These structures
optimize cell migration, tissue growth, and vascularization throughout the material
[Hu02, Lu07a, Wen01, Wen07, Wit07b, Wit07a, Wu07, Yos03]. Unfortunately, the
optimal parameters to foment the grow of new tissue are unknown.

Motivated by these aspects, in this thesis the design, the development and the char-
acterisation of new magnesium alloys for their use as scaffolds were carried out. The
principal objective and specific objectives are showed in the next section.

1.2 The goal

The main objective of the present research was to develop magnesium alloy scaffolds
for their application in tissue engineering. To meet this main objective, the following
specific objectives were defined:
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• To identify the critical factors that inhibit cell growth when using magnesium alloys
as biomaterials.

• To develop novel magnesium alloys able to counteract the generation of the previous
identified factors.

• To identify and apply proper surface treatments able to counteract the generation
of the previous identified factors.

• To develop and set up manufacturing processes for the fabrication of biodegradable
magnesium scaffolds.

1.3 Methodology of research

To carry out the aims of this research work, the methodology exposed in figure 1.1
was followed.

Different lines of research and major research groups as well as the most represen-
tative authors were analysed in the analysis of the literature review. A critical study of
the most recent works was performed.

In this analysis some lacks in the state of the art were detected. Due to these lacks
cell cultures on magnesium alloys were carried out as a starting point in order to identify
the problems of magnesium as biomaterial.

The literature analysis also showed the necessity of developing new magnesium
alloys because current ones do not meet the requirements for being used as scaffolds.
Moreover, a lack of standardization in the characterisation of the corrosion behaviour,
which makes difficult a comparison among the corrosion rate of the different magnesium
alloys, was detected.

In order to determine the corrosion rate of current commercial alloys, a corrosion
characterisation of several commercial magnesium alloys was carried out. Later, MgF2

coatings were carried out in order to solve the identified problems in the preliminary cell
culture tests and in the corrosion tests.

Then, taking into account the results of the literature review, the preliminary cell
culture tests and the results of the corrosion tests of the commercial alloys, new mag-
nesium alloys were developed. After the development and the characterisation of the
new alloys, a set up for manufacturing magnesium scaffolds was performed. Then the
characterisation of the scaffolds was carried out. Finally, the conclusions of the research
work and purposes for future works were exposed.
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Figure 1.1: Methodology of research
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1.4 Outline of the thesis

This research work is divided in nine chapters and a section of bibliographic references.

In Chapter 1 “Introduction”, the motivation, the goals of the thesis and the method-
ology of research are exposed.

In Chapter 2 “Literature review”, a bibliographic review, where different research
lines of each theme are analysed, is given. The main parts of this analysis are the
use of magnesium in tissue engineering, the corrosion of magnesium alloys and the
manufacturing of metal foams.

In Chapter 3 “Experimental procedure”, the methodology and the procedure of the
tests applied in this research work are described.

In Chapter 4 “Cell culture on commercial magnesium alloys: a preliminary analysis”,
the problems of magnesium alloys as biomaterials are analysed by the realization of cell
cultures as a starting point of the thesis.

In Chapter 5 “Evaluation of commercial magnesium alloys for tissue engineering
applications”, the corrosion resistance of commercial magnesium alloys is analysed. Cell
viability of the alloys is also analysed by in vitro tests.

In Chapter 6 “Efficacy of MgF2 coating on magnesium alloys for tissue engineering
applications”, the corrosion resistance of magnesium commercial alloys with MgF2

coating is analysed. Cell viability of the alloys is also analysed by in vitro tests, in order
to analyse the influence of the coating.

In Chapter 7 “Development of new magnesium alloys for tissue engineering appli-
cations”, the choice of alloying elements and the casting of the new magnesium alloys
is exposed. The effect of the MgF2 coating on corrosion and cell viability is also analysed.

In Chapter 8 “Development of magnesium scaffolds for tissue engineering”, the anal-
ysis and the set up of the replication casting technology for manufacturing magnesium
scaffolds are exposed. Process parameters are defined and the mechanical properties
and corrosion resistance of the developed scaffolds are analysed.

In Chapter 9 “Conclusions and future work”, the conclusions of the present work and
purposes for future works are exposed.





Chapter 2

Literature review

In this chapter the main features necessary to understand the topics of this research
are presented. First, an overview of the basis of the regenerative medicine and the pe-
culiarities of the scaffolds is given. Second, magnesium advantages, disadvantages and
applications in regenerative medicine are shown. Third, the corrosion mechanism and
forms of corrosion of magnesium in physiological environment are described. Fourth,
the techniques for magnesium corrosion characterisation are exposed. Fifth, corrosion
improvement and corrosion protection strategies are analysed. Sixth, the process to man-
ufacture metal scaffolds are analysed. Finally, the principal conclusions of the literature
review are exposed.

2.1 Regenerative medicine

According to the European Technology Platform, the regenerative medicine or tissue
engineering is the science that “encompasses the use of cells and their molecules in
artificial constructs that compensate for lost or impaired body functions” [Eur06]. The
regenerative medicine combines the principles of materials science, engineering and life
science in order to develop biological substitutes [Eur06, Gon06].

The three pillars of regenerative medicine are the cells, the signalling factors and the
scaffolds (figure 2.1) [Gon06, Ohb09]. According to the cells, apart from the cell type
(adult, embryonic, cell line), the culture method (static, spinner flask, perfusion) must
be considered. The signalling factors should be appropriate to promote cell proliferation,
cell differentiation, collagen generation or others depending on the objectives. Finally,
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8 Development of biodegradable magnesium alloy scaffolds for tissue engineering

the main features of the scaffolds, in which this work focuses, are the biomaterial of which
are made and their structure.

Figure 2.1: Schema of the pillars of regenerative medicine [Gon06, Ohb09]

2.1.1 Characteristics of the scaffolds

The scaffolds, which are the focus of this thesis, provide a suitable three-dimensional
structure for the tissue regeneration. Without scaffold the cells cannot generate tissue
because they could not interact with each other. The scaffolds provide to the cells a
structure where tissue can be generated. The principal parameters of the scaffolds are:
biomaterial, porous structure and surface morphology. These parameters are explained
next.

Biomaterial

As mentioned in the previous section, biomaterials (biomaterial is defined as any
material that could be used in the organism for medical use [Gon06]) are a key part in
regenerative medicine for scaffold development. During the last half century a great
revolution has been done in biomaterial development. According to Hench et al. [Hen02],
three generation of biomaterials have been developed. In the 1960’s and 1970’s, the
first generation of modern biomaterials was developed. The developed biomaterials in
this generation possess good mechanical properties to replace damaged tissue, combined
with minimal toxicity. Generally, these biomaterials were known as biologically inert. In
the 1980’s, bioactive components were developed in order to produce controlled actions
and reactions in physiological media. In this second generation of biomaterials, another
advance was the development of the first resorbable polymers. Finally, since 2000, the
third generation of biomaterials came as the convergence of the separate concepts of
bioactivity and resorption developed in the second generation of biomaterials. In this
generation, materials which combine bioactivity and biodegradation are being developed.
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Throughout these three generations of biomaterials various types of materials have
been developed: ceramic, polymeric, synthetic, metallic... Ceramic materials present
high mechanical strength and medium rigidity. These biomaterials can be bioabsorbable
(calcium phosphate, bioglass), bioactive (calcium phosphate, bioglass,) or bioinert
(alumina, zirconia). Their main problems are their fragility and their long degradation
time [Bli08].

Among polymeric and synthetic materials, there are bioinert and bioabsorbable
materials [Sab09], as in ceramic material family. One advantage of polymeric materials
is the possibility to influence their bioactivity or other properties by the addition of
nanofillers. Their drawback is their low mechanical strength.

The traditional metallic biomaterials such as titanium alloys, Co-Cr alloys or stainless
steels have been used in orthopaedic applications because they are suitable to be used
in load bearing applications and because they are inert materials. Traditional metallic
biomaterials are not absorbed by the body, unlike ceramic or polymeric materials, and in
some cases a second surgical intervention is needed. In fact, a second surgery to remove
an implant is one of the most common operations in orthopaedics of the U.S. [Gar06].
Furthermore, corrosion products of these materials may be considered harmful [Zen08].
Another problem with traditional metallic implants is their high Young’s modulus. The
disparity between the rigidity of the implant and bone leads to the phenomenon known
as “stress shielding effect” [Nag03, Nii01]. The “stress shielding effect” occurs when
the mechanical load is supported mainly by the implant and barely by the bone. The
reduction of the mechanical stimulus produces a decrease in bone density.

In order to counteract theses drawbacks, several studies have been carried
out with bioabsorbable metallic materials such as magnesium and its alloys
[Gu09, Kra10, Li08, Pie08, Sta06, Wit07b, Wit07a, Zen08], iron and Fe-Mn alloys
[Her07a, Her07b] and tungsten [Peu03b, Peu03a, Peu03c]. However, the tungsten has
only been investigated as stents and the results show that this element is not regulated
properly by the organism, raising considerably the content of tungsten in the body after
implantation [Peu03b, Peu03a]. In addition, the research with iron are also focused in
stents [Her07a, Her07b]. Magnesium is the only metal that is being investigated for stent
applications and scaffolds for bone regeneration applications. Furthermore, magnesium
Young’s modulus is closer to the bone’s one (table 2.1), leading to a minimization of the
“stress shielding effect”. As it is shown in table 2.1, magnesium has a higher fracture
toughness than hydroxyapatite and a yield strength and a Young’s modulus closer to
the bone’s one than other biomaterials.
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Moreover, magnesium is a bioactive material that can accelerate bone regeneration
[Sta06, Wit07b, Wit07a]. It is concluded that magnesium combines the property of
being compatible and absorbed by the human body with the property of accelerating
bone regeneration. The biological and physiological characteristics of magnesium are
described in section 2.2.

Table 2.1: Characteristics of different biomaterials and bone tissue [Bla98, MIT06b, MIT06a, Sta06]

Bone
tissue

Mg alloys Ti alloys
Co-Cr
alloys

Stainless
steel

Hydroxyapatite PLA

Density
(g/cm3)

1.8-2.1 1.74-2.0 4.4-4.5 8.3-9.2 7.9-8.1 3.1
1.2-
1.3

Young’s mod-
ulus (GPa)

0.1-3
(trabecu-
lar) 17-20
(cortical)

41-45 110-117 230 189-205 73-117 1.2-3

Yield
strength
comp. (MPa)

130-205
(cortical)

65-100 758-1117
450-
1000

170-310 600 28-50

Fracture
toughness
(MPa · m1/2)

3-6 15-40 55-115 - 50-200 0.7 -

Porous structure

A three-dimensional porous structure with pore interconnectivity is needed in order
to optimize cell migration, tissue growth and vascularization through the scaffold
[Hu02, Lu07a, Wen01, Wen07, Wit07a, Wit07b, Wu07, Yos03]. In this way, cell inter-
action takes place throughout the material. As an example, figure 2.2 shows a porous
magnesium scaffold used in tissue engineering studies [Wit07b, Wit07a]. Nevertheless,
the optimal parameters to foment the growth of new tissue are unknown.

A wide range of porosities and pore sizes are found in the literature. For example,
porosities of 80 % [Hu02, Yos03], 90 % [Lu07a, Wu07], among 78 and 91 % [Wen07],
among 72 and 76 % [Wit07a, Wit07b] (figure 2.2) and in some cases lower porosities
have been used, 50 % [Wen01], 25 % [Agh10] and even 10 % [Agh10].

The pore size is also variable in the literature, but it usually ranges between 100
and 500 µm (e.g., 100-350 µm [Hu02, Yos03], 150-400 µm [Wen07], 300-500 µm [Wu07],
150-200 µm [Lu07a]). Other sizes were also used in another works, for example 10-1000
µm [Wit07b, Wit07a].
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Figure 2.2: Scaffold with a porosity of 72-76 % with pore size of 10-1000 µm [Wit07a, Wit07b]

Surface morphology

The biomaterial surface has a significant relevance because it is directly related
to protein and cell adhesion [Cas02, Kas02, Tir02, Vog98]. Kasemo [Kas02] argues
that when a solid material is implanted in the organism, the material is covered
by water molecules in a few nanoseconds. After this initial step, proteins cover the
surface interacting with the water molecules. Finally, the cells adhere to the protein layer.

This behaviour means that the cell adhesion on a material is related with the adhe-
sion of water molecules. Due to this reason, hydrophilic or hydrophobic characteristics of
a material are important in biomaterials science. The majority of the authors postulate
that hydrophilic surfaces promote cell adhesion [Mar06, Mic05, Vog98, Wil05]. However,
some proteins present higher adhesion to hydrophobic surfaces, thereby promoting cell
adhesion [Mic05].

In the same way, the surface roughness is also an influential factor. On smooth
surfaces, the cells have a plane morphology whereas on a rough surface the cells have a
greater adhesion due to their cytoplasmic extensions [Boy00]. However, it has not been
found an optimal morphology for cell adhesion and proliferation in the literature.

2.2 Magnesium as biomaterial

Magnesium is an abundant element in the organism. In fact, magnesium is
the fourth most abundant cation in the human body (Ca > K > Na > Mg)
[Aba05, Gum04, Swa03, Wol03] and the second most abundant intracellular cation after
potassium [Aba05, Gum04, Swa03, Wol03]. An adult human body has around 24 g of
magnesium [Sar00, Sta06, Swa03, Wol03, Zen08]. Between 60-65 % of magnesium in
the human body is found mineralized in bone tissue [Wol03, Sar00, Ara00, Aba05]. It
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is also found in muscles (20 %) [Swa03], in soft tissues [Aba05, Ara00, Sar00, Swa03],
complexed with nucleic acid and proteins [Ara00, Wol03] and in blood plasma in a small
percentage (≈1 %) [Sar00, Wol03].

Furthermore, magnesium has an important role in modulating transport functions
and receptors [Sar00], signal transduction, enzyme activities [Sar00, Wol03], energy
metabolism [Sar00], nucleic acid and protein synthesis [Sar00, Wol03], and protecting
biological membranes [Sar00], among others. Due to these functions, its deficit can be
potentially harmful to health [Swa03].

The recommended daily intake of magnesium is about 350-420 mg for adult males
[Sar00, Zen08] and 250-320 mg for adult females [Sar00, Zen08]. Together with calcium,
sodium and potassium, magnesium is efficiently controlled in the body by homeostatic
mechanisms [Wil06]. Tests in animals show that magnesium levels in the blood can be
considered constant after the implantation of magnesium in the body [Li08, Won10].
As a summary, magnesium low toxicity, its efficient regulation by the body and its
mechanical properties make it a promising material for temporary implant applications
in tissue engineering.

The first application of magnesium as biomaterial was found in a clinical report of
1878 [Hus78]. In this report, Huse [Hus78] used a magnesium wire ligature to stop
bleeding vessels of three human patients. Since this first use, many authors studied
magnesium as biomaterial. These experiments are listed by Witte et al. [Wit10b] in
their review about the history of magnesium as biodegradable material. Nowadays, the
most common application areas for magnesium in medicine are that of stents and that
of bone regeneration scaffolds and implants.

2.2.1 Stents

According to Moravej et al. [Mor11], “a stent is a small mesh-like tubular scaffold
which is placed and then expanded inside the coronary artery to keep the lumen open”.
In the last years, a wide number of experiments have been carried out with magnesium
stents [Bar07, Di 04, Gri04, Heu03, Man07, Pee05].

However, the principal drawback of biodegradable magnesium stents is their rapid
corrosion [Heu03, Man07, Pee05, Wu11]. In the study carried out by Peeters et al.
[Pee05], the stents were almost completely degraded 6 weeks after implantation in human
patient.

2.2.2 Bone regeneration

As mentioned before, magnesium combines the property of being compat-
ible and absorbable by the human body and it also stimulates bone regener-
ation [Xin11a]. In fact, magnesium incorporation in other biomaterials and
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coatings in order to improve bone growth is widely used in the literature
[Cai10, Ito08, Kan10, Lau11, Ma11a, Mro10, Suc04, Zre03].

A wide number of in vivo studies have been carried out in the literature to evaluate
the viability of magnesium as biomaterial [Cas11, Duy07, Han10, Ham12, Hua07, Kra10,
Li11a, Rei10, Ren07a, Ren07b, Vog10, Wil11, Wit05, Wit06, Wit07b, Wit07a, Wit10a,
Won10, Xia12, Xu09a]. In these studies new formed bone was adhered to the implant as
it is shown in figure 2.3a. However, material ability to regenerate bone does not imply
its suitability. As it is shown in figure 2.3b, around AZ31B alloy a fibrocellular tissue
(F) has formed after nine weeks of implantation in a rabbit model that can lead to an
inflammatory response [Hua07]. In this experiment, fibrocellular tissue has not formed
in the case of pure magnesium (figure 2.3a).

Figure 2.3: Detail of new bone generation (NFb) after nine weeks of implantation in a rabbit (a) pure magnesium
(b) AZ31B [Hua07]

In vitro tests have also been carried out to analyse the cytotoxicity or the cell
behaviour on magnesium alloys [Car11b, Car11c, Gu09, Li10b, Pie08]. In order to
analyse the cell behaviour, direct cell assay or indirect cell assay are carried out. The
direct cell assay consists in a cell culture directly on the material to be studied. Whereas
in the indirect cell assay an extract of the material to be studied is prepared according
to ISO 10993/12. Then the cells are seeded on a control and the extract is added in
the medium. In the case of biomaterials to be used for bone regeneration, this kind
of analysis are usually carried out with the MG-63 (human osteosarcoma cell line)
[Fis10, Mro10, Smo12, Wit07c, Fey10, Gu10c, Wan11b, Wan11a] and MC3T3-E1 (mouse
osteoblast precursor cell line) [Car10b, Car11b, Gon12, Gu09, Jo11, Li10c].

However, as in the previous subsection, the principal drawback of magnesium is its
rapid corrosion. Next section describes the corrosion mechanisms and forms of corrosion
of magnesium in the organism.
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2.3 Magnesium corrosion

As mentioned in the previous section, the principal problem of magnesium and its
alloys is their rapid corrosion in the organism. In this section, the corrosion mechanisms
and the corrosion forms of magnesium in the organism are described.

2.3.1 Corrosion mechanisms

The principal reaction of magnesium in aqueous environment is expressed as eq. 2.1
[Atr11, Son03, Sta06, Zen08]. According to this expression magnesium develops a par-
tially protected film of magnesium hydroxide (Mg(OH)2). However, the presence of
chloride ions (Cl−) in aqueous physiological environments dissolve the Mg(OH)2 film
[Ave99] forming soluble magnesium chloride (MgCl2) [Jam11, Sta06]. This transforma-
tion is expressed as eq. 2.2. Finally, a reaction between Cl− and magnesium can also
occur [Sta06]. This expression is expressed as eq. 2.3.

Mg(s) + 2H2O → Mg(OH)2 +H2(g) (2.1)

Mg(OH)2(s) + 2Cl− → MgCl2 + 2OH− (2.2)

Mg(s) + 2Cl− → MgCl2 + 2e− (2.3)

Apart from these species, magnesium could also form magnesium oxide, sulphate or
phosphate in a saline environment [Gu09]. Furthermore, due to the generation of hydrox-
ides and the consequent pH increase, insoluble phosphates precipitate on the magnesium
surface [Alv10, Xin11b, Zha10]. The formations of phosphates could be formed as it
is shown in eq. 2.4 [Zha10]. Hydroxide generation can also promote the deposition of
carbonate species [Jam11, Xin11b].

HnPO
(3−n)−
4 +Ca2+ +Mg2+ → MgxCay(PO4)z (2.4)

2.3.2 Forms of corrosion

The principal forms of magnesium corrosion in physiological environment are local-
ized corrosion [Son03], galvanic corrosion [Atr11, Son03, Zen08], microgalvanic corrosion
[Atr11, Son03], pitting corrosion [Atr11, Son03, Zen08], corrosion fatigue [Zen08] and
erosion corrosion [Zen08]. An overview of these forms of corrosion is explained next.

Localized corrosion

Magnesium is partially protected by a film of Mg(OH)2. This partially protective
film implies that the most common form of corrosion for magnesium is localized corrosion
[Son03]. In this case, the corrosion starts as irregular pits, which grow laterally over all
the surface [Son03].
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Galvanic corrosion

Galvanic corrosion takes place when magnesium and another metal with a different
electrochemical potential are in electric contact soaked in an electrolyte. One metal acts
as anode and the other as cathode. In this case, the metal with the lower electrochemical
potential (usually magnesium) is corroded and the other metal is protected against the
corrosion [Son03, Zen08].

As an example, Lambotte et al. [Lam32] fixed a magnesium implant (Mg standard
electrode potential is Vo=-2.363 V [Cal95]) with steel coated with gold (Au standard
electrode potential is Vo=+1.420 V [Cal95]). The galvanic couple accelerated the mag-
nesium implant corrosion and magnesium plate disappeared in 8 days. This corrosion
caused hydrogen subcutaneous bubbles and other diseases. This form of corrosion must
be taken into account in implant and fixation design, avoiding the electric contact be-
tween magnesium and other metals.

Microgalvanic corrosion

Microgalvanic corrosion is a galvanic corrosion between the matrix and second phases
[Atr11, Son03]. Usually, the matrix has a potential lower than the second phases and
works as anode. Meanwhile the second phases, due to the mixture of magnesium and a
less reactive material, work as cathode [Son03].

In this form of corrosion, the impurities have an important role. Fe, Ni, Cu and Co,
due to their low solubility in magnesium matrix, act as cathodic sites [Atr11]. Figure 2.4
shows that when the concentrations of these impurities exceed their tolerance limits, the
corrosion rate increases dramatically [Atr11, Ave99, Son03].

Figure 2.4: Generalised curve for the influence of the impurity elements Fe, Ni, Co and Cu [Son03]
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Pitting corrosion

Pitting is a highly localized form of corrosion, which forms small holes on the surface.
Pitting is initiated by a defect in the material (e.g., nonmetallic inclusions, damage) or
chemistry factors (e.g., high concentrations of chloride). The corrosion is concentrated
in the holes, which grow downward. It is supposed that the gravity is the cause of this
growth [Cal95]. This form of corrosion was detected in several works [Kan08, Kra10,
Ren07b, Wit06, Yue08].

Stress corrosion cracking

The combined action of stress and a corrosive environment produce stress corrosion
cracking [Cal95]. The applied stress forms and opens cracks allowing their propagation
through the alloy due to corrosion and mechanical effects [Atr11, Cal95]. This corrosion
form is not analysed in this work, although it should be taken into account in the design
of screw, plates and other elements.

Corrosion fatigue

The corrosion fatigue is also the combined action of a mechanical effect and a corrosive
environment, in this case the mechanical effect is a cyclic load [Zen08]. The corrosion
fatigue is a critical factor in the life of implants. As in the previous case, this corrosion
form is not analysed in this work.

Erosion corrosion

The combined action of corrosion and wear or the action of a fluid in movement
produce erosion corrosion [Cal95]. This form of corrosion occurs, for example, in the first
step of the implantation of a stent, when it is in direct contact with the blood flow before
it is covered by tissue. This form of corrosion is neither analysed in this work.

2.4 Magnesium corrosion characterisation techniques

In this section the benefits and the limitations of different corrosion characterisation
techniques are described briefly. Kirkland et al. [Kir12] classify these techniques as
unpolarised and polarised tests. The difference between these methods is that in a
polarised test a polarisation is applied during the test. Besides the characterisation
techniques, the corrosion medium must be also taken into account.

2.4.1 Unpolarised tests

Mass loss test

This test consists in the measurement of the mass loss after the immersion of a
sample for a period of time [Kir12]. The set up of this test is simple. However, multiple
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samples would be needed to achieve information about the corrosion behaviour over
time. pH changes during the experiment are not desirable.

Furthermore, corrosion products and precipitates must be removed properly in order
to eliminate the error due to their own mass. Prior to measuring the final mass, corro-
sion products from the surface must be cleaned. Chromic acid is usually used to clean
magnesium.

Hydrogen evolution measurement

The set up for hydrogen evolution measurement is similar to the mass lost test.
In this case, a collector is placed above the sample to capture the generated gas
[Kir12, Son03]. This collector usually consists in an inverted funnel and an eudiometer.

H2 generation is a critical point in vivo [Lam32, Sta06, Wit05, Wit10a, Wit07b,
Won10, Xu09a, Zbe09, Zen08], so its measurement is important. This technique also
permits a measurement over time and it is not influenced by corrosion products. Never-
theless, other corrosion mechanisms could occur besides hydrogen generation, specifically
in heavily alloyed magnesium alloys [Kir12]. Furthermore, H2 collection could be not
100 % efficient, formed bubbles may escape through the side of the funnel or perhaps be
trapped beneath the specimen [Kir12]. Finally, pH also changes during the experiment.

pH monitoring

This measurement consists in an immersion test where the pH medium change is
measured over time. However, this technique creates an unrealistic environment due to
pH increase, which could increase to 12.

2.4.2 Polarised tests

Potentiodynamic polarisation

This technique is the most commonly used for the study of the corrosion of
magnesium in physiological media [Kir12]. After a stabilization of the sample with
the electrolyte, a scan between cathodic and anodic potentials is done. This test gives
information about corrosion potential (Ecorr), corrosion current density (icorr) and
about the cathodic and anodic reactions.

However, this technique measures the corrosion rate in an instant. It does not take
into account the change of corrosion rate over time. In addition, large variations can
occur in icorr measurement due to small variations in Tafel slopes measurement [Kir12].
Furthermore, the corrosion rate measurement using this technique has also problems due
to the negative different effect (NDE) of magnesium. In magnesium alloys, hydrogen
generation increases at more positive anodic potential, which does not occur on other
metals, as iron, copper, nickel, etc. [Son03, Son05]. This behaviour is called NDE
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[Son03, Son05]. In fact, some works postulate about the inability of Tafel extrapolation
to estimate the corrosion rate reliably with the potentiodynamic polarisation test [Atr11,
Shi10, Son03].

Electrochemical impedance spectroscopy

The Electrochemical impedance spectroscopy (EIS) is an electrochemical method
which uses alternating current. A potential is typically applied to the electrode and its
response is measured at different frequencies.

This method is able to quantify the corrosion layers formed on the material. However,
as in potentiodynamic polarisation, it records information in a short period of time and it
does not take into account the change of corrosion rate over time. Furthermore, its results
can be affected by the dissolution of magnesium during the measurement, specially for
low frequencies [Kir12].

2.4.3 Corrosion media

As mentioned before, the corrosion mediums must be taken into account. The
medium must imitate the physiological environment and it must be stable.

However, there is not an standardization about what medium must be used. Even
the corrosion of magnesium is dependent on the implantation site [Wil11]. These are the
reasons why there is a wide number of physiological media used to characterise corro-
sion in the literature: Hank’s solution [Her07a, Her07b, Hua10, Kuw00, Ng10, Ren07a,
Ren07b, Son07a, Son07b, Tan10, Wan08, Wan09, Zha07], PBS [Agh10, Alo12, Alv10,
Car10a, Han10, Mue10, Per10, Xin11a, Xue12], NaCl solutions [Den07, Den09, Hor10],
cell culture media [Car10b, Hir10b, Lu07b, Wan09], artificial sea water [Wit07c], among
others.

2.5 Improvement of magnesium corrosion resistance

As stated before, the principal problem of magnesium in biomedical applications is
its rapid corrosion. The principal strategies to solve this problem are the design of new
alloys and the use of coatings [Sta06, Zen08]. These strategies are described next.

2.5.1 Design of new magnesium alloys

In the last years several works have been carried out focusing in the development
of magnesium alloys with a higher corrosion resistance for biomedical applications. The
principal studies are based in Mg-Ca alloys [Li08, Li10d, Liu10a, Erd10, Kir10], Mg-Li-
Al alloys [Ham12, Kra10, Sei11, Wit05, Wit06, Wit10a], Mg-Zn alloys [Che11a, Han09,
Han10, Hua10, Li10b, Li10c, Zha10, Zha11a], Mg-RE alloys [Agh10, Fey10, Hor10, Sei11],
Mg-Y alloys [Pen10], among others. In the design of new alloys it must be taken into
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account that the alloying elements must present a low toxicity and must increase corrosion
resistance. The principal alloying elements used in literature are: Ca, Zn, Mn, Li, Al, Y
and rare earths, among others.

• Ca

The addition of low quantities of Ca increases the corrosion resistance of magnesium
[Kan08, Li08, Liu10a, Zen08] and it also increases pitting resistance [Kan08]. A
percentage around 1 wt% of Ca is the most effective in Mg-Ca alloy system in
order to achieve the highest corrosion resistance [Li10d]. Higher percentages do not
achieve higher corrosion resistance and a percentage of 4-5 wt% embrittles the alloy
[Li08, Li10d, Zen08]. Small additions (0.2-0.3 wt%) of Ca are also common in other
alloy systems [Bra10, Gao10, Han10, Men11, Han11, Han09, Wan10a, Zha11a].

• Zn

Zn is an essential micro-nutrient [Gu09, Hua10] and it improves the corrosion re-
sistance in magnesium alloys [Gu09, Hua10, Son07a, Xu08, Yin08, Zen08, Zha10].
Additions higher than 3 wt% do not achieve a great improvement on corrosion
resistance [Hua10, Yin08]. Mg-Zn binary alloy system with additions of other ele-
ments is a common line of research in magnesium alloys for biomedical applications
[Che11a, Han09, Han10, Hua10, Li10b, Zha10, Zha11a].

• Mn

Mn is a non toxic element [Xu08]. In fact, it is the principal alloying element in iron
degradable stents [Her10a, Her10b, Mor10a, Mor10b, Mor11]. Mn can also improve
the corrosion resistance [Gu09, Son05, Son07a, Xu08, Zen08]. Small additions of
Mn reduce the impurities in magnesium alloys increasing their corrosion resistance
[Ave99, Son05]. Mg-Mn binary system with additions of Zn have been studied in
some works [Xu09a, Xu09b].

• Li

The addition of Li increases magnesium corrosion resistance [Son07c, Wit05, Wit06,
Zen08]. It has been used in a wide number of research works as alloying element in
magnesium alloys for biomedical applications [Ham12, Kra10, Rei10, Sei10, Wit05,
Wit06, Wit10a]. However, Li concentrations higher than 2 mmol/l are toxic [Gu09].

• Al

Al is a common alloying element which improves magnesium corrosion resis-
tance [Son03, Son07a, Wen10]. This is the reason why it has been used widely
in magnesium alloys for biomedical applications [Cho11, Eli10, Gho10, Gu10a,
Her07b, Kan11, Kuw00, Raz10, Son07a, Wit05, Wit07b, Wit07a]. However, Al
is a neurotoxicant and it is associated to other diseases due to its accumulation
[El 03, Gu09, Mat01]. In addition, Al is a growth inhibitor of bone [Mat01].
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• Y

Y additions increase magnesium corrosion resistance [Pen10] and they decrease
pitting corrosion as in WE43 alloy with a 4 % of Y [Kra10, Wit06]. Magnesium
alloys with Y are common in the literature for biomedical applications [Fey10,
Ham12, Han09, Han10, Smo12, Wan10b, Wit06]. In fact, some trials in humans
have been done with WE43 alloy [Mor11]. However, the effect of Y in the organism
is unknown [Gu09].

• Rare earths

Rare earths increase magnesium corrosion resistance [Son07a, Son07b, Wit05] and
decrease pitting corrosion in alloys as LAE442 and WE43 [Kra10, Wit06]. Fur-
thermore, rare earths have been used as alloying elements in magnesium alloys for
biomedical applications [Fey10, Gao07, Gu10a, Ham12, Hor10, Rei10, Smo12], and
as mentioned before, trials in humans with WE43, which contains rare earths, have
been carried out [Mor11]. However, rare earths are not found in the human body,
they are not essential and there is controversy about their toxicity [Gu09].

On the other hand, beyond conventional alloys, new metal matrix composites (MMC)
[Gu10d, Raz10, Wit07c, Zhe10] and glassy metals [Cao12, Gon12, Li10a, Wan11a, Zbe09]
are being developed. Powder metallurgy is used for the manufacturing of magnesium
MMC mixing magnesium powder with hydroxyapatite powder (Mg-HA). The Mg-HA
MMCs present a higher corrosion resistance and a higher bioactivity [Gu10d, Raz10,
Wit07c, Zhe10]. According to the glassy metals (bulk metallic glasses), they also improve
the corrosion resistance comparing to standard alloys [Son03]. Zberg et al. [Zbe09] do
not find hydrogen evolution in vivo after the implantation of magnesium glassy metal.
In the present research work the glassy metals have not been analysed.

2.5.2 Coatings

Another strategy to increase magnesium corrosion resistance is the use of coatings.
Coatings must have an acceptable adhesion on magnesium, adequate toughness, high
hardness and mechanical strength, and they must be biocompatible and possess ade-
quate corrosion, fatigue and wear resistance [Zen08]. The principal coatings used in the
literature for magnesium protection are shown below.

• Anodization and micro arc oxidation (MAO)

Anodization is an electrolytic oxidation process which increases the thickness
of an oxide layer on the surface of a metal. This technique is used by many
authors in the literature to increase the corrosion resistance of magnesium
[Hir10b, Son07b, Xue11]. Xue et al. [Xue11] have been able to reduce the
corrosion rate of pure magnesium about 10 times. The nature of the achieved
oxides depends on the electrolyte nature.
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The micro arc oxidation is a similar technique to the anodization. However, in
this technique higher potentials are used in order to achieve plasma reactions,
which modify the growing oxide. This technique is also widely used in literature
[Bai12, Gao10, Kim08, Pul10, Shi09, Zha07]. In this case, the nature of the
achieved oxides also depends on the electrolyte nature.

• Polymer coatings

Polymer membranes have been also applied on magnesium surface by different
authors [Ma11b, Li10c, Lu11, Won10, Xu12]. In all cases an improvement on the
corrosion resistance is achieved. However, Wong et al. [Won10] concluded that
more studies are needed to improve the polymer membrane’s adhesion properties.

• MgF2

Another coating used in literature to improve corrosion resistance of magnesium is
fluoride treatment [Car11a, Con11, Per10, Per11, Wit10a, Yan10]. Fluoride treat-
ment is a chemical conversion that consists on the immersion of magnesium in
hydrofluoric acid (HF) or in fluoride solutions to form a coating of MgF2. The
coating is formed by the reaction of HF with Mg, according to eq. 2.5 [Con10].

2HF +Mg(s) → MgF2 +H2(g) (2.5)

The MgF2 coating presents a low water solubility and good biocompatibility
[Per10, Per11]. The formed coating thickness increases with the fluoride treatment
time. However, Yan et al. [Yan10] showed that after 72 hours in HF, the coating
thickness on AZ31B alloy was not increased notoriously, neither the corrosion
resistance. They postulate that the formed barrier film of MgF2 on the surface
after 72 hours is thick enough to terminate the reaction.

• Other coatings

Other kind of coatings are also analysed in the literature. These techniques are
ion implantation [Lih10], TiO2 coating through Sol-Gel technique [Li11b, Shi09],
bioactive coatings based on hydroxyapatite and Ca-P [Cor07, Hir10a, Li10b, Li11a,
Liu10b, Ma10, Men11, Son08, Tan10, Xu09a, Yan08] and combinations of any of the
mentioned techniques (double coatings) [Bai12, Gao10, Hou12, Jo11, Lu11, Liu10b],
among others.

2.5.3 Other techniques

Beyond the mentioned techniques, microstructural and surface modifications can also
improve the corrosion resistance. A change in the microstructure of a material can modify
its corrosion behaviour. In fact, according to some works, grain refinement can improve
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corrosion resistance [Alv10, Cor07, Xin09]. However, grain refinement does not always
assure an improvement in corrosion resistance [Ral10]. Regarding surface modifications,
compressive residual stress generation through mechanical process [Den07, Den09] or
laser shock peening [Sea10] can also improve the corrosion resistance.

2.6 Manufacturing of magnesium scaffolds

As mentioned before, a scaffold for tissue regeneration must present a three-
dimensional porous structure with pore interconnectivity. Metallic foams, which have
a very similar structure to that required for being used as scaffolds, are commonly pro-
posed for applications in aerospace and automotive industries as shock and impact energy
absorbers, filters, high-temperature gaskets, silencers, flame arresters, heaters or heat ex-
changers [Goo13, Wen01]. Processes which have traditionally been used for producing
metallic foams with interconnecting pores are described next.

2.6.1 Powder Metallurgy

Sintering of metal powders and fibres (without compaction) [Ban01]

In this process, metal powder or fibres are sintered to achieve an structure with
pore interconnectivity. The porosities achieved with this process are between 20 and
50 % [Ban01]. Nevertheless, higher porosities can be achieved with the addition of space
holder material.

However, manufacturing metal foams with this technique is difficult when metals such
as aluminium or magnesium are used. Aluminium and magnesium powder are covered by
an oxide layer which prevents the sintering [Ban01, Bur09]. In these cases, it is necessary
to compact the powder in order to break the oxide layer [Ban01, Bur09]. This technique
is explained below.

Compaction and sintering of metal powders mixed with space holder

This technique, as it is shown in figure 2.5, consists on the mixing of metal powder
with a space holder material. The mixed powders are compacted in order to achieve a
preform. Finally, this preform is sintered. Depending on its nature, the space holder
material can be eliminated by dissolution or by heat treatment.

Magnesium preforms achieved with a low compacting pressure are more brittle
[Hao09]. Furthermore, a low pressure could be not enough to break the oxide layer of
the powders [Bur09, Hao09]. Breaking the oxide layer is a critical point. This is the
reason why it is recommended to maximize the compacting pressure [Bur09, Hao09]. In
addition, for bulk samples, a high pressure reduces the porosity of the sample, being
this reduction imperceptible after 300 MPa [Bur09]. Nevertheless, a high pressure can
deform the pore shape in metal foams [Hao09]. On the other hand, low pressure (around
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Figure 2.5: Production of an open cell foam by sintering a mixture of metal powder and a removable agent
[Ken12]

100 MPa) is also used in other works [Agh10, Wen01, Wen04]. Powder particles obtained
by milling under argon atmosphere [Agh10] or by atomization [Bur09] present a small
oxide layer, which favour the sintering.

Regarding the sintering process, a high temperature achieves a greater and quicker
sinterization [Agh10] and greater mechanical properties [Hao09]. If the tempera-
ture is too low, the powders will not sinter or they will need a long time to sinter
[Agh10, Hao09]. According to the sintering time, a short time is not enough to weld the
powders [Bur09]. However, a long time could decrease the mechanical properties due to
grain size growth [Bur09]. Despite this, in some works, the sintering takes several hours
[Agh10, Hao09, Wen01, Wen04].

Finally, different materials can be used as space holder material, for example,
salt (NaCl) [Oza08], carbamide (CO(NH2)2) [Wen01, Wen04], ammonium bicarbon-
ate ((NH4)HCO3) [Toj10, Wen01], potassium carbonate (K2CO3) [Fer09] and polymers
[Fer09], among others. As mentioned before, these materials are removed by dissolution
or thermal treatment.
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2.6.2 Replication casting

In this process, liquid metal is infiltrated into a negative mould. The
mould is removed after metal solidification, thereby obtaining the metal foam
[Bac03, Bac05, Con06, Wen00, Wit07b, Wit07a, Yam99]. The negative mould material
is usually soluble in water, like sintered salt [Bac03, Bac05, Wit07b, Wit07a], plaster
[Ban01, Wen00, Yam99] or a mixture of mullite, phenolic resin and calcium carbonate
[Ban01].

A schematic description of this process is shown in figure 2.6 [Fer08] for salt
moulds. According to this process, a negative mould is achieved by the sinterization
of the salt. Then molten metal is infiltrated into the resulting salt mould. In order
to achieve a complete infiltration, pressure on top of the mould [Bac03], vacuum
at the bottom [Bac05] or the combination of both techniques could be applied.
After salt removal in water, a metallic porous structure is obtained. Furthermore,
according to Bach et al. [Bac05], a finer grain microstructure can be achieved vibrat-
ing the mould. The porosities achieved with this techniques are between 60-70 % [Fer08].

Figure 2.6: Infiltration process of melted metal in removable salt mould [Fer08]

On the other hand, to manufacture moulds of a mixture of mullite, phenolic resin
and calcium carbonate or plaster a polymer foam is used as starting point. The polymer
foam is filled with mould material in liquid state. After the solidification of the mould,
the polymer is removed by thermal treatment. In this case the porosities are between
80-97 % [Ban01].
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2.7 Conclusions

The main conclusions from the literature review are exposed in this section.
According to several authors, magnesium and magnesium alloys is a biocompat-
ible and biodegradable metallic material [Cas11, Duy07, Han10, Ham12, Hua07,
Kra10, Li11a, Rei10, Ren07a, Ren07b, Vog10, Wil11, Wit05, Wit06, Wit07b, Wit07a,
Wit10a, Won10, Xia12, Xu09a]. Furthermore, it has been observed that magne-
sium is osteoconductive [Duy07, Ham12, Kra10, Rei10, Ren07a, Ren07b, Wil11,
Wit05, Wit06, Wit07b, Wit07a, Wit10a] and that it can improve bone growth
[Cai10, Ito08, Kan10, Lau11, Ma11a, Mro10, Suc04, Zre03]. These facts make magne-
sium a promising material to be used in regenerative medicine applications. However,
despite there is a wide number of cytotoxicity or cell viability tests in the literature
[Car11b, Car11c, Gu09, Li10b, Pie08], few complete in vitro works with magnesium
have been detected. This is the reason why a complete in vitro test (proliferation and
differentiation) was carried out in Chapter 4 as a starting point.

In spite of the biocompatibility and mechanical properties of magnesium, several
authors agree that the rapid corrosion in physiological medium is the principal problem
of magnesium alloys [Sta06, Wit07b, Wit07a, Zen08, Pie08]. In order to improve
magnesium corrosion resistance, new magnesium alloys (e.g., Mg-Ca alloys [Li08, Li10d,
Liu10a, Erd10, Kir10], Mg-Li-Al alloys [Ham12, Kra10, Sei11, Wit05, Wit06, Wit10a],
Mg-Zn [Che11a, Han09, Han10, Hua10, Li10b, Li10c, Zha10, Zha11a], Mg-RE alloys
[Agh10, Fey10, Hor10, Sei11], among others) are being developed. Moreover, coatings are
also being applied to the magnesium alloys in order to improve magnesium corrosion resis-
tance. In this thesis, MgF2 coating have been selected because it is a coating widely used
in the literature, simple and economic [Car11a, Con11, Per10, Per11, Wit10a, Yan10].
Furthermore, the coating of porous samples is also viable with this coating.

Regarding the cell cultures, direct cell assays had been chosen be-
cause this represented a more realistic environment. Osteoblast-like cell
MG-63 was used since this line is widely used for cytotoxicity analysis
[Fis10, Mro10, Smo12, Wit07c, Fey10, Gu10c, Wan11b, Wan11a] and, taking into
account the final application, it is relevant to the in vivo implantation site.

For the design of new alloys, a corrosion characterisation of magnesium alloys of
three different families was carried out in Chapter 5. A reliable comparison of alloys
based on literature is difficult because the lack of standardization in the corrosion tests
[Mue10]. For their characterisation, electrochemical techniques were dismissed because
these techniques measure the corrosion rate in only an instant [Kir12] and because the
infeasibility of the polarized test to determinate the corrosion rates of the magnesium
alloys [Atr11, Shi10, Son03]. Hydrogen evolution measurement was selected in order
to determinate the corrosion rate of magnesium alloys because it is a technique that
permits a measurement over time and because a high H2 generation causes diseases
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in vivo [Lam32, Sta06, Wit05, Wit10a, Wit07b, Won10, Xu09a, Zbe09, Zen08], so its
measurement is important.

Later, the principal alloying elements were selected taking into account the present
literature review, the results of the corrosion characterisation of the commercial alloys
(Chapter 5), the cell viability of the commercial magnesium alloys (Chapter 5 and Chap-
ter 6) and the effectivity of the MgF2 on magnesium alloys (Chapter 6). Finally, in
Chapter 8, replication casting process was analysed for the manufacturing of magnesium
scaffolds. The powder metallurgy routes were dismissed because the process is more
complex, it has more steps and the uncertainty of the oxidation of powder particles.



Chapter 3

Experimental procedure

As commented in Chapter 1, the main proposal of this thesis is to develop magnesium
scaffolds for tissue engineering. In order to achieve this goal, several analysis and tests
were carried out. In this chapter the main performed tests are described.

3.1 Corrosion testing

The corrosion test used to calculate the corrosion rate of the alloys by a volumetric
method are described below.

3.1.1 Immersion testing with hydrogen evolution measurement

The samples were hung in an inverted funnel (figure 3.1). The volumetric hydrogen
evolution, as an indicator of the corrosion rate, was measured in an eudiometer tube
with a resolution of 0.1 ml. The procedure to measure the corrosion rate is described by
Song et al. [Son03].

The samples were immersed in commercial PBS solution, which has been used for
magnesium implant evaluation in the literature [Agh10, Alo12, Alv10, Han10, Mue10,
Per10, Xin11a, Xue12] and it is recommended in corrosion standards such as ASTM
F2129-08 or ASTM F746-04 for evaluation of implants. Dulbecco’s Phosphate-Buffered
Saline (DPBS) (200 mg l−1 KCl, 200 mg l−1 KH2PO4, 8000 mg l−1 NaCl, 1150 mg
l−1 Na2HPO4) was used with a starting pH of 7.4 at 37 ◦C and without agitation.
Approximately 40 ml of PBS per cm2 sample surface was used in order to avoid changes

27
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Figure 3.1: Detail of a magnesium sample hung in a funnel

in the corrosivity of the media according to ASTM G 31-72. The entire volume of PBS
was changed every 48 hours to prevent pH increase due to the generation of hydroxides.

3.1.2 Calculation of the corrosion rate

In the present thesis the corrosion evaluation was analysed through the hydrogen
evolution (ml of H2 per mm2 of sample) and the corrosion rate calculated using the
hydrogen evolution. Corrosion rate was calculated the moles of hydrogen generated
according to eq. 3.1.

P · V = n · R · T (3.1)

Where:
P : H2 pressure [atm]
V : H2 volume [l]
n: moles of H2 [mol]
R: gas constant, 0.08205746 l·atm

mol·K
T : temperature of H2 gas [K]
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The temperature (T ) of the hydrogen gas was measured with a thermocouple during
the set up of the experiment. The temperature was 303 K (30 ◦C), the temperature was
lower than 37 ◦C because the top of the eudiometer was not close to the heat source.
On the other hand, the volume (V ) of the hydrogen gas was directly measured from the
eudiometer. Finally, the pressure (P) of the hydrogen gas was calculated according to
ep. 3.2.

P = Patm − Pvapor − Pcolumn (3.2)

Where:
P : H2 pressure [atm]
Patm: atmospheric pressure, 1 atm
Pvapor: vapor pressure of H2O at 30 ◦C, 0.0419 atm
Pcolumn: pressure of the PBS column in the eudiometer

After calculating all the parameters, the moles (n) of hydrogen were calculated from
eq. 3.1. Taking into account eq. 1.1 the moles of generated H2 is equal to the moles of
corroded Mg. Therefore, the corrosion rate of magnesium was calculated according to
eq. 3.3.

CR =
n ·ma

ρ · S · t
(3.3)

Where:
CR: corrosion rate [mm year−1]
n: moles of Mg [mol]
ma: magnesium atomic mass, 24.3050 u
ρ: magnesium density [g/mm3]
S: sample surface [mm2]
t: experiment duration [year]

3.1.3 Characterisation of the corrosion surface

A Jeol JSM-5600LV scanning electron microscope equipped with an Oxford Instru-
ments 6587 energy dispersive X-ray spectrometer (EDX) was used for analysing the final
morphology of the samples. The energy dispersive X-ray (EDX) was used to analyse the
coating and the composition of depositions and corrosion products.

3.2 Fluoride treatment

In order to improve the corrosion resistance of magnesium alloys, the samples were
immersed in 48 wt% concentration hydrofluoric acid (HF) solution for 24 hours and/or
72 hours under slow stirring to achieve a MgF2 coating. The MgF2 coating was formed
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by the reaction of HF with Mg, according to eq. 3.4 [Con10]. The coated samples were
ultrasonically rinsed in ethanol for 15 minutes and dried.

2HF +Mg(s) → MgF2 +H2(g) (3.4)

A maximum of 72 hours of immersion in HF was chosen in this work. According to
literature, Yan et al. [Yan10] showed that after 72 hours in HF the coating thickness
on AZ31B alloy did not undergo further significant increase and as a result there was
little further increase in the corrosion resistance. According to Yan et al. [Yan10] after
72 hours in HF the coating thickness on AZ31B alloy and the corrosion resistance did
not increase significantly. They postulated that after 72 hours, the newly-formed coating
was thick enough to terminate the reaction. Based on this previous research, and in
order to achieve comparable results, a 72 hours immersion in HF was proposed for all
the analysed alloys.

3.3 Development of new magnesium alloys

The alloy development of this work was performed in the Magnesium Innovations
Centre (MagIC) of the Helmholtz-Zentrum Geesthacht (HZG). Pure Mg (99.99 wt%),
pure Zn (99.99 wt%), pure Y (99.90 wt%), pure Ca (99.5 wt%) and Mg-2wt%Mn master
alloy were used to prepare magnesium alloys. Magnesium was melted under a protec-
tive atmosphere (Ar) and the alloying elements were added as pure elements at a melt
temperature of 750 ◦C. The melt then was stirred for 30 min at 200 rpm to prevent the
alloying elements from settling prior to casting. The chemical compositions of the cast
alloys were measured via spark emission spectrum analysis and XRF in the case of Ca.

3.4 Biological testing

The biological tests of this work were performed in the Stem Cells and Cell Culture
Laboratory of the Cruces Hospital and in the Tissue Engineering Laboratory of The
Kroto Research Instute of the University of Sheffield. Two different kinds of cell cultures
were used in this work, one with mesenchymal stem cells (MSC) in Cruces Hospital and
the other one with the MG-63 cell line in The Kroto Research Institute.

Human MSC were chosen for their ability to proliferate and differentiate into
mesodermal cell lineages [Dom06]. These cells were used to carry out the biological tests
of Chapter 4, in which an analysis of the problems of magnesium alloys in a cell culture
taking into account cell adhesion, proliferation and differentiation was carried out as a
starting point of the present thesis.

MG-63 cells were used in Chapter 5, Chapter 6 and Chapter 7 in order to analyse
the cell viability of the commercial and non commercial magnesium alloys used in the
present thesis. MG-63 cells were chosen because they are commonly used in the literature
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to analyse the cell viability of materials used for bone regeneration [Cai10, Fey10, Fis10,
Gu09, Gu10d, Gu10c, Mro10, Smo12, Wan11b, Wan11a, Wei10, Wit07c, Zha11b]. The
assays performed with these two kind of cells are explained below.

3.4.1 Cell cultures with human MSC line

The chosen cells for culture on magnesium alloys were primary cultures of hu-
man mesenchymal stem cells (MSCs) obtained from bone marrow. The MSCs are
a type of adult stem cell with a high rate of proliferation in vitro during the first
passages. Furthermore, they are able to differentiate under appropriate culture con-
ditions into mesodermal cell lineages (adipocytes, osteocytes and chondrocytes) [Dom06].

Human bone marrow-derived MSCs (BM-MSCs) were obtained from Inbiobank, a
node of the National Cell Line Bank (Spain). These cells were harvested from cadaveric
donors upon the informed consent of close relatives under the supervision of the Spanish
National Transplant Organization (ONT). After expansion, MSCs displayed a typical
CD29+, CD73+ (SH3 and SH4), CD105+ (SH2), CD166+, CD34-, CD45- and CD31-
phenotype. In the presence of specific differentiation factors, they are able to differentiate
into adipocytes, chondrocytes and osteocytes.

MSCs proliferation

MSCs were spread at high density on magnesium alloys (10 × 10 × 1.5 mm3) and
were maintained in culture for two weeks in a controlled atmosphere with 5 % CO2 at
37 oC. The culture medium for cell proliferation was enriched with proteins, amino acids
and antibiotics to avoid possible contamination. The components are detailed in table
3.1.

For the cell proliferation analysis on magnesium alloys, the cells were stained with
Hoechst 33342. This is a fluorescent stain that labels double-stranded DNA concentrated
in the cell nucleus, allowing the identification of cells on metallic alloys using fluorescence
microscopy. The presence of this stain does not affect cell viability.

Differentiation into chondrocytes: chondrogenesis

Once the cells proliferated on the alloys, chondrogenesis was induced. Cells were
cultured in differentiation medium supplemented with recombinant growth factor TGF-β,
described in table 3.1. The cells were maintained for 6 weeks under these conditions,
replacing the culture medium every 2-3 days.

3.4.2 Cell cultures with MG-63 cell line

Human osteosarcoma cells (MG-63) were used for the biological test of this work.
High passage numbers (69-72) were used. The cells were storaged in liquid nitrogen at
-196 ◦C.
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Table 3.1: Components of the proliferation medium and differentiation medium.

Medium type Medium components

Proliferation DMEM

L-Glutamine

Penicillin/Streptomycin

Chondrogenesis Basal Medium

Dexamethasone

Sodium piruvate

L-Glutamine

Proline

Gentamicin/Amphotericin

Ascorbic acid

TGF-β

Cell culture

The magnesium alloy samples (10 × 10 × 1.5 mm3) were sterilized in isopropyl
alcohol (2-propanol) for 3 hours. The samples were wetted in fetal calf serum (FCS) in
order to allow protein attachment which would facilitate cell attachment.

Human osteosarcoma cells (MG-63) were cultured in a standard culture medium con-
taining DMEM, 10 % fetal calf serum (FCS), 1 % L-Glutamine and 1 % penicillin/strep-
tomycin (PEN-STREP) at 37 ◦C in a humidified atmosphere of 5 % CO2. 200,000 cells
were seeded on the sterilised magnesium samples in 24-well plates. Cells were grown up
to 14 day, culture media was replaced once every 2-3 days.

Cell viability testing

On day 1, 7 and 14, the samples were moved to new well-plates and incubated for
4 hours in medium containing 0.1 mM resazurin to measure cell viability. The colour
change of the solution was measured in a FLX 800 Fluorescence Microplate Reader as
indicator of cell metabolic activity. Finally, the Resazurin Sodium solution was removed
and samples were cleaned with PBS and new cell culture media was added.

3.5 Scaffold manufacturing by replication casting

The magnesium scaffolds of the present thesis were manufactured at The University
of Sheffield in collaboration with Dr. Russell Goodall’s group. The installation for
manufacturing magnesium foams (figure 3.2) consists of a furnace, a vacuum pump and
a system for supplying a protective and pressurising gas. The infiltration was carried
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Figure 3.2: Installation for foam manufacturing by replication casting

out in a 33 millimetres diameter steel cylinder coated with boron nitride in aerosol
form. First, 250-500 µm grain size NaCl was loaded (unlike some other versions of
the method, the salt particles were added loose and not pre-compacted) and next a
magnesium ingot was added on top of the salt. Finally the cylinder was closed using
graphite gasket rings on top and bottom. The cylinder was then introduced into a
resistance furnace and heated at a rate of 20 ◦C per minute, maintaining the cylinder at
the process temperature for two and a half hours to assure a homogeneous temperature
before the infiltration casting. During the entire procedure, the molten magnesium was
under a protective atmosphere of CO2 + 4 % SF6 at 0.5 bar (with a lower pressure the
magnesium could sublimate). After the temperature homogenization, the gas pressure
was increased forcing the molten magnesium to permeate through the salt grain preform.

After the infiltration, the steel cylinder was cooled by placing it on a copper block
to allow solidification to proceed from bottom to top. This strategy helps solidification
shrinkage to take place outside the salt preform avoiding unwanted extra porosity and
other solidification defects that could arise as a result of slow cooling and final solidifica-
tion in the centre of the sample. After the cooling, the samples were removed from the
steel cylinder. Distilled water with NaOH (4 g per litre to give a pH of 13) was used to
dissolve the salt in order to decrease the corrosion of the magnesium during the removal
of the salt.
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3.6 Porosity evaluation

The porosity of the foams manufactured by replication casting was obtained
according to eq. 3.5.

℘ = 1−
ρfoam

ρMg
(3.5)

Where:
℘: the porosity of the foam.
ρfoam: the density of the foam based on its weight and dimension.
ρMg: the density of bulk Mg.

3.7 Mechanical testing

Uniaxial compression tests were carried out in an Instron 4206 testing machine. Tests
were performed with a compression testing device (set up is shown in figure 3.3). A 50
mm extensometer was coupled to this device. The tests were conducted at a strain rate
of 10−3 s−1.

Figure 3.3: Compression test set up



Chapter 4

Cell culture on commercial

magnesium alloys: a preliminary

analysis

After the literature review exposed in Chapter 2, some gaps were identified. The
principal gaps detected in the literature were the definition of the optimal surface
roughness for cell attachment, the identification of the problems in a complete cell
culture with cell proliferation and differentiation and the difficulty of making a reliable
comparative between corrosion rate of magnesium alloys, among others.

For these reasons, the performed tests in the present chapter were carried out as
a starting point of this thesis. In these tests the problems of magnesium alloys in
a cell culture were analysed taking into account the cell adhesion, proliferation and
differentiation into chondrocytes. Human MSC were chosen to carry out the cell cultures
due to their ability to proliferate and differentiate into mesodermal cell lineages [Dom06].
Furthermore, four surface modifications were analysed in order to choose the optimal
one and to apply it in subsequent experiments.

The magnesium alloys evaluated in this study were AZ31B (nominal 3 wt% Al and
1 wt% Zn) and ZM21 (nominal 2 wt% Zn and 1 wt% Mn). Aluminium is an alloying
element that increases the corrosion resistance of magnesium. In fact, magnesium alloys
combined with aluminium, especially aluminium-zinc series, have been commonly used
in several studies [Gu09, Kra10, Pie08, Wit07b, Wit07a], despite Al could cause toxicity

35
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problems [El 03, Gu09, Mat01] and could inhibit the bone growth [Mat01]. AZ31B was
chosen because it contains a low percentage of Al (∼ 3 wt%), decreasing the toxicity
caused by this element. The second alloy, ZM21, has been chosen due to the corrosion
resistance that magnesium alloys with similar composition have shown in physiological
fluids [Son07c].

4.1 Sample preparation

10 × 10 × 1.5 mm3 samples were prepared for various analysis (cellular adhesion and
proliferation, chondrogenesis and material degradation). In order to determine the influ-
ence of surface roughness on cellular adhesion and proliferation, four different surfaces
morphologies were evaluated. These surfaces and their nomenclature are described in
table 4.1. Figure 4.1 shows the morphology of the achieved sample surfaces. ST1 pre-
sented a roughness with deep lines (figure 4.1a), ST2 also presented lines but less deep
than ST1 (figure 4.1b), ST3 showed a flat morphology (figure 4.1c) and ST4 presented a
surface with a large number of peaks and valleys (figure 4.1d).

Table 4.1: Description of the performed surface treatments

Name Treatment

ST1 1000 grit SiC paper
ST2 1000 grit SiC paper + 4000 grit SiC paper
ST3 1000 grit SiC paper + 4000 grit SiC paper + polishing (Al2O3 0.05 µm)
ST4 1000 grit SiC paper + 4000 grit SiC paper + polishing (Al2O3 0.05 µm) + etching (HNO3 69.5 %)

Figure 4.1: Morphology detail of a) ST1 b) ST2 c) ST3 d) ST4
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After the sample surface modification, the samples were subjected to a sterilization
process with ethylene oxide to avoid possible alterations due to the thermosensitivity of
the material [Sil00].

4.2 Cell proliferation and differentiation into chondrocytes

After 14 days in the proliferation medium, cell confluence was great enough for the
formation of a monolayer of undifferentiated cells on ZM21 ST4 sample. This cell layer
covered the sample partially with significant extensions of tissue. Figure 4.2 shows
on ZM21 ST4 sample the formed layer. However, different behaviours were detected
between the different alloys and surfaces. Comparing the two alloys, cell proliferation
was lower or non-existent in AZ31B alloy compared to the ZM21 alloy, as it is shown in
figure 4.3.

Figure 4.2: Detail of cell monolayer on ZM21 ST4 sample. Optimal cell proliferation region observed by SEM
(Image provided by Cruces Hospital)

Taking into account the different surface morphologies of the ZM21 alloy, a more
uniform cell distribution was observed on ST2, ST3 and ST4 surfaces (figure 4.3).
Meanwhile, as it is shown in figure 4.3e, cells were clumped in clusters on ST1. This
may be due to an excessive surface roughness. Nevertheless, a very low roughness,
as the polished one (ST3), apparently resulted in a compromised cell adhesion and
proliferation (in figure 4.3g less cell density is shown for the polished surface after
the proliferation process). As it is shown in figure 4.3f and figure 4.3h, ST2 and ST4
respectively, presented high cell adhesion and proliferation.

Finally, after the chondrogenesis process, the composition of the secreted matrix by
differentiated cells was analysed. In this analysis sulfated glycosaminoglycans were found.
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Figure 4.3: Cell adhesion after 14 days in cell culture medium on a) AZ31B ST1 b) AZ31B ST2 c) AZ31B ST3
d) AZ31B ST4 e) ZM21 ST1 f) ZM21 ST2 g) ZM21 ST3 h) ZM21 ST4 (images provided by Cruces Hospital)

These components are the principal constituents of the extracellular matrix of cartilage.
These preliminary results indicated a greater potential for the ZM21 alloy compared to
the AZ31B alloy in regenerative medicine.

4.3 Magnesium corrosion during cell culture

During cell culture, generation of gas bubbles was observed in all the magnesium
alloys. In figure 4.4a the bubbles generated due to magnesium corrosion are clearly
observed. After several days, due to the activity of the material, formations were seen
in the medium. As it is shown, in figure 4.4b needle like products were detected. These
needle like products have been detected also in cell cultures by others authors [Fis10].

Figure 4.4: a) Detail of generated hydrogen bubbles due to the corrosion of the AZ31B ST1 in culture medium
b) Products in culture medium due to the activity of ZM21 ST1 (images provided by Cruces Hospital)

Furthermore, crystals were deposited on the surface during the cell culture. Figure
4.5a shows that these crystals prevented tissue growth. Some crystals were large enough
to create a barrier effect and the tissue was not able to continue growing and samples were
only partially covered by a cell layer. As it is shown in figure 4.5b, the crystals were rich
in Mg, P and O. This elemental analysis suggested that crystals could be (PO4)

3− for-
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mations. These phosphates have also been detected in other works [Alv10, Tie10, Zha10].

Figure 4.5: Detail of cells and crystals after 14 days in cell culture medium on ZM21 ST4 (analysed point
marked as X)

Besides (PO4)
3− formations, other formations were also found. Figure 4.6 shows the

presence of deposited crystals rich in P, Mg, Na and O. These crystals could be the
deposition of NaH2PO4 which was in the culture medium. Finally, depositions rich in
Ca were also detected as it is shown in figure 4.7. The presence of these crystals could
be due to the bioactivity of magnesium.

Figure 4.6: Crystals after 14 days in cell culture medium on ZM21 ST1 (analysed point marked as X)

4.4 Conclusions

The principal conclusions of this chapter were:

• ZM21 alloy favoured cell adhesion and subsequent cell proliferation of mesenchymal
stem cells on it.

• AZ31B alloy had lower cell adhesion and proliferation rate than ZM21.
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Figure 4.7: Depositions after 14 days in cell culture medium on ZM21 ST1 (analysed point marked as X)

• The identification of sulfated glycosaminoglycans confirmed the chondrogenesis pro-
cess on magnesium alloys.

• Fine grinding (ST2), polishing (ST3) and etching (ST4) gave an uniform distribu-
tion of cells on the alloys.

• Rough grinding (ST1) gave a non-uniform distribution of cells with cells clumped
in clusters.

• The polishing (ST3) made the cell adhesion and proliferation more difficult than
rough grinding (ST1), polishing (ST3) and etching (ST4).

• Adhered crystals on the surface stopped the tissue growth.

These conclusions indicate that the material toxicity, degradation and activity are
the most important factors to consider when magnesium is used as biomaterial. This is
the reason why in the present thesis new magnesium alloys for biomedical applications
were developed. Furthermore, the inhibition of tissue growth by crystal adhesion was a
problem that was not previously identified in the literature. In order to achieve samples
fully covered with cells, the formation of these crystals and how to reduce them will be
discussed in following chapters. Finally, regarding the surface treatment, the following
tests of this research, samples were ground with SiC papers from 1000 grits to 4000 grits
(ST2). HNO3 etching (ST4) was dismissed due its greater complexity.



Chapter 5

Evaluation of commercial

magnesium alloys for tissue

engineering applications

As mentioned in Chapter 4, the present chapter analyses the corrosion of
magnesium alloys in physiological medium. For this purpose, three commercial
magnesium alloys from different families and previously used in literature were se-
lected: AZ31B [Alv10, Car11a, Con11, Gho10, Kim08, Qu11, Wit05, Yan10], WE43
[Gu09, Gu10a, Kra10, Wit05, Wu10, Xu08] and ZM21 [Eri09, Jam11]. Besides the
corrosion behaviour, this chapter also analyses the cell viability of the three alloys.
Thus, the suitability of different magnesium alloy families as biomaterial was evaluated.

After analysing the literature, as it is shown in table 5.1, a high dispersion in the
corrosion rate measured by different authors was found. In the case of AZ31B magnesium
alloy, the corrosion rate varies between 0.25 and 2 mm year−1. The measured corrosion
rate for the WE43 magnesium alloy varies between 0.3 and 1.5 mm year−1. Finally, only
few works with the ZM21 magnesium alloy were found in literature. However, the most
common measured corrosion rate for the ZM21 is around 0.9 mm year−1.

There may be many reasons for these dispersions but the most important one
is the lack of standardisation [Mue10] and, in the cases when potentiodynamic po-
larisation is used, the inability of Tafel extrapolation to estimate the corrosion rate
reliably due to the NDE [Son03, Atr11, Shi10]. In order to make a feasible compar-
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Table 5.1: Comparison of the corrosion rates of the literature

rcorr [mm year−1] Electrolyte Characterisation test Ref.

AZ31B 12.52 PBS Potentiodynamic polarisation [Sch10]
0.25 Hank’s solution Immersion test [Wan08]
0.3 Hank’s solution Immersion test [Ren07a]
0.323 Hank’s solution Immersion test [Gu10b]
0.098 Hank’s solution Potentiodynamic polarisation [Wan08]
0.711 Hank’s solution Potentiodynamic polarisation [Gu10b]
6.597 Hank’s solution Potentiodynamic polarisation [Tan10]
0.284 SBF Potentiodynamic polarisation [Yan10]
1.425 SBF Potentiodynamic polarisation [Hah11]
8.965 SBF Potentiodynamic polarisation [Eri09]
0.522 m-SBF Potentiodynamic polarisation [Wen10]
0.737 m-SBF Potentiodynamic polarisation [Wen10]
1.997 m-SBF Immersion test [Wen10]
8.29 m-SBF Immersion test [Wen10]
0.709 0 mol NaCl l−1 Potentiodynamic polarisation [Qu11]
0.294 10−5 mol NaCl l−1 Potentiodynamic polarisation [Qu11]
0.505 10−4 mol NaCl l−1 Potentiodynamic polarisation [Qu11]
0.914 10−3 mol NaCl l−1 Potentiodynamic polarisation [Qu11]
1.395 10−4 mol NaCl l−1 Potentiodynamic polarisation [Qu11]
1.740 10−1 mol NaCl l−1 Potentiodynamic polarisation [Qu11]
1.152 0 mol NaCl l−1 saturated with CO2 Potentiodynamic polarisation [Qu11]
1.079 10−5 mol NaCl l−1 saturated with CO2 Potentiodynamic polarisation [Qu11]
1.547 10−4 mol NaCl l−1 saturated with CO2 Potentiodynamic polarisation [Qu11]
3.778 10−3 mol NaCl l−1 saturated with CO2 Potentiodynamic polarisation [Qu11]
5.178 10−2 mol NaCl l−1 saturated with CO2 Potentiodynamic polarisation [Qu11]
8.096 10−1 mol NaCl l−1 saturated with CO2 Potentiodynamic polarisation [Qu11]
0.672 - In vivo [Gu10b]

WE43 0.361 SBF Potentiodynamic polarisation [Xu08]
1.2 SBF Potentiodynamic polarisation [Eri09]
0.035 SBF Immersion test [Han10]
4.221 SBF Immersion test [Gu10b]
4.467 SBF Immersion test [Xu08]
0.704 - In vivo [Kra10]
0.896 - In vivo [Gu10b]
1.44 - In vivo [Kra10]

ZM21 0.919 SBF Potentiodynamic polarisation [Eri09]
0.004 Ringer solution Potentiodynamic polarisation [Jam11]
0.939 Ringer solution Potentiodynamic polarisation [Jam11]
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ison, the three alloys were characterised under the same conditions in this chapter.
The results were taken into account for the design of new magnesium alloys in Chapter 7.

The evaluation was carried out by measuring the hydrogen generation in PBS solution.
According to the results of Chapter 4, a high crystals deposition on magnesium surface
can avoid the tissue growth in a cell culture. This was the reason why the generated
corrosion products and the deposited crystals during the degradation were characterised
too. Finally, cell viability tests were carried out with the MG-63 cell line. This cell line is
widely used in literature for biological characterisation of materials for bone regeneration
[Cai10, Fey10, Gu10c, Smo12, Tan10, Wan11b, Wan11a, Wei10, Wit07c].

5.1 Sample preparation

10 × 10 × 1.5 mm3 samples of commercial AZ31B (nominal composition: 3 wt% Al
and 1 wt% Zn), WE43 (nominal composition: 4 wt% Y and 3 wt% rare earths), and
ZM21 (nominal composition: 2 wt% Zn and 1 wt% Mn) magnesium alloys were prepared.
Considering the conclusions in Chapter 4, the samples were ground with SiC papers from
1000 grits to 4000 grits, ultrasonically rinsed in ethanol for 15 minutes and finally dried.
6 repetitions were prepared for each magnesium alloy.

5.2 Immersion tests

All magnesium alloys degraded during the immersion tests. The hydrogen evolution
of the alloys during the immersion tests is shown in figure 5.1. The corrosion rate
evolution is also shown in order to get a better evaluation of the corrosion behaviour
due to pH changes. All the alloys revealed higher hydrogen generation during the first
24 hours of the test with a decreasing and stabilizing corrosion rate over increasing
immersion time (figure 5.1a). ZM21 bare alloy had the higher hydrogen generation
(0.0155 ml/mm2 after 96 hours in PBS) followed by AZ31B (0.0109 ml/mm2 after 96
hours in PBS) and WE43 (0.0092 ml/mm2 after 96 hours in PBS).

As it is shown in figure 5.2, there were not large pH variations. In all cases the pH
kept below 8. However, the corrosion rate showed changes due to these pH changes. The
corrosion rate increased slightly when the corrosion medium was changed (figure 5.1b).

The achieved corrosion rates for the studied alloys were compared with the literature
(table 5.1). The results of the present research work fit well with the results achieved
by other authors. The measured corrosion rate for AZ31B, 0.69 mm year−1 (after 96
hours in PBS), is between literature values (0.25 and 2 mm year−1, table 5.1) and close
to the results measured in vivo, 0.672 mm year−1 [Gu10b]. WE43 corrosion rate was
0.51 mm year−1 (after 96 hours in PBS) which is between literature values (0.3 and 1.5
mm year−1, table 5.1). However, the in vivo corrosion rate measured by other authors is
greater (0.704 mm year−1 [Kra10], 0.896 mm year−1 [Gu10b], 1.44 mm year−1 [Kra10]).
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Figure 5.1: Corrosion tests of commercial magnesium alloys in PBS a) hydrogen evolution b) corrosion rate

Figure 5.2: pH variation during the immersion tests



C.5 Evaluation of commercial magnesium alloys for tissue engineering applications 45

Finally, the corrosion rate for ZM21 was 0.90 mm year−1 (after 96 hours in PBS), close
to the literature values (round 0.9 mm year−1, table 5.1).

5.3 Characterisation of the corrosion surface

In order to achieve better understanding of the depositions immersion tests of 168
hours were carried out. The morphological features of the samples at different immersion
times in PBS are shown in figure 5.3. The highest adhesion of precipitates was observed
on AZ31B alloy (figure 5.3a, 5.3b and 5.3c). Two kind of deposits were found on AZ31B
alloy, needle-like deposits and sponge-like deposits. ZM21 alloy presented less deposits
(figure 5.3g, 5.3h and 5.3i) and WE43 is the alloy that showed the lowest activity after
the immersion (figure 5.3d, 5.3e and 5.3f). ZM21 alloy presented higher depositions
(black dots in figure 5.3h) than the WE43 (figure 5.3e) alloy and also other kind of
depositions (figure 5.3i).

Figure 5.3: Detail of corroded surfaces. AZ31B after a) 24 h b) 72 h and c) 168 h in PBS. WE43 after d) 24 h
e) 72 h and f) 168 h in PBS. ZM21 after g) 24 h h) 72 h and i) 168 h in PBS.
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In order to identify the corrosion mechanisms, early stages of the corrosion pro-
cess were also analysed. Figure 5.4 shows the start of a corrosion point on AZ31B
alloy. The distribution maps show the presence of O, P and Ca. In the case of the
ZM21, the distribution maps in figure 5.5 show corrosion products rich in Cl and
O. Longer immersion tests in PBS of AZ31B and ZM21 alloys gave as a result the
presence of several formations. After 7 days of immersion, needle like depositions
rich in Mg, K, P, Na, K and O (figure 5.6) and sponge-like depositions rich in
Mg, P, Ca, Na, K and O (figure 5.7) were adhered on AZ31B sample surface. In
ZM21 samples depositions rich in Mg, P and O were also adhered but in more localized
areas (figure 5.8). In the case of the WE43 bare alloy no significant adhesions were found.

Figure 5.4: Early stage of the corrosion in AZ31B sample after 24 hours in PBS

Figure 5.5: Early stage of the corrosion in ZM21 sample after 72 hours in PBS
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Figure 5.6: Needle-like depositions on AZ31B alloy after 7 days in PBS (analysed area marked as a box)

Figure 5.7: Sponge-like depositions on AZ31B alloy after 7 days in PBS (analysed area marked as a box)

Figure 5.8: Formations on ZM21 alloys after 7 days in PBS (analysed area marked as a box)
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The elemental analysis suggests that a mixture of MgCl2 and Mg(OH)2 could be the
predominant species in the corrosion of bare alloys at the beginning of the corrosion.
The formed Mg(OH)2 could be dissolved in aqueous medium and transformed into sol-
uble MgCl2 by chloride ions [Xin11a]. As corrosion progresses, the elemental analysis
suggests that different phosphates (PO4)

3− with Mg, Ca, K or Na were deposited on
the surface. Depositions or corrosion products containing (PO4)

3− are also detected in
other works [Alv10, Tie10, Zha10]. Finally, some particles rich in C, Mg and O were
also detected (figure 5.9). According to the elemental analysis, these particles could be
(CO3)

2−. The presence of carbonates is common after the immersion of magnesium in
physiological medium [Jam11, Tie10, Qu11]. However, in this work, only small forma-
tions of carbonates were found because PBS does not contain any. Nevertheless the
presence of some carbonates could be explained due to the reaction of distilled water
with the CO2 of the atmosphere. In the same way, although PBS does not contain Ca,
elemental analysis detected small amounts of Ca. In this case, it may be found as an
impurity in PBS.

Figure 5.9: Deposit on ZM21 alloy after 72 hours in PBS (analysed point marked as X)
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5.4 Cell viability

In order to get a general overview of the three alloys as biomaterials, cell viability
tests were also carried out. Figure 5.10 shows the cytotoxicity results of AZ31B, WE43
and ZM21 magnesium alloy samples compared with Ti-6Al-4V for direct cell assay using
MG-63 cells. The magnesium alloys showed a lower seeding efficiency than the Ti alloy.
However, after 14 days, WE43 and ZM21 alloys presented an acceptable cell viability,
although AZ31B alloy presented a low cell viability.

Figure 5.10: Cell viability after 14 days of MG-63 cells cultured directly in magnesium alloy samples

Figure 5.11 shows the morphologies of the MG-63 cells cultured on AZ31B, WE43
and ZM21 magnesium alloys samples for 14 days. As in Chapter 4, no cells were
observed on the surface of AZ31B (figure 5.11a). However, for WE43 (figure 5.11b) and
ZM21 (figure 5.11c) magnesium alloys, a higher number of cells with an elongated cell
morphology was observed, indicating good cell adhesion.

Figure 5.11: Morphology of MG-63 cells cultured on a) AZ31B b) WE43 and c) ZM21 magnesium alloys
samples after 14 days
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In contrast to the results obtained in the immersion test, no significant deposits were
found on the surface of the alloys after the cell culture. This may be due to the presence of
cells on the surface or due to the composition of the cell culture medium. DMEM, which
was the main component of the cell culture medium, contained a lower concentration of
(PO4)

3− than PBS, so less phosphate deposition was expected. Furthermore, the culture
medium also contains proteins, which could inhibit the corrosion of the substrate by the
medium [Liu10a, Kir10]. This could also be the reason that the ZXM200 alloy presented
less corrosion in culture medium.

5.5 Conclusions

According to the results of this chapter the main conclusions were that:

• AZ31B alloy presented a low cell viability, and it is not recommended for biological
application.

• Despite the difference in corrosion resistance between the WE43 and ZM21 alloy,
both alloys showed a similar cell viability.

• These facts indicate that there was not a direct relation between the corrosion
resistance and cell viability.

• In this case, the composition may be more important than the corrosion rate. As
commented in Chapter 2, Al is a growth inhibitor of bone [Mat01]. This could be
the reason why the cell viability of the AZ31B alloy was low.

• According to the corrosion and the crystal deposition, there was not a direct relation
between them. AZ31B presented higher corrosion resistance than ZM21. However,
AZ31B presented more crystal adhesion.

• The adhesion of deposits in the cell culture was lower than the adhesion of deposits
in the immersion test in PBS for all the alloys.

Furthermore, the corrosion rate of the magnesium alloys was higher at the beginning
of the corrosion. Although corrosion rate stabilized after a few days, this initial excess of
corrosion could inhibit the efficiency of the cell seeding. In next chapter, the alloys were
coated in order to decrease the corrosion rate, to prevent the initial excess of corrosion, to
prevent the crystal adhesion and to analyse the effect of the coating on the cell viability.



Chapter 6

Efficacy of MgF2 coating on

magnesium alloys for tissue

engineering applications

The present chapter analyses the efficacy of surface treatments on magnesium alloys
for biomedical applications. As commented in Chapter 2, the use of surface treatments
is a common strategy to solve the rapid corrosion of magnesium in physiological media
[Won10, Li10b, Con11, Car11a, Per10, Per11, Wit10a, Che11a, Che11b, Gao10, Hah11,
Hir10b, Kei11, Li10c, Li11b, Liu10b, Lu11, Ma10, Son10, Son08, Xu09a, Xu09b].
One of the surface treatments, widely used in literature to improve
the corrosion resistance of magnesium, is the use of fluoride treatments
[Con11, Car11a, Per10, Per11, Wit10a, Yan10]. The fluoride treatment is a chemical
conversion that consists on the immersion of magnesium in hydrofluoric acid (HF) to
form a coating of MgF2. The MgF2 coating presents a low water solubility and a good
biocompatibility [Per10, Per11].

In this chapter, besides the increase of corrosion resistance, the aim was also the
prevention of crystal deposition. According to the results of Chapter 4, the achievement
of a surface fully covered with cells in a cell culture is not possible if a high crystal
deposition occurs. This is the reason why in this chapter a MgF2 coating was applied
to the magnesium alloys in order to achieve a higher corrosion resistance and a lower
crystal deposition.
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As in Chapter 5, the corrosion evaluation was carried out measuring the hydrogen
generation in PBS solution. Furthermore, in these corrosion tests, the effect of the
fluoride treatment on crystal deposition was also analysed. Finally, a cell culture with
the MG-63 cell line to analyse the cell viability after applying the fluoride treatment was
carried out.

6.1 Sample preparation

Before applying the fluoride treatment, 10 × 10 × 1.5 mm3 samples of each alloy
(AZ31B, WE43 and ZM21) were ground with SiC papers from 1000 grits to 4000 grits,
ultrasonically rinsed in ethanol for 15 minutes and finally dried (as in Chapter 5). The
fluoride treatment was applied to the samples for 24 and 72 hours, as it was indicated in
Chapter 3. Finally, treated samples were ultrasonically rinsed in ethanol for 15 minutes
and dried. 6 repetitions were prepared for each material and surface treatment. The
nomenclature used in this chapter for each sample is described in table 6.1.

Table 6.1: Nomenclature of the samples

sample alloy Coating treatment

AZ31B AZ31B -

AZ31BHF24h AZ31B 24 h immersed in HF

AZ31BHF72h AZ31B 72 h immersed in HF

WE43 WE43 -

WE43HF24h WE43 24 h immersed in HF

WE43HF72h WE43 72 h immersed in HF

ZM21 ZM21 -

ZM21HF24h ZM21 24 h immersed in HF

ZM21HF72h ZM21 72 h immersed in HF

6.2 Fluoride treatment

As it is shown in figure 6.1, a stable film was formed on all the samples after the
fluoride treatment. The thickness of the coating increased with the immersion time for
AZ31B and ZM21 alloys. AZ31B alloy presented an uniform film of 1.5 µm after 24 hours
immersed in HF (figure 6.1a) which grew to 2.5 µm after 72 hours immersed in HF (figure
6.1b). On the other hand, the protected layer on the WE43 alloy was barely perceptible
after 24 hours of immersion (figure 6.1c). After 72 hours the film was not homogeneous
and it was clearly concentrated in the intermetallics (figure 6.1d). In this thin film no
cracks were detected. Finally, the film on ZM21 alloy grew to 2.8 µm in the first 24 hours
(figure 6.1e) and to 5 µm after 72 hours (figure 6.1f). Some cracks on the layer were found.
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Figure 6.1: Detail of the thickness of the different coatings: a) AZ31BHF24h b) AZ31BHF72h c) WE43HF24h
d) WE43HF72h e) ZM21HF24h f) ZM21HF72h g) Elemental analysis on the formed layer of AZ31B72h
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Figure 6.1g shows the composition of the layer on the sample AZ31BHF72h after
the immersion. As it was expected, the layer was rich in Mg and F indicating MgF2

generation. The coating of the remaining samples was also rich in Mg and F.

As commented, in spite of being a stable layer, cracks were found on the ZM21HF24h
and ZM21HF72h samples, and also sporadically on AZ31BHF72h samples, where thicker
layers were generated during the fluoride treatment. On the other hand, no cracks were
found on AZ31BHF24h, WE43HF24h and WE43HF72h samples, where thinner layers
were created. The cracks may have appeared due to the brittleness of the coating [Sei11]
in samples with a thick layer.

In order to analyse the possibility of forming a thicker coating on α-Mg of WE43
alloy, samples were immersed in HF during 168 hours. However, the coating on these
samples was also non-uniform and barely appreciable in some areas (figure 6.2). It
was also shown that the coating concentrates around the intermetallics. This may be
due to micro-galvanic couples between the α-Mg and the intermetallics [Atr11, Coy10,
Son99]. According to this, the loss of electrons by magnesium is concentrated around the
intermetallic and it is there where MgF2 is formed according to eq. 3.4. The effect could
disappear dissolving the intermetallics in a T4 heat treatment before fluoride treatment.

Figure 6.2: Detail of the MgF2 layer around the intermetallic in the WE43 alloy
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6.3 Immersion tests

All magnesium alloys degraded after 96 hours of immersion test. As it was stated
in Chapter 5, all the bare alloys revealed higher hydrogen evolution during the first
24 hours of testing and a reduction and subsequent stabilization of the corrosion rate
over immersion time (figure 6.3). ZM21 bare alloy had the higher hydrogen generation
(0.0155 ml/mm2 after 96 hours in PBS), followed by AZ31B (0.0109 ml/mm2 after 96
hours in PBS) and WE43 (0.0093 ml/mm2 after 96 hours in PBS).

Higher corrosion resistance was achieved for all the alloys after fluoride treatment.
Longer fluoride treatment resulted in lower hydrogen generation. Therefore, a positive
influence of the fluoride treatment on the magnesium corrosion was observed as stated
previously [Con11, Car11a, Per10, Per11, Wit10a, Yan10]. However, fluoride treatment
had a different influence in each magnesium alloy. This way, and compared to the bare
alloys, the immersion of the samples in HF during 24 hours increased the corrosion
resistance by 25 % for AZ31B, 34 % for ZM21 and 37 % for WE43. Furthermore, the
immersion of the samples in HF during 72 hours increased the corrosion resistance by
50 % for WE43, 52 % for AZ31B and 75 % for ZM21. ZM21HF72h sample showed the
lowest hydrogen generation (0.0039 ml/mm2 after 96 hours in PBS) of all the samples,
although the ZM21 bare alloy showed the highest hydrogen generation. The corrosion
rate evolution for all the bare alloys is shown in figure 6.3.

In contrast with bare alloys, coated alloys started with a low corrosion rate and it
increased slightly over immersion time due to magnesium fluoride film dissolution (figure
6.3). It was also observed that fluoride treatment made the alloys to show less dispersion
in the results from sample to sample (figure 6.3). There were not large pH variations
(table 6.2). However, as in Chapter 5, the corrosion rate in the samples showed changes
due to these pH changes (figure 6.3).

Table 6.2: pH variation in the immersion test

sample 0 h 24 h 48 h medium change 72 h 96 h

AZ31B 7.4 7.6 7.8 7.4 7.6 7.8

AZ31BHF24h 7.4 7.7 7.8 7.4 7.78 7.9

AZ31BHF72h 7.4 7.6 7.7 7.4 7.8 7.85

WE43 7.4 7.6 7.9 7.4 7.58 7.78

WE43HF24h 7.4 7.6 7.64 7.4 7.6 7.8

WE43HF72h 7.4 7.63 7.84 7.4 7.64 7.8

ZM21 7.4 7.72 7.96 7.4 7.78 7.93

ZM21HF24h 7.4 7.72 7.82 7.4 7.74 7.8

ZM21HF72h 7.4 7.6 7.6 7.4 7.68 7.8
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Figure 6.3: Hydrogen evolution and corrosion rate of (a and b) AZ31B, (c and d) WE43 and (e and f) ZM21
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The increase of the corrosion resistance by the fluoride treatment depended on the
morphology of the coating generated for each alloy (figure 6.1). In the case of the
AZ31B and ZM21 magnesium alloys this dependency was clearer. As it is shown in
figure 6.4, the hydrogen evolution decreased proportionally to the coating thickness. For
both alloys, the greater the coating thickness was, the greater the corrosion protection
it offered. The AZ31BHF24h samples, with a coating thickness of 1.5 µm, showed a
corrosion rate 25 % lesser than the untreated AZ31B magnesium alloy samples. The
AZ31BHF72h samples, with a coating thickness of 2.5 µm, showed a corrosion rate 52
% lesser than the untreated AZ31B magnesium alloy samples. In the case of ZM21
magnesium alloy, the ZM21HF24h samples with a coating thickness of 2.8 µm showed a
corrosion rate 34 % lesser than the untreated ZM21 magnesium alloy samples and the
ZM21HF72h samples with a coating thickness of 5 µm showed a corrosion rate 75 %
lesser than the untreated ZM21 magnesium alloy samples.

Figure 6.4: Hydrogen evolution according to the coating thickness

The tendency towards greater protection when the fluoride treatment was longer
was also proved for the WE43 magnesium alloy. The WE43HF24h samples showed
a corrosion rate 37 % lesser than the untreated alloy samples and the WE43HF72h
samples showed a corrosion rate 50 % lesser than the untreated alloy. However, unlike
the AZ31B and ZM21 alloys, there was not a direct relation between the corrosion
rate decrement and the coating thickness for the WE43 magnesium alloy samples: the
coating on the WE43HF24h was barely perceptible and the WE43HF72h presented a
non-uniform coating.
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Despite the WE43 alloy samples did not present a homogeneous coating, they achieved
the highest reduction in corrosion rate after 24 hours of immersion in HF (37 %). The
explanation for this may be the micro-galvanic corrosion that occurs in magnesium alloys
with rare earths [Coy10]. As mentioned before, the coating was concentrated around the
intermetallics (figure 6.2), leaving α-Mg almost without protection. This encapsulation
could have eliminated the micro-galvanic couples between α-Mg and the intermetallics,
thereby increasing the corrosion resistance of the WE43 alloy.

6.4 Characterisation of the corrosion surface

The morphological features of the samples after an immersion in PBS for 72 hours
are shown in figure 6.5. As happened in Chapter 5, the highest adhesion of precipitates
was observed on AZ31B bare alloy (figure 6.5a). WE43 (figure 6.5d) and ZM21 bare
alloys (figure 6.5g) presented less activity. In all cases, the fluoride treatment decreased
the adhesion of crystals on the surface (figure 6.5).

Figure 6.5: Surface of the samples after 72 h in PBS a) AZ31B b) AZ31BHF24h c) AZ31BHF72h d) WE43 e)
WE43HF24h f) WE43HF72h g) ZM21 h) ZM21HF24h i) ZM21HF72h
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Regarding the corrosion of the coated alloys, a early stage of the corrosion on the
AZ31B alloy with a fluoride treatment of 24 hours is shown in figure 6.6 and figure
6.7. After MgF2 dissolution, corrosion products rich in O and Cl were detected (figure
6.6). As commented in Chapter 5, a mixture of Mg(OH)2 and MgCl2 were the principal
species. Other kind of formations rich in O, P, Na and Ca were also found, as it is
shown in figure 6.7. For the AZ31BHF72h and for the coated WE43 and ZM21 alloys no
significant formations were found. After 72 hours of immersion in PBS, MgF2 coating
was still present on the sample surface, especially in ZM21 alloy with a surface rich in
Mg and F, as it is shown in figure 6.8.

Figure 6.6: Early stage of the dissolution of the MgF2 layer in AZ31BHF24h sample after 72 hours in PBS

Figure 6.7: Dissolution of the MgF2 layer in AZ31BHF24h sample after 24 hours in PBS with deposits of P,
O, Na and Ca
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Figure 6.8: Elemental analysis of the MgF2 layer on ZM21HF24h sample after 72 hours in PBS

6.5 Cell viability

The cell viability of the bare alloys and alloys with a fluoride treatment of 72 hours
was analysed. The alloys with treatment of 72 hours were selected for better analysis of
the effect of the fluoride treatment and because they showed higher corrosion resistance
than those with 24 hours of treatment. Figure 6.9 shows the cell viability results of
AZ31B, AZ31BHF72h, WE43, WE43HF72h, ZM21 and ZM21HF72h samples compared
with Ti-6Al-4V for direct cell assay using MG-63 cells. It can be concluded that the
fluoride treatment increased the seeding efficiency in all magnesium alloys and increased
the cell viability. However, the ZM21HF72h samples showed a decrease in cell viability
after 14 days of test. This may be due to the high confluence of cells on the sample:
when the cell number on the sample is too high the cells may loss their adhesion. As it
is shown in figure 6.10, a confluent layer of cells was observed, which may indicate an
overcrowding on the sample. Furthermore, groups of stacked cells were common in the
ZM21HF72h samples.

Figure 6.11 shows the morphologies of the MG-63 cells cultured on the samples for 14
days. A higher number of cells was observed in the coated alloys than in the bare alloys.
This effect is clearly shown in figure 6.11e, where cells with an elongated cell morphology
nearly forming a monolayer are shown on the WE43HF72h samples. In the case of the
AZ31BHF72h samples, only isolated cells were observed on the surface (figure 6.11d).
As in Chapter 5, no significant deposits were found on the surface of the alloys after the
cell culture.
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Figure 6.9: Cell viability after 14 days of MG-63 cells cultured directly on magnesium alloy and coated
magnesium alloy samples

Figure 6.10: Confluent layer of cells on ZM21HF72h
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Figure 6.11: Morphology of MG63 cells cultured on a) AZ31B b) WE43 c) ZM21 d) AZ31BHF72h e)
WE43HF72h f) ZM21HF72h samples after 14 days

6.6 Conclusions

The results of this chapter demonstrated that:

• Fluoride treatment applied to magnesium alloys increased the corrosion resistance
and decreased dramatically the crystal deposition on the surface.

• The corrosion rate of magnesium can be decreased through the modification of the
immersion time in HF. Fluoride coating was able to adequate the corrosion rate of
magnesium alloys making them available for the future development of temporal
implants and scaffolds.

• After 24 hours of fluoride treatment, the WE43 alloy achieved the highest increase in
the corrosion resistance. The reason could be that fluoride treatment encapsulated
the intermetallic phases in the WE43 alloy reducing the micro-galvanic couples.
Regarding the ZM21 alloy, fluoride treatment had a smaller effect. Finally, the
least effect was achieved for AZ31B alloy.

• After 72 hours of fluoride treatment, the ZM21 alloy achieved the highest increase
in the corrosion resistance, despite some transversal cracks appeared in the coating
layer. Regarding the AZ31B alloy, fluoride treatment had a smaller efficiency.
Finally, the less effectiveness was achieved for WE43 alloy.

• Fluoride treatment increases cell viability of magnesium alloys.

• Absence of adhered crystals allowed an adequate cell distribution almost all over
the surface for all samples except for bare AZ31B and coated AZ31B alloy. As



C.6 Efficacy of MgF2 coating on magnesium alloys for tissue engineering applications 63

commented, Al is a growth inhibitor of bone [Mat01]. This could be the reason
why the cell viability of the AZ31B alloy was low.

• As in Chapter 5, the adhesion of deposits in the cell culture was lower than the
adhesion of deposits in the immersion test in PBS for all the alloys.

In the next chapter new magnesium alloys were developed taking into account the
achieved results of Chapter 4, Chapter 5 and Chapter 6. Mg-Zn alloys without toxic
elements and with a high increase in corrosion resistance after after fluoride treatment
were developed.





Chapter 7

Development of new magnesium

alloys for tissue engineering

applications

As commented in Chapter 2, the main strategies to solve the rapid corrosion in
physiological media of magnesium alloys are the development of novel magnesium alloys,
that retain the biocompatibility but are more resistant to corrosion, and the application
of surface treatments. In the case of the development of magnesium alloys, there are
controversies on the biological effects of some common alloying elements, such as Y or
rare earth elements [Gu09]. Because of that, some works advise to avoid these elements
entirely or to use only small amounts of them [Hua10, Zha10, Zha11a]. However, new
alloys using some of these elements are being developed for biomedical applications
[Fey10, Gu09, Ham12, Han09, Han10, Wan10b, Wit06]. In fact, some trials in humans
were carried out with WE43 alloy, which contains 4 % of Y and 3 % of rare earth, and
no toxicity was detected [Mor11].

In order to avoid risks, until more knowledge on the effect of rare earth elements
in the body is obtained, a line of research focused on the development of alloys
based on the Mg-Zn binary alloy system with additions of other elements can be an
alternative [Che11a, Han09, Han10, Hua10, Li10b, Zha10, Zha11a]. Zn is an essential
micro-nutrient [Gu09, Hua10] and it improves the corrosion resistance in magnesium
alloys [Gu09, Hua10, Son07a, Xu08, Yin08, Zen08, Zha10]. Furthermore, according
to the results of Chapter 6, after fluoride treatment an improvement of 75 % in the
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corrosion resistance was achieved in the case of ZM21 alloy, which makes Mg-Zn alloy
system a promising binary alloy system for biomedical applications when it is combined
with MgF2 coating.

In the present chapter, novel Mg-Zn alloys were developed and compared with
commercial WE43. Taking into account the results of Chapter 6, ZM20 alloy was cast
as starting point. This alloy contains 2 % of Zn, because higher amounts than 3 %
of Zn does not achieve a great improvement on corrosion resistance [Hua10, Yin08].
It also contains 0.2 % of Mn because it improves magnesiun corrosion resistance
[Gu09, Son05, Son07a, Xu08, Zen08] since small additions of Mn reduce the impurities
in magnesium alloys increasing corrosion resistance [Ave99, Son05].

In order to analyse the influence of alloying elements, ZM20 alloy was modified
adding Y to achieve the alloy named as ZWM200 and Ca to achieve the one named
as ZXM200. In the case of the Y, the amount used was small (0.5 wt%) in order to
avoid the possible negative effects. A 0.5 % of Y achieve a Zn/Y atom ratio of 6. This
permits the formation of I-phase (Mg3YZn6) [Gua11, Mor09, Wan10b, Zha08], which
improves the corrosion resistance of the alloy [Gua11, Wan10b, Zha08]. Regarding the
ZXM200 alloy, 0.25 % of Ca was added because the highest corrosion resistance for
magnesium alloys with a 2 % of Zn is achieved with 0.2-0.3 % of Ca [Gua11]. Fur-
thermore, a similar concentration is used in other works [Gao11a, Gao11b, Gua11, Li11c].

As in Chapter 6, the corrosion evaluation of coated and uncoated alloys was carried
out measuring the hydrogen generation in PBS solution. The effect of the fluoride treat-
ment in crystal adhesion was also evaluated. Finally, a cell culture with the MG-63 cell
line was carried out to analyse the cell viability of the fluoride treatment.

7.1 Sample preparation

Before applying the fluoride treatment, 10 × 10 × 1.5 mm3 samples of each alloy
(ZM20, ZWM200 and ZXM200) were ground with SiC papers from 1000 grits to 4000
grits, ultrasonically rinsed in ethanol for 15 minutes and finally dried (as in Chapter
5 and Chapter 6). In this case, the fluoride treatment of 72 hours was applied to the
samples because samples with this treatment showed higher corrosion resistance than
those with 24 hours of treatment, as it is shown in Chapter 6. Finally, treated samples
were ultrasonically rinsed in ethanol for 15 minutes and dried. 6 repetitions were prepared
for each material and surface treatment. The chemical compositions of the cast alloys
measured via spark emission spectrum analysis and XRF for Ca are shown in table 7.1.

7.2 Fluoride treatment

After fluoride treatment, a stable film was formed on all the samples (figure 7.1).
ZM20 alloy presented a uniform film of 2.4 µm thickness after 72 hours immersed in
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Table 7.1: Composition of the alloys (wt%)

ZM20

Al % 0.0100 Cu % 0.00226 Mn % 0.259

Fe % 0.00315 Ni % 0.00107 Zn % 1.88

Be % 0.00004 Si % 0.0252 Ag % <0.00010

Ca % 0.00124 Sn % <0.00050 Zr % <0.00060

Ce % 0.00150 La % <0.00020 Mg % 97.82

ZWM200

Ag % 0.00116 Al % 0.0215 Ca % 0.00489

Ce % 0.00256 Cu % 0.00239 Fe % 0.00136

La % 0.00130 Mn % 0.238 Nd % 0.00600

Ni % 0.00040 Pb % <0.00040 Pr % 0.00028

Si % 0.0123 Sn % 0.00348 Th % 0.0415

Zn % 1.97 Ti % 0.00143 Y % 0.532

Mg % 97.16

ZXM200

Al % 0.0165 Cu % 0.00196 Mn % 0.220

Fe % 0.00542 Ni % 0.00188 Zn % 1.88

Be % 0.000035 Si % 0.0239 Ag % <0.00010

Ca % 0.20 Sn % <0.00050 Zr % <0.00060

Ce % 0.00231 La % <0.00020 Mg % 97.72
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HF (hereinafter this sample will named as ZM20HF72h) (figure 7.1a). After 72 hours
immersed in HF, ZWM200 alloy presented a uniform film of 2.7 µm (hereinafter this
sample will named as ZWM200HF72h) (figure 7.1b). Finally, the film on ZXM200 alloy
grows up to 2.3 µm after 72 hours (hereinafter this sample will named as ZXM200HF72h)
(figure 7.1c).

Figure 7.1: Coating on magnesium samples a) ZM20HF72h b) ZWM200HF72h c) ZXM200HF72h d) elemental
analysis of the formed layer on ZM20 alloy

Figure 7.1d shows the elemental analysis of the layer on the sample ZM20HF72h
after the immersion in HF determined by EDX. As expected, the layer was rich in Mg
and F indicating MgF2 generation. The other alloys presented a similar composition.

It must be pointed out that, as it is shown in figure 7.2, cracks were found on the
layer of all Mg-Zn samples (ZM20, ZWM200, ZXM200). The presence of cracks on MgF2

coating is also mentioned by Seitz et al. [Sei11]. The authors speculate that cracks may
appear due to the brittleness of the coating [Sei11], and could be driven by residual
stresses between the coating and the substrate.

7.3 Immersion tests

All samples degraded (i.e., interacted chemically with the medium, releasing hydro-
gen) during the immersion tests. Figure 7.3 shows the hydrogen evolution of the alloys
during testing (figure 7.3a), and also their corrosion rate (figure 7.3b) in order to get
a better evaluation of the corrosion behaviour due to pH changes. ZXM200 bare alloy
had the highest hydrogen generation (0.023 ml/mm2 after 96 hours in PBS), followed
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Figure 7.2: Detail of cracks on the coating of ZWM200 sample after 72 hours in HF

by ZM20 (0.0156 ml/mm2 after 96 hours in PBS) and ZWM200 (0.0139 ml/mm2 after
96 hours in PBS). Compared with WE43 (0.0093 ml/mm2 after 96 hours in PBS),
uncoated Mg-Zn alloys presented a higher hydrogen evolution. ZXM200 alloy presented
a significant increase of corrosion rate at the end of the experiment.

The first three days of immersion for the three developed alloys in untreated form
resulted in similar quantities of hydrogen generation. After an immersion test of 96
hours in PBS, ZM20 and ZWM200 bare alloys presented a corrosion rate of 0.800
mm year−1 and 0.715 mm year−1 respectively. However, the corrosion rate of ZXM200
bare alloy increased dramatically after the first 48 hours to 1.118 mm year−1 after 96
hours. WE43 alloy in the untreated condition presented a lower corrosion rate than any
of the Mg-Zn alloys (0.47 mm year−1 after 96 hours).

Higher corrosion resistance was achieved for all the alloys after fluoride treatment.
Compared with bare alloys, the immersion of the samples in HF for 72 hours increased
the corrosion resistance by 50 % for ZM20, 71 % for ZWM200 and 74 % for ZXM200.
In the case of the reference WE43 alloy, the increase in corrosion resistance was of
50 %. ZWM200 with fluoride treatment showed the lowest hydrogen generation (0.0041
ml/mm2 after 96 hours in PBS).

This positive influence of the fluoride treatment on the corrosion rate of magnesium
is in agreement with previous works [Con11, Car11a, Per10, Per11, Wit10a, Yan10]. In
the experiments reported here, coated ZWM200 and ZXM200 alloys presented a similar
corrosion rate compared with coated WE43 alloy. Even the ZWM200 alloy showed a
corrosion rate lower than WE43.
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Figure 7.3: Immersion test in PBS: a) hydrogen evolution b) corrosion rate
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In contrast with bare alloys, the corrosion rate increased slightly over immersion time
for coated alloys. This is likely to be due to magnesium fluoride film dissolution (figure
7.3). It was also observed that fluoride treatment led the alloys to show less dispersion
from sample to sample in the results (figure 7.3). The pH variations were not large (table
7.2). However, the corrosion rate in the samples did show a slight change, most likely
due to these pH variations (figure 7.3).

Table 7.2: pH variation in the immersion test

sample 0 h 24 h 48 h medium change 72 h 96 h

ZM20 7.4 7.66 7.9 7.4 7.67 7.97

ZM20 HF 7.4 7.48 7.6 7.4 7.68 7.8

ZWM200 7.4 7.58 7.81 7.4 7.69 7.95

ZWM200 HF 7.4 7.5 7.54 7.4 7.6 7.73

ZXM200 7.4 7.6 7.82 7.4 7.75 8.08

ZXM200 HF 7.4 7.5 7.52 7.4 7.6 7.65

7.4 Characterisation of the corrosion surface

The morphological features of the surfaces of the samples after immersion in PBS for
72 hours are shown in figure 7.4. Small deposits could be observed on the ZM20 alloy
(figure 7.4a) after 72 hours in PBS. These deposited formations are shown in figure 7.5
in more detail. The EDX distribution map shows that these deposits are rich mainly
in P and O. The highest adhesion of such precipitates was observed on the ZWM200
alloy (figure 7.4c), where needle-like deposits were found. As shown in figure 7.6, the
needle-like deposits are rich in K, P and O. Finally, on the ZXM200 alloy sample,
needle-like deposits were also observed (figure 7.4e) together with conical formations
rich in Mg, O and some C around the intermetallics (figure 7.7). Fluoride treatment
reduced the depositions of crystals on the surface in all cases (figures 7.4b, 7.4d, 7.4f).

In order to identify the corrosion mechanisms, the early stages of the corrosion
process have also been analysed. Figure 7.8 shows the corrosion on the surface of a
ZXM200 bare alloy sample after 24 hours in PBS. The figure shows the presence of a
corroded area with cracks rich in Mg, O and P, and another non-corroded area rich in
Mg where grinding lines from the original preparation of the sample are still present. A
similar corrosion behaviour was found for the other bare alloys.

Concerning the species found on the sample surfaces, the elemental analysis suggests
that different phosphates (PO4)

3− with Mg, Ca, K or Na were deposited on the corroded
surface. Depositions or corrosion products containing (PO4)

3− were also detected by
other researchers [Zha10, Alv10, Tie10]. Xin et al. [Xin11b] postulate that HPO2−

4 from
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Figure 7.4: Sample surfaces after 72 h in PBS: a) ZM20 b) ZM20HF72h c) ZWM200 d) ZWM200HF72h e)
ZXM200 f) ZXM200HF72h
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Figure 7.5: Element mapping of O, Mg, P, Na and Ca on the ZM20 bare alloy sample after 72 hours in PBS

Figure 7.6: Element mapping of O, Mg, P, Na and K on the ZWM200 bare alloy sample after 72 hours in PBS
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Figure 7.7: Element mapping of O, Mg, P, C and Cl on the ZXM200 bare alloy sample after 72 hours in PBS.
Formation around a intermetallic

Figure 7.8: Element mapping of O, Mg, P and Cl on the ZXM200 bare alloy sample after 24 hours in PBS
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the test solution could react with OH−, which is generated due to magnesium corrosion.
This fact induces the precipitation of phosphates. Finally, some (CO3)

2− particles (figure
7.7) were also detected around the intermetallics on the ZXM200 alloy. The presence
of carbonate is common after the immersion of magnesium in physiological medium
[Tie10, Jam11, Qu11]. However, in this work, there were few carbonates identified
because the PBS does not contain any. The presence of the observed carbonates could
be explained due to the reaction of distilled water with the CO2 of the atmosphere. In
the same way, although PBS does not contain Ca, the elemental analysis detected small
amounts of Ca. In this case, it may be found as an impurity in PBS.

Regarding the corrosion of coated alloys, figure 7.9 shows the early stages of the
corrosion process on the ZXM200 alloy sample with a fluoride treatment of 72 hours.
After MgF2 dissolution, the area affected was rich in Cl and O. The influence of P was
also detected on the sample. Coated ZWM200 and ZXM200 alloys presented a similar
behaviour. The presence of Cl− could cause the dissolution of the MgF2 layer [Yan10].
After this dissolution, the unprotected magnesium begins to corrode and possibly forms a
mixture of MgCl2 and Mg(OH)2. As corrosion is continuous, (PO4)

3− would precipitate
in a second step.

Figure 7.9: Element mapping of O, Mg, P, Cl and F on the ZXM200HF72h sample after 24 hours in PBS
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7.5 Cell viability

Figure 7.10 shows the mean values of the cell viability results from the samples of
the coated and uncoated alloys, compared with WE43 alloy and Ti-6Al-4V for direct
cell assay using MG-63 cells. The alloys with fluoride treatment showed higher cell
viability than bare alloys in all cases. It should also be noted that ZWM200HF72h and
ZXM200HF72h samples achieved the same cell viability as the Ti alloy samples after 14
days.

Figure 7.10: Cell viability after 14 days of MG-63 cells cultured directly on magnesium alloys and coated
magnesium alloy samples

The MgF2 coating had a positive effect on cell viability. The low corrosion rate and
surface stability at the beginning of the cell culture experiments due to the presence
of the coating may be the reason that seeding efficiency increased in all examined
alloys. The coated samples presented a cell viability higher than bare alloys in all cases
during cell culture tests. After 14 days of cell culture, the coated ZWM200 and coated
ZXM200 alloys presented a cell viability close to the titanium alloy and even higher
than the coated WE43 alloy, indicating that these materials could have potential as
an implantable material as the titanium alloy is already used in such medical applications.

In the case of uncoated alloys, a similar cell viability was found among the different
alloys after 14 days of cell culture. However, after 7 days higher cell viability was
found in ZXM200 and WE43 alloys. In all cases the cell viability was smaller than the
correspondent coated alloy.

Figure 7.11 shows the morphologies of MG-63 cells cultured on the samples. A higher
number of cells were observed in coated alloys than in bare alloys after 14 days of culture.
This effect is clearly shown in figure 7.11e, where cells with an elongated cell morphology
nearly forming a monolayer are shown on ZWM200HF72h. No data are available for
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ZXM200 alloy since the cells detached during the cell fixation step. As in Chapter 5 and
Chapter 6, the deposits in the cell culture were less than the deposits in the immersion
test in PBS.

Figure 7.11: Detail of cell attachment after 14 days of cell cultures on a) ZM20 b) ZWM200 c) ZXM200 d)
ZM20HF72h e) ZWM200HF72h f) ZXM200HF72h
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7.6 Conclusions

The results of this chapter showed that:

• The addition of Y slightly improved the corrosion resistance of the ZM20 alloy.

• The addition of Ca decreased the corrosion resistance of the ZM20 alloy.

• Fluoride treatment improved the corrosion resistance and reduced the deposition
of crystals in all the alloys.

• Fluoride treatment had a positive effect on the cell viability.

• The addition of Y and Ca to the ZM20 alloy with fluoride treatment presented
higher cell viability, close to that of Ti-6Al-4V, and higher than WE43, implying
that coated ZWM200 and ZXM200 alloys could be potential materials for biomed-
ical fields.

• Corrosion rate and cell viability are not directly related. ZXM200 alloy presented
a high cell viability but a low corrosion resistance.

• As in Chapter 5 and Chapter 6, the adhesion of deposits in the cell culture was
lower than the adhesion of deposits in the immersion test in PBS for all the alloys.

In the next chapter, the development of scaffolds made of these new alloys is shown.



Chapter 8

Development of magnesium scaffolds

for tissue engineering

In the present chapter, replication casting process [Con06, Goo13] to
manufacture magnesium alloys scaffolds was analysed. Three-dimensional
and open porous structures are desired when manufacturing the scaffolds
in order to improve the cellular migration, the ingrowth of the new tis-
sue, the transport of body fluid and the vascularization through the material
[Wen01, Hu02, Lu07a, Wen07, Wit07b, Wit07a, Wu07, Yos03]. Several porosities and
pore sizes have been used in the literature with porosities around 70 % being the most
common ones [Hu02, Lu07a, Wen07, Wit07b, Wit07a, Wu07, Yos03] and the most used
pore size being in the range of 100 to 500 µm [Hu02, Lu07a, Wen07, Wu07, Yos03].

Based on these advantages, magnesium foams have been already analysed in the lit-
erature for tissue regeneration [Wit07b, Wit07a]. However, the fabrication of magnesium
foams has not been widely studied and the process parameters necessary to obtain the
desired porosities and pore sizes are not yet well known [Bac05, Bac03, Wen00, Yam99].

For this reason, the main objective of the present chapter is to define the optimal
process parameters for the fabrication of magnesium foams. The manufacturing of mag-
nesium scaffolds was carried out at The University of Sheffield in collaboration with Dr.
Russell Goodall’s group. The set up of the process was carried out with AZ91E mag-
nesium alloy. After the set up, magnesium scaffolds were manufactured using WE43
and the alloys developed in Chapter 7. Finally, fluoride treatment was applied to the
developed scaffolds and corrosion tests in PBS were carried out.
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8.1 Infiltration casting process definition

In this section, a set up of the replication casting technology for magnesium alloys
was carried out. AZ91E alloy, which is commonly used alloy in casting technology due
to its castability, was used for this set up. Later, magnesium scaffolds for WE43 and
the cast alloys in Chapter 7 were manufactured with different process parameters. The
porosity and the mechanical properties (yield strength) of the magnesium foams were
characterised. As a final result, the replication casting process window for the analysed
magnesium alloys was defined. Finally, the developed scaffolds were coated with MgF2

and their corrosion behaviour in PBS was analysed.
The process for manufacturing the scaffolds was explained in section 3.5. This

process consists in the infiltration of melted magnesium into a negative mould of salt.
Optimal infiltration casting process parameters were defined for manufacturing foams
(such as the example in figure 8.1) with AZ91E, WE43 and with the alloys developed in
Chapter 7. These optimal process parameters mainly depend on the castability of each
alloy and on the alloy interaction with the salt. The infiltration process for all the alloys
started from 0.5 bar and the pressure was raised to 3 bar over 2 minutes. Then the
pressure was increased until the corresponding infiltration pressure was achieved, which
was maintained until the melt was solidified (pressure-time profiles are shown in figure
8.2).

Figure 8.1: Sample of AZ91E foam

The infiltration pressures varied between 4 bar and 6 bar for all the alloys. Lower
pressures than 4 bar were not high enough to infiltrate the magnesium through the
salt and higher pressures than 6 bar were found to compress the upper region of the
salt preform rather than causing infiltration, creating a compact layer between the
magnesium and the salt preform that was not penetrable (figure 8.3).
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Figure 8.2: Optimal infiltration pressures for maximizing the porosity while obtaining uniform infiltration in
each alloy

Figure 8.3: AZ91E foams manufactured varying infiltration pressure. a) no-infiltration under a pressure of 3
bar b) acceptable foam with infiltration pressure of 4 bar c) no-infiltration due to preform compaction under a
pressure of 8 bar

In terms of process pressure, three different behaviours were observed during the
study. AZ91E and ZM20 magnesium alloys needed the lowest infiltration pressure for
achieving sound scaffolds. For both alloys an optimal infiltration pressure of 4 bar was
defined. In the case of the novel ZXM200 and ZWM200 magnesium alloys, a slightly
higher pressure of 5 bar was needed. Finally, the WE43 commercial alloy needed the
highest pressure of all the alloys examined in this study, 6 bar.
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In terms of required process temperature, two different groups were observed.
AZ91E, WE43 and ZXM200 needed a temperature of 740 ◦C to achieve uniform
infiltration and the required porous structures. On the other hand, ZM20 and ZWM200
alloys required higher temperatures in order to improve their fluidity and infiltrate them
through the salt, 750 ◦C for ZM20 and 755 ◦C for ZWM200.

Different parameters, that yield foams with structures suitable for scaffolds, are
shown in figure 8.4. According to this work, overall the parameters are a temperature
between 740 ◦C and 755 ◦C and an infiltration pressure between 4 and 6 bar.

Figure 8.4: Process window for the different magnesium alloys examined to produce foams with suitable struc-
tures

A particular feature of applying the replication process to magnesium alloys is, as
mentioned above, the need to maintain a gas pressure over the melt to reduce evapo-
ration of the metal into the system. Unlike other examples of the replication process
(as described in [Con06]), the system is not under vacuum when the metal melts, and
some gas will be trapped inside the preform (this is part of the reason why relatively
high gas pressures are needed to infiltrate the foams, even though the pore size is not
small compared to what can be achieved with this technique). It was found in this work
that the infiltration pressure must be maintained until complete solidification of the foam
has taken place. If this does not happen, the trapped gas expands and starts bubbling
through the porous structure causing large defects as shown in figure 8.5.

8.2 Porosity

The porosity of the samples was measured according to section 3.6. The porosity
obtained for each alloy is given in table 8.1. The lowest porosity was achieved for
ZWM200 and ZXM200 alloys (30 % at 6 bar infiltration pressure) and the highest
porosity was achieved for ZWM200 alloy (69 % at 5 bar infiltration pressure). For
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Figure 8.5: Section of an AZ91E foam that was depressurized before solidification. Defects due to gas expansion
and gas bubbling are shown

replication into a compacted preform, the preform density will closely define the foam
porosity [Con06]. In the experiments described here, loose packing of salt will give a
consistent, but relatively low, fraction of space filled, and to obtain higher porosities the
fraction of the available free space that is filled must be controlled by precise selection
of the infiltration conditions. The main factors influencing the porosity are the fluidity
of each alloy and the infiltration casting process parameters used during infiltration.
Through the present research, a range of porosities have been obtained depending on
the alloy and on the manufacturing parameters, as it is shown in table 8.1.

One of the key controllable parameters influencing the achievable porosity is the
infiltration pressure. As an example, figure 8.6 shows the structures achieved for the
ZWM200 alloy at an infiltration pressure of 6 bar and at an infiltration pressure of 5
bar, showing that as the pressure increases the amount of metal increases and the pores
are more closed off from each other. The porosity achieved at an infiltration pressure of
5 bar was 69 %, while at an infiltration pressure of 6 bar it was only 30 %. It can be
noted the great effect that the infiltration pressure has in the foam porosity (at least
for this alloy). However, the effect of the infiltration pressure is barely detected in the
AZ91E alloy which presented a similar porosity for infiltration pressures of 4 and 6 bar
(figure 8.7). It should be further noted that the lowest porosities of only 30 % are very
low, well below what is typically expected of a foam. A possible explanation for such
values in the replication process would be incomplete dissolution of the salt, which can
become difficult at high densities as the interpore windows become small. To attempt
to avoid this, water was forced to flow through the samples to promote salt dissolution,
but the possibility that a small quantity of NaCl could be trapped in the highest density
structures remains, reducing the apparent porosity values by a small amount.
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Table 8.1: Porosity, Young’s modulus and Yield Stress of the magnesium alloy foams

Magnesium al-
loy

Infiltration
temperature
[◦C]

Infiltration
pressure [bar]

Porosity Yield
Stress
[MPa]

AZ91E 740 4 68 % 3.62 (±1.16)
740 6 67 % 3.12 (±0.75)

WE43 740 6 39 % 8.67 (±0.78)

ZM20 750 4 43 % 3.48 (±0.43)

ZWM200 755 5 69 % 2.31 (±0.41)
755 6 30 % 12.15

(±2.45)

ZXM200 740 5 44 % 8.66 (-)
740 6 30 % 9.19 (±3.15)

Figure 8.6: Structures of ZWM200 foams with an infiltration pressure of a) 6 bar (30 %), and b) 5 bar (69 %)
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Figure 8.7: Upper and lower limits of the achieved porosities for each alloy depending on the infiltration pressure

The results demonstrate that the manufacturing of magnesium foams with variable
porosity through this route is possible, although there will be a lower limit, reached
when the porosity decreases dramatically and the pores tend towards becoming closed.
For the concerns above relating to the possibility of trapped salt within such structures,
and the fact that nearly isolated pores would not be recommended for the growth and
proliferation of cells in the foam, scaffolds with a porosity percentage inferior to 40 %
are not considered suitable candidates for the current application.

8.3 Mechanical properties

The influence of the process parameters on the mechanical properties of the foams
was also analysed in the present work. It must be noted that the mechanical properties
of the foams are directly related to the porosity achieved within them. Therefore, a
direct relation between the process parameters (particularly the infiltration pressure)
with the porosity and the mechanical properties has been observed.

The samples were machined to 6 mm in diameter and 6 mm in height. Three
repetitions were prepared for each material. Compression tests for all the magnesium
alloy foams manufactured under different process parameters were performed (obtaining
typical compressive stress-strain curves shown in figure 8.8). Table 8.1 shows the
mechanical properties of all the tested scaffolds. It can be seen that there is an
inverse relationship between the achieved porosity in the scaffolds and their mechanical
response; the higher the porosity the lower the mechanical properties found.

The effect of processing on mechanical properties is clearly shown in the case of
ZWM200 alloy. This Mg alloy was processed under two different infiltration pressures
at 755 ◦C (5 bar and 6 bar) and gave as a result very different porosities and me-
chanical properties. When evaluating the mechanical properties (figure 8.9), it was
noticed that the yield stress of the scaffolds was 6 times bigger when processed at
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Figure 8.8: Vompressive stress-strain curves for magnesium alloy foams examined in this study (example)

the highest infiltration pressure (table 8.1). These results, which showed much bigger
changes with density than the ones predicted through the Gibson-Ashby equations
for foam properties [Gib97], clearly indicate the possibility to modulate the stiffness
and the strength of the scaffolds over a wide range. The reason that the predic-
tions are exceeded in this case was that the density change was so wide that the
structure was likely to be altered significantly (particularly at the high density end
of the range), and the foam does not deform following the same mechanism in both forms.

Figure 8.9: Compression stress-strain curves of the ZWM200 foams manufactured with different infiltration
pressures, showing the decrease of mechanical properties of the foam with increasing porosity
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Figure 8.10: Detail of the generated MgF2 coating inside a ZWM200 scaffold after 72 hours of immersion in HF

Another important requirement would be strength. The ultimate tensile strength of
trabecular bone ranges from 1.55 to 5.33 MPa [Kea98], and that of cortical bone from
130 MPa to 205 MPa [Cur98]. The yield strength of the scaffolds manufactured in the
present research work ranges from 2.13 to 12.15 MPa, comparable to the trabecular bone.
As shown above, this value can of course be influenced by the foam structure, principally
by the density.

8.4 Corrosion characterisation of magnesium alloy scaffolds

In order to improve the corrosion resistance of the scaffolds, a fluoride treatment of
72 hours was applied to the scaffolds (6 mm in diameter and 6 mm in height). To analyse
the coating penetration inside them, several millimetres of the material were ground
and then polished. Figure 8.10 shows the formation of MgF2 on the ZWM200 alloy.
The other alloys presented similar characteristics. Regarding the morphology of the
coating, as it is shown in figure 8.11, the coating on the scaffolds presented more cracks
and was less uniform than the coating achieved in Chapter 7. This could be due to
the concave geometry of the pores, which increased the compression stress on the coating.

Regarding the corrosion, all the scaffolds degraded during the immersion tests. The
hydrogen evolution of the developed scaffolds is shown in figure 8.12. The hydrogen
evolution was calculated with the external area of the cylinder and not with the real area.
The smallest hydrogen evolution was achieved by ZM20 foam (0.0099 ml/mm2 after 92
hours in PBS), followed by ZWM200 with a porosity of 69 % (0.01541 ml/mm2 after 92
hours in PBS). The highest hydrogen evolution was achieved by WE43 (0.08579 ml/mm2

after 92 hours in PBS). The high hydrogen evolution of this scaffold was probably due
to trapped NaCl particles, which increased the corrosion inside the scaffolds. It should
be noted that the hydrogen generation by the other scaffolds (ZM20 43 %, ZWM200 69
%, ZXM200 30 %, ZXM200 44 %) was close or even less than the hydrogen generation
of ZM21 bare alloy, which presented a hydrogen evolution of 0.0155 ml/mm2 after 96
hours in PBS (Chapter 5 and Chapter 6). However, this comparisson could not be
reliable because the data were extrapolated from a porous component to a nonporous
component.
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Figure 8.11: Detail of the morphology of coating on ZXM200 alloy

Figure 8.12: Hydrogen evolution of the coated magnesium alloys scaffolds in PBS
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8.5 Conclusions

According to the results of the present chapter the following statements were con-
cluded:

• The temperature and infiltration pressure ranges have been defined as being from
740 ◦C to 755 ◦C and from 4 to 6 bar respectively. The optimal parameters selection
depend on the magnesium alloy to be infiltrated and on the desired porosity.

• The MgF2 coating presented a good penetration inside the scaffolds. However, the
generated MgF2 coating presented cracks and non-uniform morphology due to the
geometry of the scaffolds.

• Despite being high porosity structures, the scaffolds did not present a large hydro-
gen evolution (0.01-0.09 ml/mm2 after 96 h of immersion in PBS, figure 8.12). This
result makes them a potential application element in tissue engineering. However,
more analysis are needed.





Chapter 9

Conclusions and future work

The present chapter describes the conclusions of this research work. The main objec-
tive of this work was to develop magnesium scaffolds for their use in tissue engineering.
The statements concluded are listed below.

9.1 Conclusions

The main conclusion of the present work is:

• It is stated that magnesium porous scaffolds fabricated by means of replication
casting technologies and made of Mg-Zn alloys treated with fluoride can be a good
solution for tissue engineering applications.

In Chapter 4 cell cultures were carried out in order to identify problems besides those
mentioned in the literature. The principal conclusions drawn from these experiments
are:

• Besides to the identified problems of magnesium alloys in regenerative medicine
(hydrogen bubbles, pH increase) [Sta06, Zen08], in this work it was also concluded
that a high adhesion of crystals on the surface can stop tissue growth, creating a
barrier effect. Due to crystal adhesion the samples were only partially covered by
a cell layer.

• Despite the hydrogen generation and pH increase cells were able to adhere on the
magnesium alloys.
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In Chapter 5 and Chapter 6, the corrosion behaviour, cell viability and the influence of
the fluoride treatments of AZ31B, WE43 and ZM21 magnesium alloys were also analysed
in this work. The main conclusions are:

• AZ31B alloy presented a low cell viability, and it is not recommended for biological
applications.

• Despite presenting the highest corrosion rate, ZM21 alloy presented a cell viability
similar to WE43. This means that cell viability is not related directly with the
corrosion rate. It is likely that the composition of the alloy is more important.

• Fluoride treatment increased corrosion resistance and decreased dramatically the
crystal deposition on the surface.

• The decrease of the corrosion rate was directly related with the MgF2 coating
thickness for AZ31B and ZM21 alloys, being more effective when it was applied to
the ZM21 alloy for 72 hours.

• Fluoride treatment encapsulated the intermetallic phases in the WE43 alloy reduc-
ing the micro-galvanic couples. The decrease of the corrosion rate was not related
to the coating thickness.

• Fluoride coating was able to adequate the corrosion rate of magnesium alloys mak-
ing them available for the future development of temporal implants and scaffolds. A
relation between the immersion time in HF and the corrosion rate was established:
the higher the immersion time was the lower the corrosion rate was.

• Fluoride treatment increased cell viability in all analysed magnesium alloys.

Taking into account the results of Chapter 4, Chapter 5 and Chapter 6, novel mag-
nesium alloys were developed based on the Mg-Zn system. ZM20 alloy was developed
and the influence of the addition of Ca and Y was analysed. The main conclusions are:

• The addition of Y improved slightly the corrosion resistance of the ZM20 alloy.

• The addition of Ca decreased the corrosion resistance of the ZM20 alloy.

• Fluoride treatment improved the corrosion resistance and reduced the adhesion of
crystals in all the alloys.

• The addition of Ca or Y did not achieve an increase in the cell viability of the
ZM20 alloy.

• Fluoride treatment had a positive effect in the cell viability.

• The ZM20 alloy with additions of Y and Ca and with fluoride treatment presented
a cell viability close to that of Ti-6Al-4V, and higher than WE43, implying that
coated ZWM200 and ZXM200 alloys can be potential materials for biomedical
fields.
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Finally, in Chapter 8, magnesium scaffolds were manufactured with the alloys de-
veloped in this thesis. Replication casting was used to manufacture the scaffolds. The
principal conclusions are listed below.

• Successful scaffolds with required porosity and pore sizes have been achieved.

• The temperature and infiltration pressure ranges were defined as being from 740 ◦C
to 755 ◦C and from 4 to 6 bar respectively.

• The MgF2 coating presented a good penetration inside the scaffolds. However, due
to the geometry of the scaffolds the generated MgF2 coating presented cracks and
a non uniform morphology.

• Despite being high porosity structures, the scaffolds did not present a large hydro-
gen evolution during the corrosion test in PBS. This result makes them a potential
application element in tissue engineering.

9.2 Future work

This dissertation has demonstrated that magnesium scaffolds with a not large
hydrogen generation can be achieved. However, further research work is suggested in
order to completely optimize and understand some open questions outlined in this work.

According to the new developed materials, it would be interesting to characterise
them beyond their as-cast condition. Taking into account their possible application
as screws or plates, the material could be extruded and heat-treated in T4 and T6
conditions. Finally, a corrosion and biological characterisation should be carried out.

In order to analyse more deeply the effect of the fluoride coating more experiments
are needed. Fluoride treatment with different immersion time should be carried out in
order to achieve the thickest MgF2 layer optimizing the fluoride treatment time for each
alloy. Longer corrosion tests should be carried out in order to analyse the complete
dissolution of the MgF2 coating.

Regarding the crystal deposition, it was concluded that in the cell viability tests less
crystals were deposited on the samples. This is likely due to the corrosion medium or
even due to the cell activity. In order to analyse the effect of the cell adhesion in corro-
sion, hydrogen evolution test during cell cultures should be carried out. In the same way,
XPS techniques should be used to achieve a better identification of the deposited crystals.

According to the scaffold manufacturing process, residual NaCl in the scaffolds
can accelerate the corrosion of the foam. For this reason, it is recommended the use
of microtomography techniques to ensure the absence of residual NaCl before the
implantation of the foams.
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Taking into account the cell viability results, new cell viability tests with human
osteoblast should be the next step of this research work. In this case, the test should
be carried out with coated and uncoated ZWM200 and ZXM200 alloys because these
alloys presented the best cell viability. Finally, in vivo tests should be carried out with
the developed scaffolds in order to analyse inflammatory responses, hydrogen generation
and absorption, magnesium degradation and tissue regeneration.
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Appendix B

Scheme of the corrosion test

Figure B.1: Scheme of the hydrogen evolution test
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Appendix C

Data of the corrosion tests

In this appendix, the data of the different corrosion tests carried out in Chapter 5,
Chapter 6 and Chapter 7 are shown. Sample 5 and sample 6 were removed from the
experiment at 24 and 72 hours respectively for SEM analysis.

Table C.1: Hydrogen evolution data of AZ31B in PBS [ml/mm2]

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6

24 h 0.0043 0.0044 0.0036 0.0040 0.0040 0.0043
48 h 0.0055 0.0055 0.0056 0.0060 0.0056 -
72 h 0.0090 0.0079 0.0092 0.0096 0.0088 -
96 h 0.0110 0.0095 0.0112 0.0120 - -

Table C.2: Hydrogen evolution data of AZ31BHF24h in PBS [ml/mm2]

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6

24 h 0.0022 0.0028 0.0024 0.0018 0.0025 0.0018
48 h 0.0036 0.0039 0.0042 0.0028 0.0036 -
72 h 0.0068 0.0064 0.0081 0.0060 0.0058 -
96 h 0.0082 0.0078 0.0095 0.0071 - -
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Table C.3: Hydrogen evolution data of AZ31BHF72h in PBS [ml/mm2]

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6

24 h 0.0007 0.0007 0.0007 0.0007 0.0007 0.007
48 h 0.0021 0.0021 0.0021 0.0022 0.0022 -
72 h 0.0039 0.0039 0.0042 0.0043 0.0043 -
96 h 0.0050 0.0050 0.0061 0.0051 - -

Table C.4: Hydrogen evolution data of WE43 in PBS [ml/mm2]

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6

24 h 0.0032 0.0037 0.0040 0.0040 0.0043 0.0041
48 h 0.0035 0.0037 0.0044 0.0052 0.0055 -
72 h 0.0074 0.0070 0.0072 0.0080 0.0094 -
96 h 0.0106 0.0092 0.0080 0.0092 - -

Table C.5: Hydrogen evolution data of WE43HF24h in PBS [ml/mm2]

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6

24 h 0.0025 0.0021 0.0021 0.0018 0.0014 0.0021
48 h 0.0032 0.0028 0.0029 0.0029 0.0024 -
72 h 0.0056 0.0049 0.0050 0.0047 0.0039 -
96 h 0.0060 0.0059 0.0061 0.0054 - -

Table C.6: Hydrogen evolution data of WE43HF72h in PBS [ml/mm2]

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6

24 h 0.0011 0.0011 0.0011 0.0011 - 0.0011
48 h 0.0021 0.0018 0.0018 0.0021 - -
72 h 0.0039 0.0036 0.0036 0.0039 - -
96 h 0.0050 0.0043 0.0040 0.0054 - -
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Table C.7: Hydrogen evolution data of ZM21 in PBS [ml/mm2]

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6

24 h 0.0054 0.0058 0.0045 0.0047 0.0063 -
48 h 0.0083 0.0082 0.0075 0.0069 0.0086 -
72 h 0.0141 0.0152 0.0124 0.0128 0.0153 -
96 h 0.0157 0.0169 0.0146 0.0146 - -

Table C.8: Hydrogen evolution data of ZM21HF24h in PBS [ml/mm2]

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6

24 h 0.0014 0.0011 0.0011 0.0011 0.0011 0.0014
48 h 0.0036 0.0039 0.0029 0.0039 0.0033 -
72 h 0.0087 0.0086 0.0065 0.0078 0.0065 -
96 h 0.0109 0.0111 0.0083 0.0103 - -

Table C.9: Hydrogen evolution data of ZM21HF72h in PBS [ml/mm2]

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6

24 h 0.0007 0.0007 0.0007 0.0007 0.0007 0.0007
48 h 0.0011 0.0011 0.0011 0.0011 0.0011 -
72 h 0.0025 0.0025 0.0029 0.0028 0.0028 -
96 h 0.0040 0.0032 0.0043 0.0039 - -

Table C.10: Hydrogen evolution data of ZM20 in PBS [ml/mm2]

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6

24 h 0.0043 0.0039 0.0024 0.0036 0.0034 0.0046
48 h 0.0075 0.0071 0.0052 0.0064 0.0068 -
72 h 0.0121 0.0124 0.0114 0.0114 0.0136 -
96 h 0.0160 0.0156 0.0169 0.0150 - -
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Table C.11: Hydrogen evolution data of ZM20HF72h in PBS [ml/mm2]

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6

24 h 0.0010 0.0010 0.0010 0.0010 0.0010 0.0017
48 h 0.0024 0.0019 0.0022 0.0023 0.0023 -
72 h 0.0054 0.0055 0.0061 0.0056 0.0065 -
96 h 0.0078 0.0075 0.0083 0.0076 - -

Table C.12: Hydrogen evolution data of ZWM200 in PBS [ml/mm2]

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6

24 h 0.0031 0.0038 0.0022 0.0025 0.0023 0.0019
48 h 0.0062 0.0066 0.0049 0.0050 0.0042 -
72 h 0.0119 0.0105 0.0099 0.0100 0.0113 -
96 h 0.0156 0.0126 0.0130 0.0144 - -

Table C.13: Hydrogen evolution data of ZWM200HF72h in PBS [ml/mm2]

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6

24 h 0.0010 0.0010 0.0010 0.0006 0.0010 0.0010
48 h 0.0014 0.0013 0.0015 0.0009 0.0015 -
72 h 0.0037 0.0029 0.0039 0.0025 0.0040 -
96 h 0.0048 0.0036 0.0048 0.0031 - -

Table C.14: Hydrogen evolution data of ZXM200 in PBS [ml/mm2]

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6

24 h 0.0030 0.0026 0.0034 0.0027 0.0036 0.0038
48 h 0.0043 0.0057 0.0052 0.0043 0.0062 -
72 h 0.0128 0.0124 0.0130 0.0112 0.0140 -
96 h 0.0230 0.0201 0.0248 0.0238 - -
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Table C.15: Hydrogen evolution data of ZXM200HF72h in PBS [ml/mm2]

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6

24 h 0.0010 0.0010 0.0010 0.0011 0.0009 0.0009
48 h 0.0017 0.0020 0.0016 0.0018 0.0022 -
72 h 0.0049 0.0050 0.0042 0.0049 0.0057 -
96 h 0.0063 0.0060 0.0054 0.0067 - -

Table C.16: Hydrogen evolution data of WE43HF72h foam (39 %) in PBS [ml/mm2]

Sample 1 Sample 2 Sample 3

24 h 0.0164 0.0113 0.0121
48 h 0.0327 0.0227 0.0226
72 h 0.0598 0.0473 0.0492
96 h 0.0911 0.0748 0.0914

Table C.17: Hydrogen evolution data of ZM20HF72h foam (43 %) in PBS [ml/mm2]

Sample 1 Sample 2 Sample 3

24 h 0.0040 0.0034 0.0031
48 h 0.0047 0.0048 0.0038
72 h 0.0081 0.0089 0.0084
96 h 0.0087 0.0103 0.0107

Table C.18: Hydrogen evolution data of ZWM200HF72h foam (69 %) in PBS [ml/mm2]

Sample 1 Sample 2 Sample 3

24 h 0.0040 0.0036 0.0077
48 h 0.0065 0.0045 0.0103
72 h 0.0113 0.0108 0.0155
96 h 0.0146 0.0144 0.0172
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Table C.19: Hydrogen evolution data of ZXM200HF72h foam (30 %) in PBS [ml/mm2]

Sample 1 Sample 2 Sample 3

24 h 0.0093 0.0115 0.0133
48 h 0.0135 0.0148 0.0158
72 h 0.0195 0.0205 0.0225
96 h 0.0228 0.0246 0.0258

Table C.20: Hydrogen evolution data of ZXM200HF72h foam (44 %) in PBS [ml/mm2]

Sample 1 Sample 2 Sample 3

24 h 0.0135 0.0123 0.0195
48 h 0.0180 0.0145 0.0251
72 h 0.0240 0.0207 0.0334
96 h 0.0278 0.0230 0.0362
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