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Abstract:

With the ability to bio-degrade and thereby reducing the stress-shielding effect,
biodegradable implants are of great importance in medical research. Among all the materials,
magnesium is the one which shows promising results being bio-degradable and with the properties
comparable with its young's modulus to that of bones. It also is an essential mineral for the human
body. However, pure magnesium corrodes very quickly and it is essential to develop certain
alloying additions or coatings to enhance its corrosion resistance and control its degradability.
Although a great deal of research is going on in this field for over two decades, there are only a
few commercially available Mg-based degradable implants. Hence, in the present study, the
approaches adopted to improve the mechanical and corrosion behaviors of pure magnesium using
carefully chosen:

@ Alloying elements like zinc, calcium and erbium (Mg-2Zn-2Er, Mg-2Zn-0.6Ca-1Er, etc.)
to control the degradation behavior

(b) Secondary processes like extrusion to alter and improve the microstructure

(© Surface treatments like fluoride coatings to further protect the surface to resist the rapid
dissolution

Alloying additions and choice of coating have been given utmost care in order to minimize
the toxicity, cost and while keeping beneficial properties intact. In this study, the synthesis of pure
Mg and alloys were carried out using disintegrated melt deposition technique (DMD), followed by
hot-extrusion. The first part of this thesis focuses on the microstructural characterization of as-
DMDed and as-extruded alloys. Equiaxed fine grained microstructures have been achieved for as-
extruded pure magnesium and its alloys as compared to the coarse grained as-DMDed
microstructures. The secondary phases are uniformly distributed and they are broken down in the
as-extruded microstructures of the alloys. The microstructural characterization (XRD and TEM)
reveals the presence of MgZn,, W-phase (MgsZnsEr,) and i-phases (MgsZneEr) in different alloys.

The mechanical property assessment revealed an increment in the tensile and compressive
properties of ternary and quaternary alloys as compared to pure Mg and Mg-2Zn binary alloy.
These values are attributed to a reduction in grain size, presence of solute atoms and secondary
phases. Fractography studies for the alloys reveal the dimples that are an indication of enhanced
ductility behavior, along with the presence of twins in the area close to the fractured region as seen
in EBSD analysis. The damping behavior studies have indicated that the elastic modulus of the
alloys has retained their values as that of pure magnesium, which is beneficial for its biomedical
applications.

The corrosion behavior of these alloys in a simulated body fluid at 37 °C was studied using
several techniques like hydrogen evolution, potentiodynamic polarization studies etc. As-DMDed
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alloys showed an excessive corrosive rate due to a coarse grain sized microstructure,
heterogeneities including porosities and segregation of elements. Whereas as-extruded alloys
showed enhanced corrosion resistance due to the fine grain sized microstructure and an uniform
distribution of secondary phases. Rare-earth element erbium has been introduced in small amounts
below the solubility level of the element and it has enhanced the corrosion resistance of Mg-alloys.

A compact fluoride coating was introduced to magnesium alloys using a simple and cost-
effective technique of chemical conversion method to minimize degradation rates and provide
sufficient corrosion resistance to the alloys tested in phosphate buffer saline (PBS) solution at 37
°C. The corrosion behavior was determined for coated samples and it was found that the samples
exhibited enhanced corrosion resistance with fluoride coatings. These coatings are biocompatible
and they can be tailored to provide further protection to the surfaces. The initial studies of
biocompatibility assessment using cytotoxicity analysis of these biodegradable alloys has been
performed. The cell viability values were enhanced with increased coating time and in turn the
coating thickness, it was found that these alloys could serve as potential candidates for further in-
Vivo tests to establish their applicability.
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Résumé :

Etant donné leur capacité de se dégrader a I'intérieur du corps, les implants biodégradables
ont fait I'objet de nombreuses recherches médicales. Parmi tous les matériaux, c'est le magnesium,
un élément indispensable du corps humain, qui conduit aux résultats les plus favorables car son
module dYoung est similaire a celui de I'os. Comme le magnésium pur se corrode relativement
rapidement, il est indispensable de lui ajouter certains éléments d'alliage ou de le revétir afin
d’augmenter sa résistance a la corrosion. Bien que de nombreuses recherches soient menées dans
ce domaine depuis plus de deux décennies, seuls quelques implants dégradables & base de Mg sont
disponibles dans le commerce. De ce fait, les méthodes adoptées afin d'améliorer le comportement
du magnésium pur vis-a-vis de la corrosion sont les suivantes:

a) Ajout d'éléments d'alliage comme le zinc, le calcium et I'erbium (Mg-2Zn-2Er, Mg-2Zn-0.6Ca-
1Er, etc.) pour contréler le comportement de dégradation

b) Procédés secondaires tels que I'extrusion pour modifier sa microstructure
c) Revétements de surface a base de fluorure pour mieux protéger la surface

Les élements d'alliage et les revétements, doivent étre choisir afin de minimiser la toxicité
et les colts, et de ne pas altérer les propriétés bénéfiques du magnésium. Dans cette étude, la
synthese de Mg pur et d'alliages a été réalisée en utilisant la technique de « Disintegrated melt
deposition » (DMD), suivie d'une extrusion a chaud. La premiére partie de cette thése porte sur la
caractérisation microstructurale d'alliages. Des microstructures a grains fins équiaxes ont été
obtenues pour le magnésium pur et ses alliages extrudés alors que des microstructures a grains
grossiers ont été développees pour les matériaux DMDed. Les phases secondaires sont
uniformément réparties dans les microstructures extrudées des alliages. La caractérisation
microstructurale (DRX et TEM) révéle la présence de MgZnz, de phases W (MgsZnsEr,) et de
phases i (MgsZneEr) dans différents alliages.

L'évaluation des propriétés mécaniques a révélé une augmentation des propriétés de traction
et de compression des alliages ternaires et quaternaires par rapport aux alliages de Mg et de Mg-
2Zn. Ces propriétés mécaniques améliorées sont attribuées a une réduction de la taille des grains,
a la présence d'atomes de soluté et a des phases secondaires. Les analyses des facies de rupture des
alliages révélent des cupules qui indiquent une amélioration du comportement en matiere de
ductilité, ainsi que la présence de macles dans la zone proche de la région fracturée, comme le
montre I'analyse par EBSD. Les études sur le comportement d'amortissement ont montré que le
module d'élasticité des alliages correspond a celui du magnésium pur, ce qui est bénéfique pour les
applications biomédicales.

Le comportement a la corrosion de ces alliages dans un fluide corporel simulé a 37 °C a été
étudié a l'aide de plusieurs techniques telles que les études d'évolution de I'hydrogéne, polarisation
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potentiodynamique, etc. Les alliages As-DMDed ont présenté un taux de corrosion excessif en
raison d'une microstructure a taille de grains grossiére, d'hétérogénéités notamment de porosités et
de ségrégation d'éléments tandis que les alliages extrudés présentaient une résistance a la corrosion
améliorée en raison de la microstructure & granulométrie fine et d'une répartition uniforme des
phases secondaires. L'introduction de I'erbium petites quantités a un taux inférieur a son sous
niveau de solubilité dans le magnésium a amélioré la résistance a la corrosion des alliages de Mg.

Un revétement de fluorure compact a été développe sur les alliages de magnésium par la
couche de conversion chimique pour minimiser les taux de dégradation initiaux et fournir une
résistance a la corrosion suffisante dans une solution de phosphate buffer saline (PBS) a 37 °C. Le
comportement a la corrosion a été determiné pour les échantillons revétus et il a été constaté que
les échantillons présentaient une résistance accrue a la corrosion avec des revétements a base de
fluorure. Ces revétements sont biocompatibles et peuvent étre encore personnalisés pour offrir une
protection accrue a la surface. La premiere évaluation de la biocompatibilité a I'aide d'une analyse
de cytotoxicité de ces alliages biodégradables a été réalisée. Les valeurs de viabilité cellulaire ont
été améliorées avec I'épaisseur du temps de revétement et ces alliages pourraient servir de candidats
potentiels pour d'autres tests in vivo.
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1.Introduction
1.1. Background

The history of magnesium began when Sir Humphrey Davy discovered elemental Mg in 1808
and Michael Faraday started the production of Mg by electrolysis of magnesium chloride in 1833
[1]. Its commercial production was made by Robert Bunsen in 1852 and in those days it was only
used for pyrotechnical use. It was not so late that in 1878, Edward C. Huse used Mg wires who
understood the degradable properties of magnesium and used as ligatures to arrest blood bleeding
[1]. Other than UK, physicians in several parts of Europe were studying the applications of
magnesium in surgical areas; Payr in Graz and Lambotte in Antwerp who extended the clinical
studies and animal experiments [1]. But the problem of corrosion in-vivo could not be solved at
that stage and due to the emergence of other corrosion resistant materials like steels, the research
on magnesium based biomaterials took a step back.

But in the last two decades, there is tremendous ongoing research of using magnesium as an
orthopedic and cardiovascular biomaterial. This is because its density and elastic modulus are akin
to natural bone. It is advantageous as compared to implants made of titanium and stainless steel.
This is because they do not have similar physical and mechanical properties as compared to human
bone. Also, these implants require a second surgery to remove from the body as they do not
degrade. Hence magnesium is not only biocompatible but biodegradable in bodily fluids and the
degraded magnesium furnishes a dietary requirement.

The need for using magnesium alloys for biomedical applications revolves over three points:

1) In-vivo biodegradability
2) Abundance in body
3) Strength higher than polymers

Magnesium is highly electrochemically active and corrosive in harsh environments. Alloying
additions into magnesium can improve their physical, mechanical and corrosion behavior, which
is determined by their quantity, distribution and processing methodologies. Among several alloying
additions, commercially produced magnesium alloys include manganese (Mn), aluminum (Al),
zinc (Zn), calcium (Ca), zirconium (Zr) and rare earths (RE).

Hence, basic groups of alloy systems are Mg-Mn [2], Mg-Ca [3], Mg-Al-Mn [4], Mg-Al-Zn-
Mn [5], Mg-Zr [6], Mg-Zn-Zr [7], Mg-RE-Zr [8], Mg-Ag-RE-Zr [9] and Mg-Y-RE-Zr [10].
Aluminum is the principal alloying element and the most commonly used alloy is AZ91 [11], which
has enhanced mechanical strength and corrosion properties. AM series were introduced by
reducing aluminum content and adding manganese, as there is a gradual reduction in ductility with
increase in aluminum. AS series contain silicon or RE for high temperature applications. Different
mechanisms including solid-solution strengthening, precipitation hardening and grain-boundary
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strengthening etc. play a vital role in enhancing the mechanical properties of magnesium, which
depends on the quantity and the type of alloying additions. For engineering applications, one of the
reasons these alloying additions are tailored is to minimize the cost of the final product.

However, for biomedical applications, apart from providing a low-cost material, alloying
additions should not be harmful and their quantity has to be within the limits of recommended daily
allowance (RDA) of human body. Aluminum as an alloying element to magnesium may induce
neurotoxicity that might lead to Alzheimer's and hence it is not beneficial as an alloying element
[12]. Therefore, several commercial alloys like AZ31, AZ91 and LAE442 which have excellent
mechanical properties and corrosion resistance could not be used as an implant material [11,12].
Hence there is a need for selecting an alloying element that enhances the properties but not harmful.

Zinc as an alloying element for magnesium in only second best to aluminum in terms of its
effectiveness. Addition of zinc leads to enhancement of ductility and deformability. It increases
strength via age hardening and solid solution strengthening effect. It enhances the corrosion
resistance by elevating the corrosion potential of magnesium alloy. For human body, it is very
essential for the immune system. It acts as a co-factor for specific enzymes in bone and cartilage.
Several studies have been made on Mg-Zn alloys but an optimum amount of alloying addition to
enhance the material's behavior was not been done before. In bones, the element calcium is the
major component. With a density of 1.55 g/cm?® which is similar to that of low dense Mg, it can
help in maintaining its specific properties. It is essential in chemical signaling with cells [13].
Erbium is relatively new as an alloying element to magnesium. Several rare-earth elements have
been tested and they are found to be less corrosive than aluminum and zinc alloys. It was found
that Mg-RE alloys have four times higher corrosion resistance than AZ91D by Nakatsugawa et al
[14]. Erbium was used before as a mischmetal along with other rare-earths but its effects have not
been discussed in detail in the literature.

1.2. Scope of work

For validating magnesium based alloys for biomedical applications, the material should possess
similar young’s modulus to that of human bone, high yield strength, moderate ductility, and
minimal degradation behavior and enhanced biocompatibility. And therefore, the mechanical
property assessment, electrochemical behavior, surface modification and biocompatibility studies
are necessary. In this thesis, these aspects will be addressed.

The main aims of this thesis are as follows:

Aim 1: To synthesize new Mg-based alloys with minor additions of zinc, calcium and erbium
using disintegrated melt deposition method followed by hot extrusion and carry out the mechanical
property assessment.

Expected outcome: The synthesized new alloys after hot-extrusion will be dense and exhibit
enhanced tensile, compressive and damping behavior as compared to pure magnesium.

Development of magnesium alloys for biomedical applications Page 4

© 2019 Tous droits réservés. lilliad.univ-lille.fr



Thése de Devadas Bhat Panemangalore, Université de Lille, 2019

Aim 2: To study the electrochemical behavior of these new alloys in general corrosive media
(NaCl at 25 °C) and in bio-corrosive media (phosphate buffer saline, PBS at 37 °C).

Expected outcome: It is expected that these new alloys exhibit a controlled degradation rate
for biomedical applications and exhibit lower corrosion rate as compared to pure Mg.

Aim 3: To study the surface modification of these new alloys using fluoride coatings and study
their degradation rates.

Expected outcome: It is expected that the coated alloys exhibit better degradation rates as
compared to the uncoated alloys.

Aim 4: To perform the biocompatibility studies of these Mg-Zn-Ca-Er alloys using in-vitro
cellular studies to validate as an orthopedic implant material.

Expected outcome: It is expected that the new alloys will exhibit minimum cell-toxicity and
within the ISO standards.

1.3. Organization of Thesis

The following will be described in the forthcoming chapters:

Chapter 2 introduces the literature survey, which could be broadly classified into four sections. The
first section comprises of elaborating magnesium and its necessity as a biomaterial. The second
section is composed of different mechanisms of deformation and corrosion. This is followed by the
recent developments in biodegradable magnesium materials. Later, ongoing research in coatings is
discussed.

Chapter 3 describes the experimental procedure adapted in synthesis, processing and
characterization of the developed Mg based materials.

Chapter 4 is about the detailed investigation of the microstructure and mechanical properties of the
newly synthesized alloys.

Chapter 5 presents the electrochemical study of these materials conducted using a series of
immersion tests, H. evolution tests and potentiodynamic polarization studies in two different
electrolytes.

Chapter 6 is about the fluoride coating methodology adopted, its characterization and the
biocompatibility studies showing the improvement in degradation performance.

Chapter 7 lists the overall conclusions and it is followed by a proposed set of recommendations for
the future work in chapter 8.

A schematic representation of the research methodology is shown in Figure 1.1.
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Figure 1.1: Schematic representation of the research methodology
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2. Literature Survey

2.1. Introduction to magnesium

An element with atomic number 12 in the alkaline earth metals group (1) in the periodic table,
Magnesium (Mg) is the sixth rich element in the earth's surface and the lightest practicable
structural metal discovered in 1755 by a Scottish chemist after the ancient city Magnesia. Since it
belongs to group of alkaline earth metals, these are not found in elemental form in nature, but only
in chemical combinations. Boasting its lightness among all the engineering metals, it is 34% lighter
than aluminum and 50% lighter than titanium. Therefore, with a higher specific strength, it allows
using thinner sections and achieving an even lower weight for a component. It stands third after
iron and aluminum as a structural metal that is most commonly used. The popularity of this element
is from the fact that it can be easily machined, cast, forged and welded. Also the popularity rose
post world war in the field of military applications, as magnesium was used extensively for weapon
manufacturing in World War 1 [15].

Mg is the seventh abundant element in the earth crust by mass. The natural ores of magnesium
are: MgCO3.CaCO3 (dolomite) and MgCOs (magnesite). Magnesium is industrially manufactured
via two processes namely, electrolysis and thermal reduction. Although magnesium was discovered
by Sir H. Davy in 1808, their significant industrial production began in the early 20th century.
Magnesium production has witnessed fluctuations, from a total of only ~ 10 ty? at the beginning
of the century, peak production during WWII (228 kt) to recession afterwards. After 1945, the price
for magnesium increased suddenly because it was stored by many European countries after WW1I
and hence it was given prime importance. Magnesium is largely used for alloying in aluminum and
this was the main reason for its increased production volume and its growth mirroring that of
structural aluminum alloys and particularly aluminum beverage cans.

Since late 90s, there has been a renewed interest to use magnesium alloys in the automotive
and aviation industries; in the year 2000, magnesium production reached close to 400 kt.
Chemically, Mg alloys are relatively unstable and are susceptible to corrosion. Mg alloys have
excellent stiffness and specific strength, low density, very good machinability, high damping
capacity, dimensional stability and good weldability under a controlled atmosphere. Alloying
additions has dual effect, it enhances both the mechanical properties of Mg and also impart
considerable effects on its corrosion resistance and biocompatibility. Uniform and controlled
corrosion rate is very important for bioresorbable materials. If not, it could lead to a rapid release
of dissolved metal ions and biological medical complications. Alloying additions of calcium, zinc
and erbium were incorporated in to pure magnesium and they are explained in the following
sections.
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2.1.1. Physical metallurgy

With a crystal structure hexagonal close packed (HCP), magnesium is derived from sources
that occur widely and in immense quantities. Hence this metal which has HCP crystal structure
with limited room temperature ductility is not subjected to cold forming. Basal plane slipping
{0001} <1120> and pyramidal {1012} <1011> twinning is possible below 225°C.

Also these materials exhibit a tendency for brittleness due to intercrystalline failure and
local transcrystalline fracture at twin zones or {0001} basal planes. Extensive deformation only
occurs at higher temperatures due to new {1011} basal planes. The commercial production is by
the thermal reduction of calcined dolomite or by the electrolysis of either hydrous or anhydrous
magnesium chloride. It is brightly-colored, ductile and a chemically active metal. The lattice
parameters of pure Mg are a=0.32092 nm and ¢=0.52105 nm, thus the c/a ratio is 1.6236. The
actual value of c/a is very close to that of the ideal HCP crystal structure (1.633). The atomic
positions, principal planes and directions are illustrated in Figure 2.1.
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Figure 2.1: The magnesium crystal: (a) atomic positions; (b) principal planes of the [1 2 1 0]; (c)
principal planes of the [1 1 0 0] zone; (d) principal directions [16]

2.1.2. Solid solution hardening

Solid solution hardening is an alloying methodology used to enhance the strength of pure
metal. A solid solution can be formed by introducing atoms of an element to the crystalline lattice
of another element. Due to this nonuniformity, the dislocation motion is impeded and makes plastic
deformation more difficult. This is because with the addition of solute atoms, the local stress fields
are created. There is an interaction of the stress field with those of the dislocations. In
polycrystalline magnesium alloys, the plastic deformation is anisotropic. It starts with slip on the
basal planes and then prismatic slip gets activated with high strain hardening rate.
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2.1.3. Physical and chemical properties

Magnesium metal is shiny and the color is silver or gray. It is most commonly used in
pyrotechnics, aircraft and automobiles. In the field of medicine, citrate, chloride, hydroxide and
sulfates (Epsom salts) are used. Magnesium citrates and sulfates are used for relieving from
constipation. To treat low amounts of magnesium in the blood, magnesium supplements are taken
which is nothing but magnesium chloride. These are in tablet form and is consumed orally.
Magnesium hydroxides, also known as milk of magnesia are sold as antacids to neutralize the acids
in the stomach. The properties of pure magnesium are listed in Table 2.1 [17-19].

Table 2.1: Properties of pure magnesium [17-19]

No Property Value

1 Crystal structure hcp

2 Density 1.738 g/cm® at RT

3 Young’s modulus 45 GPa

4 Ultimate Tensile Strength 10-100 MPa

5 Fracture Elongation 1-12%

6 Melting Point 650+0.5 °C

7 Boiling Point 1090 °C

8 Specific Heat Capacity 1.05 kJ/ (kg K)

9 Fusion Heat 195 kJ/kg

10 Heat Conductivity 156 W/ (m.K) (RT)

11 | Linear Expansion Coefficient 26* 10° K1 (RT)

12 Shrinkage (solid-liquid) 4.2%

13 Shrinkage (Ts-RT) approx. 5%

14 Specific Electrical 22.4 m/ (ohm mm?) (RT)
Conductivity

15 Normal Potential -2.371V

2.1.4.Alloying nomenclature

To identify different conventional and commercial magnesium based alloys, it is important
to standardize in ASTM norms for easy identification. The following Table 2.2 shows the key
letters for each alloying element.
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Table 2.2: ASTM codes for alloying elements in magnesium

Abbreviation | Alloying element Effect
A Aluminum Strengthens
B Bismuth Grain refiner
C Copper Reduces corrosion resistance
D Cadmium Toxic
E Rare earths Strengthens and improves creep resistance
F Iron Enhances corrosion
H Thorium Age hardening
K Zirconium Grain refiner
L Lithium Increases ductility
M Manganese Increases corrosion resistance
N Nickel Catalysis
P Lead Dielectric properties
Q Silver Strengthens
S Silicon Strengthens and improves corrosion resistance
T Tin Increases thermoelectric properties
W Yttrium Strengthens and improves creep resistance
Y Antimony Energy storage
Z Zinc Strengthens

2.1.5. Alloying elements

For the enhancement of mechanical properties of pure magnesium, alloying additions

© 2019 Tous droits réservés.

provide precipitation hardening and/or solid-solution hardening. Among all the alloying additions,
aluminum has the most favorable effect and it significantly increases the tensile strength by the
formation of Mgi7Al1> intermetallic phase. It also provides sufficient castability, ductility and
resistance to corrosion. The conventional Mg-Al alloys used belong to the series AZ and AM
(AZ91D, AM50A and AM60B). Zinc, manganese and rare-earth additions also lead to precipitation
hardening.

Minor additions of zirconium can aid as an excellent grain refiner, which provides favorable
sites for heterogeneous nucleation sites for magnesium grains [20]. High temperature strength
could be achieved by the addition of silver. But elements like iron and nickel could be very harmful
for the corrosion resistance of magnesium even with 0.005 wt%. Recently, it was found out that
the addition of lithium helps in reducing the density further and improves the specific strength
better. The nominal compositions of commercially available magnesium alloys are listed in Table
2.3.
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Table 2.3: Summary of commercially available magnesium alloys [18,21-26]

SI.LNo | Designation Nominal composition (wt.%0)
Al Zn Mn Si Zr RE Y Th
1 AZ91 9 1 0.5
2 AZ31 25-35|0.6-14 | 0.2-1
3 AZ61 5.8-7.2 | 0.4-15| 0.15-
0.5
4 AZ80 8.5 0.5 0.12
5 AMS50 5 0.3
6 AM20 2 0.2 0.5
7 AS21 2 0.5 0.5
8 ZK40 3.5-4.5 0.45
min
9 ZK60 6 0.5
10 ZM21 2 1
11 ZW3 3 0.6
12 HM21 0.8 2
13 HM31 0.8 3
14 WEA43 0.5 3.25 4
15 WE54 0.5 35 5.25
(Nd)
2.2. Introduction to biomaterials

2.2.1. General concepts

There are several definitions to define a biomaterial. In short, it is a non-living material that
is designed to mimic an existing material of the body and delivers the application when integrated
with the biological system. Metallic biomaterials can endure tensile stresses as compared to that of
ceramics and polymers. These materials are widely used for skeletal reconstruction. They are also
used for functional devices like valves and heart pacemakers etc. ISO 10993 developed by the
International Standards Organization describes a series of standards for determining the
biocompatibility of devices for medical applications. Other standard organizations like American
Society for Testing and Materials (ASTM), International Conference on harmonization (ICH),
Organization for Economic Co-operation and Development (OECD), U.S Food and Drug
Administration (FDA), U.S Pharmacopeia Convention (USP) have also devised relevant
biocompatibility standards.
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2.2.2. Application of Biomaterials

Integration of several types of materials like metals, ceramics, polymers have varied
applications as biomaterials. The following are some of the materials that are either natural or
synthetic (man-made mineral or organic) and applications in various parts of human body.

2.2.2.1. Oral/dental applications

As a denture, PMMA is mostly used which is economical, convenient, light weight and has
low water absorption. Others include PVC, Bakelite, vulcanite, celluloid etc. For tissue engineering
and regenerating dental structures, there has been repeated usage of poly (lactic-co-glycolic acid).
Dental restorations like crowns and bridges are mostly made of biocompatible porcelain which has
high toughness. Dental sciences have been developed to be metal-free, because it can ionize and
release valence electrons. But noble metals like gold and platinum have found a myriad of
applications as crown, bridge, orthodontic wires and implants. These metals and their alloys have
excellent resistance to bending and thermal expansion. Facial surface of the teeth, its color and
contour could be modified by the used of composite resins to rebuild the tooth structure. These
resins include dimethacrylate (Bis-GMA\), urethane di-methacrylate oligomers (UDMA).

2.2.2.2. Orthopedic applications

A wide range of materials are used for orthopedic applications. Biodegradable polymers
are used in knee meniscus (cartilage where two bones meet), spine surgery, intervertebral disc,
bone grafts. Hydroxyapatite, zirconia, carbon fibers are used for hip prosthesis. Among metals,
aluminum, titanium and stainless steel have been used as bone implants. Several polymer based
ceramic composites have been used for bone defects filler.

2.2.2.3. Cardiovascular applications

Stents, catheters, vascular grafts are some of the examples for polymers like polyester,
polyurethane and polyamides as implant materials for cardiovascular applications. Metals are used
mainly for stents, which is explained in detail in the subsequent sections.

2.2.3. Metallic implants in orthopedics

From USD 21.7 billion in 2007, today the global market for orthopedic implants has
reached USD 47.2 billion. It is also estimated that this will reach USD 74.7 billion by 2023. During
the period 2016-2023, the highest CAGR of 9.7% is expected in the Asia-Pacific region. It is
necessary for greater innovation in this area with the increase in demand. Different key players in
the orthopedic market are listed below:

1) 3M Health Care

2) Abbott Laboratories
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3) Aesculap Implant Systems, LLC
4) Arthrocare Corporation

5) Baxter International Inc.

6) Boston Scientific Corporation
7) Conmed Corporation

8) DePuy Synthes

9) Johnson and Johnson

10) Medtronic Plc

11) NuVasice, Inc.

12) Phillips Precision Inc.

13) Smith and Nephew Plc

14) Stryker Corporation

15) Synthes Inc.

16) Wright Medical Technology, Inc.
17) Zimmer Biomet Holdings, Inc.

2.2.3.1. Stainless steel

Since 1900s, stainless steels are commonly used for surgical practices. Stainless steels are
ideal implants due to the absence of inclusion, which contains sulfur that encourages corrosion.
Among them, austenitic stainless steel grades such as 316, 316L and 302 are widely used
orthopedic implant materials due to its low cost, high strength and formability. The most widely
used is 316L that has good strength and ductility, work hardenability, fatigue properties, resistant
to stress corrosion cracking (SCC) in the body and has little tensile notch sensitivity. They are used
as plate fixations for tibial fractures and in the form of wires and screws in oral, maxillofacial and
other allied areas of surgery. Ferrite phase should not be introduced, as it is magnetic and could
interfere with Magnetic Resonance Imaging (MRI) equipment. They are susceptible to heating and
it is possible to alter the shape of such implant materials.

2.2.3.2. Titanium and its alloys

During 1960s, titanium became a popular choice of material for orthopedic implants. They
are lighter than stainless steel, have lower modulus of elasticity and are less prone to induce adverse
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reactions with human body. Ti-6Al-4V (R56400, TC4) is the most famous a-f titanium alloy with
alloying additions of 6 wt.% aluminum and 4 wt.% vanadium. They have been extensively used
for biomechanical applications as implants and prostheses (an implant that completely replaces a
body part).

2.2.4. Problems associated with existing biomaterials

Two key issues in using a biomaterial are its ability of host response and the ability of
microbes to colonize its surface. The definition of biocompatibility evolved from understanding
these concepts and it led to the development of functional materials.

Over the years in the field of biomaterials, non-degradable titanium, Ti-6Al-4V and
SS316L have been extensively used for bone fixation implants in orthopedic division. The
orthopedic industry have been widely using these materials for medical procedures since decades.
However, the major disadvantage of these materials is that they have high elastic moduli. This
leads to serious stress-shielding problem as the implant material which has greater elastic moduli
bears greater load for the same amount of strain imposed on the bone-implant. Also, the non-
degradability of these permanent fixtures necessitates a second intervention for implant removal.
Several problems like additional cost, pain and risk of infection arises with the removal of implant.
Also there is a possibility of the release of toxic ions such as titanium particles through corrosion
or wear process that may lead to inflammatory osteolysis. Therefore, it is very urgent and important
to develop next-generation implant biomaterials.

2.2.5. A new class of controlled degradable biomaterials

Biodegradable metals (BMs) are a new class of metals which is required to biodegrade
gradually inside the human body in-vivo. It should bio-degrade in such a way as to elicit an
appropriate host response by released products without causing any adverse effect. After healing,
these implants should dissolve completely. They should not leave any implant residues and should
ensure complete tissue healing. Biodegradation in medical field is already known after the
introduction of biodegradable sutures made of polymers [27]. The implant materials earlier known
to be corrosion resistant are currently challenged after the introduction of biodegradable metals.

2.2.6. Desired properties of biodegradable materials

To synthesize an ideal implant, it has to meet certain requirements which are classified into
three categories.

e Material
e Mechanical properties
e Manufacturing
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2.2.6.1. Material

Biodegradability is defined as the ability of a material to be degraded by enzymes and other
bio-based reactions when placed within a biological system [28]. Bio-inertness is defined as the
property of a material to retain its chemical structure and remain unreactive with the host while
performing its intended functions [29]. Biocompatibility is defined as the material's ability to
perform its desired function for a certain application with an appropriate host response [30].The
elements that are introduced in an implant should not undergo any adverse reaction with the human
body. Bioactivity is defined as a specific effect or reaction of a biological tissue upon exposure to
a substance.

2.2.6.2. Mechanical properties

With regard to bio functionality, the implant should have adequate mechanical properties,
especially Young's modulus and fatigue strength as close to that of the bone as possible [31]. A
comparison of the mechanical properties of implant materials and cortical bone is presented in
Table 2.4. It could be seen that the traditional implant materials like stainless steel and Ti6Al4V
have elastic modulus 20 times greater than that of bone. But, pure Mg and cortical bone have
similar density, strength values and Young’s modulus.

Table 2.4: Mechanical properties of cortical bone, magnesium and conventional implants

Material Density Strength Young’s modulus | Ductility
(9/em®)  ["Compressive | Tensile (GPa) (%0)
(MPa) (MPa)
Cortical bone 1.7-2.0 164-240 80-150 3-30 3-4
Stainless steels 7.9-8.1 170-310 480-620 165-200 30-40
Ti6AI4V 4.43 758-1117 930-1140 100-110 8-15
Co-Cr alloy 8.3-9.2 450-1000 - 230 -
Co-Cr-Mo alloy - - 908-1282 - 8-41
Magnesium 1.74-2.0 65-100 170 41-42 6.1
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2.2.6.3. Manufacturing

The final product should be available to the market at the right time and it has to be
economical after utilizing high-quality raw materials and attain better surface finish. These
elements used for manufacturing a product should have a definite host response and therefore it is
expected to have extremely pure raw materials during synthesis [32]. The synthesis technique must
be adapted in such a way that it is expected to exhibit repeatability of properties [33].

2.2.7. Magnesium in body

Among one of the essential six minerals which has to be supplied in the diet, magnesium is
one among them. It can be called as a vital regulator of basic health due to its numerous functions.
About 25g of magnesium is contained in an average human body. The magnesium supplements get
broken down into divalent cations and they function as a part of the body structure. These act as a
co-factor, which are like switches that regulate the activity of enzymes. Enzymes perform several
chemical reactions in our body, which include digestion, production of proteins, breakdown of fats
and etc. Magnesium is one element that powers enzymes. More than 300 enzyme-driven
biochemical reactions need magnesium. Their role is considered as important as hormones, except
that magnesium is not present in our body on its own, it has to be introduced. Adenosine
triphosphate (ATP), which is the main source of energy in cells, is magnesium complexed ATP or
MgATP. Mg ion has to be bound to ATP to make it biologically active. Magnesium also protects
our DNA. Insufficient magnesium causes destabilization of DNA structures and can negatively
impact cellular function.

2.2.8. Magnesium in bone

Bone has the capability to remodel itself throughout a human's lifespan. It has the ability to
heal majority of fractures internally. Magnesium is equally important as calcium in the bone.
Deficiency of one element could actually affect the metabolism of the other. It could possibly result
in loss of magnesium, if there is an increase in calcium supplement intake into our body. This might
result in excess calcium deposition in soft tissues and can lead to arthritis.

2.2.9. Magnesium as a biomaterial

Magnesium is biodegradable [34-36] and has high specific strength, and this is the only
material to possess both of these properties. Mg alloys can reduce the stress shielding effect in
orthopedic applications as their Young’s Modulus is similar to that of bone. It is unique due to its
extremely high damping capacity (ability to absorb energy), the highest of any metal. Due to its
poor corrosion behavior of Mg alloys, it forbids their applications in numerous areas. But the
property of biodegradability allows magnesium to be used as a temporary implant. With the rapid
advancement in technology, it is possible to develop high-purity magnesium materials by designing
optimum degradation rates as per human body requirements. This is a booming area in research
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and the following representation in Figure 2.2 gives an idea of the number of researchers working
on this field over the past two decades.
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Figure 2.2: Publications and conference proceedings on the subject of biological applications of
magnesium alloys and its composites against the year of print (adapted from Scopus)

2.2.10. Recent developments

2.2.10.1. Stents

For the treatment of coronary artery disease, a coronary stent is an artificial temporary
support device that is placed to keep the vessel open. The forms of such stents are usually mesh-
shaped and they are available in different sizes to open the blockage. Predominantly SS316 is the
material used by nearly 3 million patients worldwide.

These stents are divided into three categories:
(a) Bare-metal stents (BMS)

These stents are made of cobalt-chromium alloy or stainless steel. But there were several
problems due to this, which include blood clotting. Hence this led to the development of more
advanced stents.

(b) Drug-eluting stents (DES)

This class of stent materials includes several coated polymer layers which consists of
antiproliferative drugs on the metal stents. Different Drug-eluting stents that are under development
are listed in Table 2.5.
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Table 2.5: Various DES under development

Manufacturer Trade name Stent Polymer Drug
Abbot ZoMaxx Tantalum/SS Durable Zotarolimus

Boston Scientific Taxus SS Durable TAXus
Cordis (J and J) Cypher SS Bio-absorbable Everolimus
Terumo Nobori SS Bio-absorbable Biolimus-A9

(c) Bioabsorbable stents (BS)

The previously explained stents are permanent and are of no use after the vessel healing
takes place. Therefore, a new class of biodegradable stents, which gets fully absorbed after
fulfilling their mission leaving no residual prosthesis, is developed. Magnesium alloy is one among
the materials used to overcome the limitations of non-degradable permanent stents [37]. A typical
example shown in Figure 2.3 is a balloon shaped stent in its tubular form derived from a magnesium
alloy using laser. These stents are developed by BIOTRONIK AG, Switzerland.

Figure 2.3: Bioabsorbable magnesium stent (BIOTRONIK, Berlin, Germany) (a) after expansion;
(b) before expansion; (c) a high magnification image [38]

2.2.10.2.  Screws, plates and pins
As a means of support for internal fixation of bones, several screws made of titanium or
stainless steel are used. But they remain inside the body for the entire lifespan or can be removed

after healing. So far, Mg-0.8Ca [39], MgYREZr [40], LAE442 [41] and ZEK 100 [42] have been
used for clinical trials.

Development of magnesium alloys for biomedical applications Page 20

lilliad.univ-lille.fr



Thése de Devadas Bhat Panemangalore, Université de Lille, 2019

2.2.10.2.1. Magnezix

Proudly known as the implants of tomorrow, SYNTELLIX AG is a medical technology
company based in Germany has created innovative bioabsorbable screws and pins called
MAGNEZIX. It has the CE mark, also known as Conformité Européene in French which literally
means European Conformity. These screws are not removed but they get resorbed inside the body.
It is advantageous for both patients and doctors. These are uniquely designed with self-cutting tips
which simplifies operative procedures and also has different thread pitches which aid in absolute
fracture stability due to interfragmentary compression.

2.3. Corrosion

Corrosion is defined as a destructive attack on the surface of a material due to an
electrochemical reaction with its environment. When positive ions are released from the anode,
simultaneously the electrons flow towards the cathode and hence deterioration takes place.

2.3.1. Magnesium corrosion mechanisms

The physical and chemical features and processes involved when a material is exposed to an
environment constitute the mechanism for corrosion. The following are some key points during
corrosion of magnesium.

(1) The surface film formed on magnesium is partially protective.

(i)  Foreach atom of magnesium dissolved in water, one molecule of hydrogen is produced.

(i)  Ep, defined as pitting potential of magnesium is more negative than free-corrosion
potential Ecorr in NaCl solutions.

(iv)  Localized corrosion could possibly lead to fall out of particles.

2.3.2. Corrosion of magnesium in simple electrolytes

The overall reaction for the corrosion of pure magnesium could be understood by the
following equation:

Mg + 2 H20 - Mg (OH)2 + H»
The partials could be written as follows:
Mg = Mg?* + 2¢”
2H,0+2e =H2+20OH

In chloride containing solutions, magnesium and its alloys undergo pitting corrosion.
Above a threshold potential, called pitting potential this localized corrosion phenomenon occurs.
In general, magnesium has a standard potential of -2.37 V NHE in acid solution [43]. But the
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working potential at steady state is approximately 1 V more positive. This is because, in acid
solutions, Mg(OH)2[44] and also MgO [45] are formed as a thin film. In basic solutions, a thick
Mg(OH).[46] is formed over this thin film.

2.3.2.1. Negative difference effect (NDE)

Magnesium was found to be passive by King [47] when cathodically polarized in a certain
potential range. But when anodically polarized, hydrogen evolution rate was found to increase and
this phenomenon in literature is termed as "negative difference effect”. This phenomenon has
become controversial since its first introduction by Petty et al. in 1954 [48].
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Figure 2.4: The negative difference effect [49]

The Figure 2.4 shows the phenomenon of NDE experimentally. 1, and Ic in the figures
represent the anodic and cathodic partial reactions. At the corrosion potential Ecor, their rate of
reactions are equal to Is. With a greater potential value Eappi, the rate of cathodic reaction is expected
to be Ine along the curve Ic and the anodic reaction rate is expected to increase to Imge along the
curve la. With increasing potential, hydrogen evolution rate increased experimentally rather than
decreasing [50].
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2.3.3. Types of corrosion

In the following sections several corrosion types that can take place in magnesium and its
alloys have been explained in detail.

2.3.3.1. General attack Corrosion

This type of deterioration is uniformly distributed corrosion over complete exposed area of
a metal. In natural environment, the main cause for this type of corrosion is oxygen. The kinetics
of several reactions determines the nature and severity of this corrosion process. Normally when
several reactions take place simultaneously, the rate is governed by the slowest reaction. To prevent
such attacks, it is essential to use paints or metallic coatings such as galvanizing. Also it is possible
to use cathodic protection (Sacrificial Anode or Impressed Current - ICCP) and anodic protection.

2.3.3.2. Localized Corrosion

It is the selective removal of material by corrosion when it is in contact with a corrosive
environment. This happens usually when there are heterogeneities in the material. The following
are the three types of localized corrosion.

2.3.3.2.1. Pitting

This type of corrosion is most difficult to predict and design against when cavities or
“holes” are produced in the material in disguise. This is the most dangerous form of corrosion. It
happens due to the localized damage by chemical or mechanical means, due to nonmetallic
inclusions or poor coatings with localized damage. These pits could appear as cup shaped or
hemispherical.

2.3.3.2.2. Crevice

As the title suggests, it occurs in the gap or crevice between the two welded surfaces, which
could be metal-metal or metal-nonmetal. Several factors like pH, temperature, halide ions, oxygen
concentration, and alloy composition influence this type of corrosion. Some of the remedies to
prevent this type of corrosion are to use alternatives like butt joints instead of riveted or bolted
joints and so on.

2.3.3.2.3. Filiform

This type of corrosion reaction occurs in pure magnesium where the surface film is not very
stable. Since the pitting potential is more negative than free-corrosion potential, localized corrosion
takes place. At some point after the film breaks, the region that is in contact with the solution
becomes anode and the larger area which is the film becomes cathode. In magnesium they appear
as irregular pits in the beginning and spread around laterally. Only specific regions like the second
phases gets corroded that become anodic while the remaining surface is unattacked. It is dangerous
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as it appears that the material is not damaged but on the contrary it has severely damaged deep
inside the structure.

2.3.3.3. Galvanic Corrosion

When a metal is in contact with another metal which is nobler in a corrosive environment,
the accelerated corrosion phenomenon is called Galvanic Corrosion. The potential difference
between these two metals is the driving force for corrosion. The noble member undergoes
"cathodic protection”. To prevent such attack, it is essential to choose metals which are near to
each other in the electrochemical series. Since the cathode/anode area ratio is directly proportional
to the acceleration rate of corrosion, one has to avoid the presence of a large cathode and small
anode.

2.3.3.4. Environmental Cracking

This is a form of corrosion cracking that happens with one or combination of the following
phenomenon: Stress corrosion cracking, Corrosion fatigue and Hydrogen Embrittlement.

2.3.4. Corrosion of magnesium in biological electrolytes

2.3.4.1. Physiological solutions

There are several electrolytes available or can be prepared with ion concentration nearly
equal to those of human blood plasma. They are called balanced salt solutions (BSS) made to a
physiological pH and isotonic salt concentration. Since many of them are fairly complicated to
prepare, it is always advisable to buy. The following are different solutions:

2.3.4.1.1. Hank’s Stock Solutions (HBSS)
This is a salt rich in bicarbonate ions, formulated by John Hanks, a microbiologist in 1940
[51].

2.3.4.1.2. Simulated Body Fluid (SBF)
This is first evaluated by Kokubo et al. to measure the changes on a surface of bioactive
glass ceramic. A detailed preparation procedure is given in [52].

2.3.4.1.3. Phosphate Buffer Saline (PBS)
This is commonly used in biological research and it contains disodium hydrogen phosphate,
sodium chloride, potassium chloride and potassium dihydrogen phosphate. These solutions can be
prepared using tablets or pouches bought commercially.

2.3.4.2. Different testing methods

To determine the corrosion behavior and mechanisms, different tests could be adopted.
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2.34.2.1. Unpolarized-type measurements
a) Weight loss measurements (WL)

This is the simplest test which requires only a sample, corrosion medium (SBF at a
temperature of 37 °C) and an accurate micro-balance to determine mass loss over a period of time.
The corrosion medium volume to surface area of the sample should be high enough to counter the
minimal changes in pH of the medium during testing. An advantage of this method is that it is
easily understood by the users and material producers. But this method bears several disadvantages.
It is an average result and does not give the rate within a certain period (kinetics). The weight loss
Is determined by accurately removing only the surface and there is experimental constraint in doing
it.

b) Hydrogen evolution measurement (HEM) [53]

The dissolution of an atom of magnesium in aqueous solution at its corrosion potential
generates a molecule of hydrogen gas. Hence the measured hydrogen gas is equivalent to
measuring the amount of magnesium dissolved. Hydrogen gas formed due to the corrosion products
that have been formed and from the undermined fallout particles would still be equal to the amount
of dissolved magnesium. This measurement is not affected by the corrosion products formed.

But a disadvantage is that multiple samples are needed and it gives little information regarding
corrosion mechanism.

c¢) pH monitoring (pH)

This is a simple and low cost technique used to monitor the corrosion reaction. With the
change in pH, one can identify the possible corrosion reactions taking place and regulate the
degradation behavior of the material.

2.3.4.2.2. Polarized-type measurements
a) Potentiodynamic polarization studies (PDP)

This involves changing the potential of the working electrode in the positive direction and
monitoring the current such that the sample corrodes. Tendency of a material for passivation and
presence and effect of inhibitors and oxidizers could be easily recognized. Since the measurement
can take place over several orders of magnitude of current, it is plotted on a logarithm scale.

2.4, Processing methods for magnesium
2.4.1. Solid phase processing

When the working temperature is below the solidus of the metal matrix phase, these
synthesis techniques can be classified as solid-state syntheses. It possesses great advantages in
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creating a metastable phase in the microstructure and the composition levels could be easily
controlled in developing a material.

The following are different techniques:

2.4.1.1. Powder Metallurgy Technique

This is very commonly used technique to synthesize a variety of high strength equilibrium
and non-equilibrium alloys. Raw materials in their powder form could be blend and given a certain
shape by consolidating them and then sintering at a temperature below the melting point of the base
material. The blending in a reactive ball milling involves a continuous cold welding, fracturing and
re-welding of powder particles. Such a process produces frictional heat at the interface which
results in local melting and consolidation. An advantage over the liquid phase processing is the
possibility of better strength properties due to minimal segregation effects and no mold-metal
interface reaction products.

2.4.1.2. Additive manufacturing

A fabrication technique that involved creating metal and polymer parts layer by layer is
called Additive manufacturing. Such a technigue involves the assistance of computer-aided design
(CAD) systems. One of the examples is Selective laser melting (SLM) that uses laser beam to
selectively melt powders. Other synthesis techniques used are zone solidification technique and
conventional PM followed by spark plasma sintering technique.

2.4.2. Liquid phase processing
2.4.2.1. Conventional casting

For synthesizing magnesium based alloys, casting is a conventional technique. Ferrous
crucibles could be used for casting as molten magnesium does not have affinity to iron as molten
aluminum does. But molten magnesium burns unless an inert atmosphere is used, unlike aluminum
which forms an impervious oxide that limits further oxidation. A flux could also be used that acts
as a cleaning agent. Fluxless processes involve using argon, CO2, SFs or mixture of these gases.
SFe and CO; attributes to global warming and it was attributed that SFe is 24000 times more
potential for global warming than CO>

2.4.2.2. Liquid infiltration

This method is used to synthesize composites where the reinforcing force is made as a
porous mold and the metal matrix is melted and poured through its interstices. Two variants, i.e.,
pressure less and pressure-assisted infiltration exists.
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2.4.2.3. In-situ process

This is also a process used to synthesize composites where the desired ceramic
reinforcements are formed in-situ by controlled metallurgical reactions. Reaction temperature
could be controlled to attain the required particulate size.

24.2.4. Spray Forming

Here, the molten alloy is atomized using an inert gas and deposited onto a substrate to build
up bulk materials layer by layer. It is possible to produce non-uniform distribution of reinforcement
particulates.

2.4.2.5. Disintegrated melt deposition

This technique was developed in the early 90s and patented by the National University of
Singapore (NUS) [54].This process is of great technological potential as it is economical and comes
with advantages of conventional casting process and spray forming. A more detailed description
of the setup is given in the subsequent sections.

2.4.3. Hot extrusion

When a block of metal is forced under high pressure through an orifice of a die, this metal
forming operation is termed Extrusion [55]. High compressive stresses are developed during the
reaction of the extruded billet with the container. There are two types of extrusion processes, direct
and indirect. In direct extrusion the metal is driven through the die by the ram. In indirect extrusion,
with the ram and die stationary, the container and the billet is made to move. This process requires
less power as there is no relative motion between the container and the billet. A third process to
produce hollow shapes is impact extrusion, usually restricted to softer metals like aluminum. The
following are the process control parameters:

(@) Type of extrusion (back or direct)
The pressure required for initial ram travel is high and when the metal flows through the
die, this maximum pressure value is called breakthrough pressure. This pressure decreases
with the length of the billet in the container. In order to stop the ram and leave a small
discard in the container, the pressure builds up rapidly in the end.

(b) Extrusion ratio
This is defined as the ratio of the initial cross sectional area of the billet to the final after
extrusion. For our experiments, a constant extrusion ratio of 20.25:1 is kept.

(c) Working temperature
To decrease flow stress or resistance to deformation with increasing temperature,
magnesium is hot-extruded. The temperature is set below the melting point and also below
the temperature at which hot shortness occurs. To avoid the problem of oxidation, they are
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sprayed with graphite. Also the internal heating is taken into account due to the extensive
deformation.

(d) Speed of deformation
High extrusion speeds result in temperature rise due to extensive deformation and it leads
to hot-shortness. Low extrusion speeds result in greater cooling of billets, which increases
the flow stress and hence the pressure required to extrude rises. Hence an optimum speed
IS kept.

2.5. Deformation behavior of magnesium

During deformation, grains seek preferred orientations, i.e., texture. Most of the energy is
dissipated as heat during deformation and only some part is stored inside in the form of
dislocations. Several factors like strain, strain rate, orientation, type of deformation, temperature
and initial grain size are responsible for deformation microstructure.

2.5.1. Slip

The plastic deformation in magnesium is accompanied by two modes of deformation: slip and
twinning. Twinning is due to the limited availability of slip systems to accommodate deformation.
In HCP magnesium the following are the possible slip systems:

() basal slip in {0 0 0 1} planes along <1 1 2 0>

(b) prismatic slip in {1 0 1 0} planes along <11 2 0>

(c) pyramidal slip <a>in {1 0 1 1} planes along <12 1 0>

(d) pyramidal slip <c+a> type 1in {00 0 1} planes along <1 1 2 0>
(e) pyramidal <c+a> type Il slip in {2 11 2} planes along <1 1 2 3>

The closest packed plane is typically where the slip is active and hence for magnesium it is the
basal plane.

2.5.2. Twinning

After basal slip, twinning is an important deformation mode that gets activated in
magnesium. This is due to elevated temperatures, finer grain sizes and solute additions. The
critically resolved shear stress (CRSS) for tension twin {1012} is only 33 MPa. This is also called
as extension twin as it supplies extension along the c-axis. The Table 2.6 gives an idea of possible
twinning systems in magnesium.
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Table 2.6: Several twin systems available in pure magnesium

Twin Plane Misorientation | Shear
{1012} 86° 0.131
{1011} 56° 0.138
{1013} 64° 0.138

{1011}-{1012} 38° 0.208
{1013}-{1012} 22° 0.192

2.5.3. Misorientation

A grain boundary is characterized by its boundary plane, misorientation axis and angle. An
angle-axis pair defines the orientation between two coordinate systems. The difference in
orientations of different grains is termed as misorientation and this angle-axis pair is used to denote
grain boundary misorientation.

In EBSD data acquisition, a correlated misorientation takes into account the misorientation
between neighboring points whereas an uncorrelated plot takes random points.

2.5.4. Schmid factor

When the shear stress on a slip plane is applied along a particular direction, slip takes place if
this value exceeds some critical value. This value is called critical resolved shear stress and it is
governed by Schmid Law. In a material where many slip systems can act, a term called schmid
factor is calculated and in order to figure out the primary slip system, it is the one with the greatest
schmid factor.

2.6. New Alloy Development based on Zn, Ca and Er
2.6.1. Introduction

Today, the advancement in the field of biodegradable magnesium cardiovascular stents
have attained a great height and they have been tried on animals [38,56]. Different designs are
applied for bone implants in the form of screws, plates or other fixture devices. For tissue
engineering applications, open-porous scaffolds have been tried and tested [57-60]. It is very
essential to understand the interface and the behavior of biological implants made of magnesium
and its alloys in the biological environment. The influence of the alloying elements on the
formation of protective interfaces should be the priority in designing a material [61].

Several alloying additions were already investigated for biomedical applications [62-66].
Among them, magnesium alloys containing calcium is the most popular choice due to its properties
similar to bone [13]. But a few studies show the galvanic coupling effect due to the presence of
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Mg2Ca phase [39]. Alloying element zinc is second best to aluminum for non-biomedical alloys as
it elevates strength, reduces grain size of magnesium alloys [67]. It also helps in refinement of
second phases and makes the matrix more noble, which reduces galvanic coupling [68]. Rare-earth
elements with minor additions are believed to exhibit anti-carcinogenic properties [69] and some
of these elements like yttrium has been shown to reduce the pitting potential of magnesium alloys
[70]. The element erbium has not been discussed in detail and minor additions of this element to
magnesium could possibly help in lowering its corrosion rate. Also the combined effect of fine
grain size and secondary phases due to the alloying additions needs to be understood due to the
additions of calcium, zinc and erbium.

2.6.1.1. Calcium

In terms of physiological functions, Calcium (Ca) is an essential metal element for human
beings. Also in terms of metallurgical properties, this is an excellent gran refiner and it can reduce
the effect of oxidation during solidification conditions [71,72]. When added in limited amounts, it
can increase the mechanical properties and corrosion resistance of Mg alloys [39].This also helps
in grain boundary strengthening. In binary Mg-Ca system, the phase Mg2Ca improves creep
resistance due to all three strengthening mechanisms (solid-solution strengthening, precipitation
strengthening and grain boundary pinning). The recommended daily allowance (RDA) of calcium
by the doctors is 1000 mg for adults [3]. Addition of calcium is essential to inhibit oxidation during
the solidification process as it forms a thin and dense CaO film on the surface of molten metal [44].
Mg-Ca is also a good age-hardening system [74].

2.6.1.2. Zinc

As an alloying element in Mg, zinc is second best to aluminum in terms of its effectiveness.
As one among the most essential elements in the human body, zinc with a density of 7.14 g/cm? is
present in several enzymes that regulate our metabolism [75]. It helps in DNA synthesis and also
aids in different senses [68,76]. The RDA is 10-15 mg and about 100 mg could be tolerated [64,77].
In terms of metallurgical properties, addition of zinc enhances ductility and deformability [78]. It
also increases hardness through solid solution strengthening and age hardening effect, as the
solubility decreases with temperature. But when added in large amounts, it is possible to cause
embrittlement when aluminum is present [20].

2.6.1.3. Rare earth

These elements are introduced in the form of master alloys (element in combination with
magnesium) in magnesium alloys. This could be in the form of mischmetal. As rare earths are
expensive, mischmetal is a naturally containing ore with elements like lanthanum, cerium,
praseodymium, neodymium and other impurities is introduced. When several rare-earths have to
be added, the master alloys containing one or two element in larger amount and the other elements
in different amounts could be considered. These in terms of solubility with pure magnesium, the
rare-earth elements could be classified into two groups: The first group consists of limited
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solubilities such as Neodymium (Nd), Lanthanum (La), Cerium (Ce), Praseodymium (Pr),
Samarium (Sm), Europium (Eu) and the second group consists of elements with large solid
solubilities such as Lutetium (Lu), Ytterbium (Yb), Thulium (Tm), Erbium (Er), Holmium (Ho),
Dysprosium (Dy), Terbium (Tb), Gadolinium (Gd) and Yttrium (Y).They exhibit solid solution
strengthening and also form intermetallic phases with magnesium which can lead to precipitation
strengthening [79]. The effect of individual rare earth element on pure magnesium and its alloys
have been discussed in the following section.

2.6.1.3.1. Neodymium

A Mg-Nd binary alloy was investigated by Birbilis et al. [80]. These alloys synthesized
using high-pressure die cast (HPDC) technique showed improved corrosion behavior for MgsNd
intermetallic phase over pure Mg when tested using micro-electrochemical cell method [81].
Neodymium (Nd) containing wrought magnesium alloys of composition (Mg-4Y-3RE) were
synthesized by Argade et al. using friction stir processing technique (FSP) [82]. The corrosion
behavior was found to be improved by the shift of open circuit potential (OCP) towards positive
potentials with grain refinement by FSP. The effect of Nd addition on AZ91 alloys were
investigated by Zhang et al. [83]. The microstructure was tailored by significantly reducing the
twins and dislocations, which decreased the anodic dissolution rate. Also the phase AlsNd formed
inhibited the micro-galvanic corrosion.

2.6.1.3.2. Lanthanum

The effect of lanthanum on the corrosion behavior of magnesium was studied by Birbilis et
al. [80]. The intermetallic phase formed in the eutectic was Mgi.La and these phases exhibited
significant corrosion resistance over pure magnesium. Mg-0.69La was investigated by Willbold et
al. to study low rare earth elements on the biodegradation and biocompatibility of magnesium and
they did not produce systematic or local cytotoxicological effects [84].

2.6.1.3.3. Cerium

Mg-0.4Ce extruded and heat treated alloys investigated by Tekumalla et al. revealed an
improved corrosion resistance [85]. Song et al. studied the effect of Ce in decreasing the size of -
Mg17Al12 and forming fine needles of Al11Ces intermetallic compounds that increased the corrosion
resistance of AZ91 alloy [86]. Mg-0.23Ce investigated by Willbold et al. [84] showed no gas
cavities during in-vivo tests, these alloys were slowly degrading and showed good
biocompatibility.

2.6.1.3.4. Yttrium

Sudholz et al. studied the binary additions of yttrium on magnesium and termed that it has
a relatively unique impact on corrosion behavior in comparison to that of traditional REs [87].
Tests conducted in 0.1 M NacCl electrolyte solution revealed an increase in corrosion potential with
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increasing additions of yttrium (2-18 wt.%). The micro-cell method to study the electrochemical
behavior of intermetallic particles revealed that Mg24Y's phase which is about 200 nm large is
responsible for enhanced corrosion resistance of Mg-Y alloys, which has an Ecorr value 40-50 mV
more noble than pure Mg. Y entering the a-Mg in solution also had an effect in retarding anodic
kinetics. Gu et al. [88] studied binary Mg-1Y alloy and concluded that yttrium addition favors in
the application of magnesium based stents as it did not induce significant toxicity to osteoblasts
(MC3T3-E1). Peng et al. have used zone solidification method to synthesize high purity Mg-Y
biomaterials in MagIC - Magnesium Innovation Centre, GKSS, Germany [89]. Their studies have
shown that the corrosion and mechanical properties of the purified middle region of zone solidified
materials were better compared to that of common casting method. Liu et al have a different opinion
on the influence of yttrium on the corrosion of Mg-Y binary alloys [90]. The corrosion rate
increased with increasing Y-containing intermetallic in 0.1 M NaCl while it decreased in 0.1M
Na>SO4 solution due to the protective surface film formed. The corrosion in NaCl propagated by
filiform type and the initiation is due to the presence of second phases. Earlier studies have revealed
the addition of RE element as a quaternary addition, where the behavior of individual alloying
element is not readily revealed [86,91].

2.6.1.3.5. Erbium

As an alloying element to magnesium, erbium is relatively new. It was used earlier as a
misch-metal along with other rare-earths but its effects have not been discussed in detail. The Mg-
Er phase diagram is shown in the Figure 2.5. Several intermetallic compounds like Mg24Ers, MgEr,
Mg2Er are formed at different wt.% Er. The mechanical properties for binary Mg-Er alloys are
listed in Figure 2.5. The sample Mg-3.6Er is cast, homogenized at 500 °C for 8h and aged at 200
°C for 8h by Zhongjun et al [92]. An increment in UTS for Mg-2Er was observed by Wu et al.,
where the sample was die cast, homogenized at 520 °C for 48h, extruded at 400 °C and annealed
for 400 °C for 1h [93]. Increased Er additions enhanced the ductility value but minimized the UTS
value of Mg-Er alloys [93].
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Figure 2.5: Mg-Er binary phase diagram [94] and previous studies on determining tensile properties
of Mg-Er binary alloys

2.6.2. Mg-Ca binary alloys

The Mg-Ca phase diagram is shown in Figure 2.6. Under equilibrium condition, the
solubility of Ca in Mg is 1.34 wt.%. A eutectic is present at 16.2 wt.% and at the temperature of
516 °C. Formation of an eutectic structure in the alloy is encouraged when the calcium content is
above 0.7 wt.%. When the Ca content is less than 45 wt.%, the phases are a-Mg and Mg.Ca. As
the solubility decreases with temperature, these alloys exhibit precipitation effect. Above 5 wt.%
Ca addition, the alloy is very brittle at room temperature [13].
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Figure 2.6: Mg-Ca binary phase diagram [94]
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Mg-Ca alloys with calcium contents from 1 to 20 wt.% were fabricated by Z. Li et al. were
found to be very brittle at room temperature [13]. In this study, the Mg-1Ca was concluded to
exhibit suitable bio corrosion properties. Wan et al. have designed chemical composition of Mg-
Caalloys from 0.6 -2 wt.% [95]. The tests carried out on SBF solution demonstrated that Mg-0.6Ca
has a good potential as a new biomedical material. Another study by Kirkland et al. on developing
alloys with calcium contents from 0.4 to 28 wt.% was investigated [96].

2.6.2.1. Microstructure, Mechanical properties and corrosion behavior

The optical microstructures of Mg-Ca alloys are shown in the Figure 2.7. The secondary
phase Mg.Ca is distributed both inside the grain and along the grain boundaries. This Mg2Ca can
exhibit a faster corrosion rate if present in abundance [3].

Figure 2.7: Typical optical microstructures of Mg-Ca alloys: (a) Mg-1Ca as-cast [13] (b) Mg-1Ca
as-forged [97](c) Mg-1Ca as-rolled [13] (d) Mg-1Ca as-extruded [13] (e) Mg-1.6Ca as-cast [95]
(f) Mg-0.54Ca as-extruded [98]

Drynda et al. [3] studied alloying of low calcium amounts (upto 4 wt.%) that led to
increment in ultimate tensile strength up to 210-240 MPa. The grain size was not affected for
various increments in calcium content. Murakoshi et al. [99] synthesized extruded Mg-xCa alloys
(x=0.5, 1, 1.5 and 2 wt.%). With increasing calcium content, the mechanical properties were
enhanced but their influence was not much. Harandi et al. [97] studied the effect of forging process
on the mechanical properties and corrosion behavior of Mg-1Ca alloy. With increasing forging
temperature from 250 °C till 450 °C, the hardness increased due to the presence of much finer and
equiaxed grains. Li et al. [13] fabricated binary Mg-xCa (x=1, 2 and 3 wt.%) alloys. The
mechanical properties were enhanced for as-rolled condition as compared to as-cast. They further
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enhanced for as-extruded alloys. This is as a result of thermomechanical processing leading to
refinement of grain sizes. But for as-cast alloys, there is no increment in the mechanical properties
with addition of calcium. Han et al. [100] prepared Mg-5wt.%Ca alloy and studied their
compressive properties. The deformation due to extrusion refined primary Mg grains and also break
the network structure of brittle Mg»>Ca, enhanced the mechanical properties. The mechanical
properties of Mg-Ca binary alloys are summarized in Figure 2.8.

Strength (MPa)
Ductility (%)
[«

Figure 2.8: Summary of the mechanical properties of the binary Mg-Ca alloys

Drynda et al. studied five different extruded test specimens of magnesium-calcium alloys
(Mg-xCa ,x= 0.4, 0.6, 0.8, 1.2 and 2.0 wt.%) for the cell culture experiments [3]. The specimens
were also given fluoride coating. First, these bars were immersed in sodium hydroxide solution to
establish a thick hydroxide layer and then immersed in hydrofluoric acid to convert this layer into
a fluoride. Among all the alloys, 0.8 wt.% addition had the lowest degradation rate.

Kirkland et al. [101] tested the bio-corrosion behavior of a number of binary Mg alloys in
a different test media called Minimum Essential Medium (MEM, Invitrogen). With Ca content
greater than 1 wt.%, the corrosion rate increases rapidly. But it is surprising to note that the
corrosion rates have been found similar to Mg-5Ca and Mg-16.2Ca.

Binary Mg-xCa alloys with various calcium contents from 0.5 to 10 wt.% were fabricated
using casting process by Bakhsheshi Rad et al. [102]. With increasing Ca content, the corrosion
rates were increased due to the excessive presence of an intermetallic Mg>Ca phase, mostly present
in the grain boundaries. Thus, in this work it was concluded that Mg-0.5Ca alloy is optimum as
biodegradable implant.

Harandi et al. [97] studied the effect of forging process on the corrosion behavior of Mg-
1Ca alloy and they found that with increasing forging temperature, greater is the precipitation of
MgCa phase that can accelerate the corrosion rate of the alloy.
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Zeng et al. studied in-vitro corrosion of as-extruded Mg-Ca alloys to study the influence of
Ca concentration [98]. Their results reveal that Ca possibly plays a dual role. It accelerates
corrosion due to the formation of Mg»>Ca phase and also decreases the corrosion rate due to the
refinement of grain size. Among Mg-0.54Ca, Mg-0.79Ca and Mg-1.35Ca, the alloy Mg-0.79Ca
represented the promising candidate for degradable biomaterial due to the highest hardness,
ultimate tensile strength and corrosion resistance.

Jung et al. has elucidated an in-vivo corrosion mechanism of Mg-10Ca in a rat femoral
condyle through a TEM study assisted by FIB technique [103]. The fabricated alloy consisted of a
3D lamellar network of Mg and Mg.Ca. During corrosion, Mg»>Ca was attacked due to the Ca and
O interdiffusion and this changed the structure into nanocrystalline. The surface and interior of the
implant formed needle-type calcium phosphates which are similar to hydroxyl apatite that provided
a bioactive environment for bone mineralization.

Using melt-spinning technique, Gu et al. fabricated Mg-3Ca ribbons and these showed
more uniform corrosion morphology and induced no toxicity of L-929 cells [104]. A typical
corrosion surface morphology of Mg-Ca alloys [13] is shown in Figure 2.9. A summary of the
corrosion rates of different binary Mg-Ca alloys are presented in Table 2.7.
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Figure 2.9: Typical corrosion morphology of as-cast Mg-1Ca immersed in SBF for 250h and as-
cast Mg-2.5Ca immersed in SBF for 84h [13]

Table 2.7: Summary of the corrosion rates of the binary Mg-Ca alloys in different corrosive media

Sample | Condition | SBF Kokubo | MMEM | Hanks lcorr References
solution (LA/cm?)
Mg- As-cast 0.2 0.1 [105]
0.5Ca mm/day mg/day
Mg- As- 174 [98]
0.54Ca | extruded
Mg- As-cast 1479 0.00197 [106]
0.7Ca mpy
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Mg- As- 99.8 [98]
0.79Ca | extruded
Mg-1Ca | As-cast 0.5 0.87 [105]
mg/day mg/day
Mg-1Ca | As-cast 1876 0.00224 [106]
mpy
Mg-1Ca | As-cast 1.43 0.00197 [97]
mm/y
Mg-1Ca | Forged 1.9 mm/y 0.00371 [97]
Mg-1Ca | As-cast 3.16£0.5 [107]
mm/y
Mg-1Ca | As-cast 12.56 [13]
mm/y
Mg-1Ca | As- 1.74 [13]
extruded | mm/ly
Mg-1Ca | As-rolled | 1.63 [13]
mm/y
Mg- As- 231 [98]
1.35Ca | extruded
Mg-2Ca | As-cast 2.03 20.3 [105]
mg/day mg/day
Mg-2Ca | As-cast 6.89 301.9 [108]
mm/y
Mg-2Ca | As-cast 2017 0.00312 [106]
mpy
Mg-3Ca | As-cast 2881 0.00395 [106]
mpy
Mg-3Ca | As-cast 21 14 929.3+60.1 | [104]
mm/y
RS15 As-rolled | 1.68 +0.2 74.2+9.9 [104]
Mg-3Ca mm/y
RS30 As-rolled | 1.25+0.3 55.6+14.3 | [104]
Mg-3Ca mm/y
RS45 As-rolled | 0.39+0.1 17.1+4.9 [104]
Mg-3Ca mm/y
Mg-4Ca | As-cast 3604 0.0047 [106]
mpy
Mg-4Ca | As-cast 9.04 395.7 [108]
mm/y
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2.6.3. Mg-Zn alloys

The Mg-Zn phase diagram is shown in the Figure 2.10.
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Figure 2.10: Mg-Zn binary phase diagram [94]

As seen in the phase diagram, the maximum solid solubility of Zn in Mg is 6.2 wt.%. For
numerous applications, alloys within this solubility limit of Zn have been investigated whose
microstructure consists of a-Mg primarily [68,76,77,109-111]. With an increasing Zn content,
these alloys have a high glass-forming capability [109,112,113]. Zn based alloys have limited
magnesium concentration [64].

2.6.3.1. Microstructure, Mechanical properties and corrosion behavior

Zhang et al. studied Mg-6Zn by fabricating using solid solution treatment and hot-working
[68]. He found that zinc elevates the corrosion potential of magnesium in simulated body fluid
(SBF). And also these materials did not induce in vitro cytotoxicity and were harmless to L-929
cells.

Yu et al. studied the bio-corrosion performance of Mg-3Zn in SBF [114]. They
implemented heat-treatment using solutionizing and aging to alter the microstructure and the
volume of precipitates. The solutionized samples exhibited low corrosion rate with the dissolution
of (a-Mg + MgZn) eutectic phases. Due to increased precipitates, the corrosion behavior of aged
samples was worst due to micro-cathodic effects.

Song et al. studied MgxZny second phases and their effect on the corrosion behavior in Mg-
5Zn alloy by conducting T4 and T6 treatments [115]. Similar results were obtained, the
solutionized samples exhibited better corrosion resistance in NaCl solution but the aged samples
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exhibited worst corrosion resistance due to the presence of large volume of precipitates and it was
attributed to the micro-cathodic effect of second phases.

Peng et al. used backward extrusion to improve the properties of Mg-xZn (x=0.5, 1, 1.5 and
2wt.%) alloys [76]. He found an increment in the strength and elongation due to this process. The
microstructure was homogeneous, with fine second precipitates.

Tensile and tensile-creep properties of blend and hot-pressed Mg-xZn (x=2.9, 3.3, 4 and
4.4 wt.%) were studied by Boehlert et al. [116]. Mg-2.5Zn was synthesized by Parande et al. [117]
using blend-press-sinter powder metallurgy technique. For sintering, they used a hybrid microwave
setup and then these compacts were extruded. The alloy exhibited not only excellent mechanical
properties but good damping characteristics too.

The optical microstructures of pure Mg and Mg-Zn alloys are shown in Figure 2.11. The
mechanical properties of binary Mg-Zn alloys are represented in Figure 2.12.

Figure 2.11: Typical optical microstructures of (a) Pure Mg(as-cast) [110] (b) Mg-1Zn (as-cast)
[110] (c) Mg-6Zn (as-cast) [68] (d) Mg-1Zn (as-extruded, parallel to extrusion direction) [76] (e)
Mg-1Zn (as-extruded, perpendicular to extrusion direction) [76] (f) Mg-6Zn (as-extruded) [68]
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Figure 2.12: Summary of the mechanical properties of the binary Mg-Zn alloys

Zhang et al. patented a Mg-6wt.% Zn alloy and tested in vitro and in vivo degradation
behavior in SBF [68]. The mechanical properties deteriorated rapidly in the initial stage of
corrosion but later on it was slow. In-vivo cytotoxicity tests conducted on rabbits resulted in this
material proven to be Grade 0-1, which means it is safe as an implant. This means that zinc released
during degradation is safe and the excess Mg was excreted by kidneys but the mechanism of
hydrogen adsorption was still to be studied.

Lu et al. conducted immersion test of as-cast Mg-3Zn in SBF and studied the 3D
tomography of the corroded sample using u-CT [118]. They visualized the corrosion phenomenon
around the secondary phases.

Kubasek et al. [77] studied the structural characteristics and corrosion behavior of
biodegradable binary Mg-1Zn and Mg-3Zn alloys. They found that zinc improves the corrosion
resistance.

Cai et al. [109] tested the corrosion behavior of as-cast Mg-xZn alloys (x=1, 5 and 7 wt.%)
in SBF solution. They found that the corrosion resistance of the alloys increased with increasing
Zn content of upto 5 wt.% and beyond that resulted in MgZn intermetallic which acted as a cathode
that led to micro-galvanic corrosion acceleration.

Peng et al. [76] studied as-cast and backward extruded Mg-xZn (x=0.5, 1, 1.5 and 2 wt.%)
alloys and measured the corrosion rates in SBF. He concluded that the corrosion rates decreased
after backward extrusion process and with the increase of Zn content more than 0.5 wt.%, the
corrosion properties are decreased.
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Lotfabadi et al. studied the effects of solution heat treatment on the corrosion of Mg-Zn
alloys [119] and found that it is beneficial to enhance the corrosion resistance. The reduction of
microgalvanic effect of secondary phases is responsible for this.

Liu et al. also studied the effects of heat treatment on corrosion behaviors of Mg-3Zn alloy
in 0.1 mol/L NaCl solution [120]. The T4 treatment was found to be beneficial, while T6 treatment
decreased the corrosion resistance.

A typical corrosion surface morphology of Mg-6Zn in comparison to pure Mg is shown in Figure
2.13. The summary of corrosion rates of Mg-Zn alloys are presented in Figure 2.14.

Z8kU X3, 0888

Figure 2.13: Typical corrosion morphology of pure Mg (a) and Mg-6Zn (b) after immersion in SBF
for 30 days [68]
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Figure 2.14: Summary of the corrosion rates of the binary Mg-Zn alloys in different corrosive
media

2.6.4. Mg-Zn-X alloys

2.6.4.1. Influence of Ca on Mg-Zn

MgZnCa glasses were studied by Zberg et al. and due to the extended solubility of Zn (35
at.%) in the amorphous structure, these materials showed marginal hydrogen evolution during in
vitro and in vivo degradation [121].

A similar approach was carried out by Datta et al. by synthesizing Mg-35 at.% Zn-5 at.%
Ca amorphous alloys after 5h of mechanical alloying using SPEX shaker mill [122].

Xu et al. synthesized Mg-xZn-1Ca with x= 10, 20 and 30 wt.% using melting and
solidification method [123]. The corrosion rate measurements tested in phosphate buffer saline
solution was found to be better than 99.9% pure Mg but inferior to that of AZ31B.

Yin et al. varied the Ca content by synthesizing Mg-5Zn-xCa (x=1, 2 and 3 wt.%) and
studied the biocompatibility of these alloys[124]. The mechanical properties enhanced with
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increase in Ca content but it reduced the corrosion resistance. But all the alloys did not induce
toxicity to L-929 cells during the cytocompatibility evaluation.

Lu et al. studied the bio-corrosion behavior of Mg-3Zn-0.3Ca in SBF[125]. Heat treatment
to alter the grain size and secondary volume fraction were done to study their effects on the bio-
corrosion behavior and they have seen its improvement.

With the focus shifted from concentrating on the amount of zinc, calcium also was varied
in similar fashion by Zander et al. [126] and studied the formation and distribution of
microstructural phases and in-vitro degradation behavior in Dubecco’s Phosphate Buffered
Solution (PBS) and Hanks’ balanced salt solution without glucose (HBSS) at 37°C. The phase
MgeCaxZn3 acted as a temporary local corrosion barrier and also as cathodic site for the matrix
phase.

Zhang et al. varied the amounts of zinc in Mg-xZn-1Ca (x=1, 2 and 3 wt.%) and studied
the mechanical properties, degradation behavior in Hanks’ solution at 37°C and cytotoxicity in L-
929 cells. By tailoring the Zn content, tensile strength can be increased from 105 MPa to 182 MPa
and the ductility from 4.2% to 9.1%. The degradation rates declined due to the formation of a
protective layer of magnesium hydroxide and Mg/Ca phosphates. L-929 cells were not induced by
toxicity and these alloys are considered suitable for biomedical applications[107].

Bakhsheshi-Rad et al. have compared the microstructure and bio-corrosion behavior of Mg-
xZn and ternary Mg-Ca-xZn (x=1.25, 2.5 and 4) using scanning electron microscopy,
electrochemical and immersion tests. The binary Mg-Zn alloy consisted of Mg12Zn13 phase along
with a-Mg and the ternary Mg-Ca-Zn alloys comprised of a-Mg along with Mg.Ca, and
CasMgxZnisx (4.6 < x <12). For binary alloys, the polarization test in Kokubo SBF showed that
corrosion rate of Mg-4Zn is the least[127].

Sun et al. calculated the mechanical properties of extruded Mg-4Zn-0.2Ca before and after
immersion in SBF solutions [128]. It was found that after 30 days immersion, the yield strength
dropped from 240 MPa to 160 MPa, ultimate tensile strength from 297 MPa to 220 MPa and the
elastic modulus from 45 GPa to 40 GPa. Ductility was drastically reduced from 21.3% to 8.5% but
these values were still enough to introduce them as a biomaterial. The addition of Zn and Ca was
beneficial in enhancing the corrosion potential and reduce the degradation rate.

2.6.4.2. Influence of Y on Mg-Zn

Zhang et al. [129] studied the corrosion behavior of Mg-Zn-Y alloys with long period
stacking ordered structures. In this work, they concluded that the X-phase (Mgi2YZn) is
responsible for the acceleration of galvanic corrosion in a-Mg phase. But with moderate volume
fraction and continuous distribution, the samples exhibited low corrosion rate, as observed for
Mgo7Zn1Y?> alloy.
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Perez et al [130] studied corrosion behavior of Mg-Zn-Y by introducing mischmetal in
phosphate buffer saline solution. With increased mischmetal addition, due to more number of
volume fraction of particles the number of galvanic microcells increased and it led to increase in
corrosion rate. Therefore they concluded that with high Zn content and low RE content,
optimization of corrosion resistance was possible with the formation of a protective Mg(OH). and
phosphate layers.

Wang et al. tried the nano-quasicrystals approach to synthesize Mg-Zn-Y alloys using
melting and pouring in a wedge-shaped water-cooled copper mold [131]. Among the alloys
synthesized, Mg71Zn26Y2Cuz nano-QC alloy possessed high corrosion resistance in simulated
seawater and it was attributed to the formation of nano-QCs and Mg-Y intermetallics.

Hanzi et al. used microalloying technique to synthesize Mg-Zn-Y based alloys using direct
chill casting (DCC) technique followed by hot-extrusion [132]. By this technique, it was possible
to promote the formation of grain-boundary-pinning second phases and to prevent them from
coarsening. Both ZW21 (Mge7Zn2Y1) and WZ21 (Mge7Y2Zn1) showed promising results by
degrading slowly and homogeneously in SBF.

Zhao et al. [133] studied corrosion behavior of Mgi00-3x(ZN1Y2)x in Dulbecco’s modified
eagle medium (DMEM) with 10% fetal bovine serum (FBS) as a simulated body fluid. They found
that with increasing volume fraction of LPSO phase, the degradation rate was found to increase.
Also, microalloying with zirconium and a secondary treatment like warm extrusion mitigated the
degradation rate due to grain refinement.

Addition of aluminum to Mg-Zn-Y was tried and tested by Wang et al. [134] and the
corrosion behavior in 3.5 wt.% NaCl hindered the cathodic hydrogen evolution and the surface
film remained uniform and compact thereby improving the corrosion resistance.

2.6.4.3. Influence of Er on Mg-Zn

Addition of zinc (x=1, 2, 4, 6, 8, 10, 12 wt.%) to Mg-xZn-2Er were studied by Wang et al
[135]. For additions of zinc upto 2 wt.%, the microstructure consisted of W-phase and
a-Mg matrix. With further additions, the phases MgsZn7 and | evolve and W-phase disappeared.
Among all the alloys, addition of 6 wt.% Zn was found to be beneficial to enhance the mechanical
properties.

The effect of Zn/Er weight ratio on phase formation and mechanical properties of as-cast
Mg-Zn-Er was studied by Li et al [136]. They have seen that when this ratio is less than 0.8, W-
phase with a face-centered cubic structure is obtained. Above 6 and until 10, formation of I-phase
with an icosahedral quasicrystalline structure is feasible. When the ratio is in the range of 1 and 4,
these two phases co-exist.

To investigate the effect of heat-treatment on the microstructure evolution and the
mechanical properties of Mg-Zn-Er system, Zhao et al. synthesized Mg-Zn-0.63Er containing
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icosahedral quasicrystalline phase (I-phase) [137]. Rod like MgZn, particles formed during
synthesis was responsible for enhanced tensile strength.

Zhao-hui et al. adopted ultrasonic treatment on the molten Mg-Zn-Er alloy to study their
effects on their mechanical properties both at room and high temperatures respectively [138]. With
the ultrasonic vibration power of 600 W and time of 100s, the cavitation and acoustic streaming
helped in refinement of microstructure and enhanced mechanical properties.

Leng et al. [139] studied the degradation behavior of Mg-8Y-1Er-2Zn alloy containing
LPSO phase in SBF. Their research proved that these materials could retain their mechanical
properties after immersing in SBF for 240h. (Y.S=216 MPa from 275 MPa, U.T.S = 286 MPa from
359 MPa and ductility of 6.8% from 19%)

Addition of Ca to Mg-6Zn-0.5Er to study the microstructural control and hardening
response was done by Zheng et al.[140]. Addition of Ca leads to refinement of precipitates and was
responsible for improving the peak-aged hardness greatly to 87 HV.

Liu et al. [141] studied Mg-6Zn-xEr (x=0.3,0.5, 1, 1.5, 2) in their as-cast, as-extruded and
extruded-T5 states and found that 0.5wt.% addition had a great effect on enhancing age hardening
response. They attributed it to the refinement of microstructures and the precipitation of ' phase.

Wang et al. [142] studied the effect of W-phase on the mechanical properties of as-extruded
Mg-xZn-zEr (x=2, 4 and 6 wt.%) alloys and also the effect of extrusion temperature. With
increasing Zn and Er contents, the W phase fraction increased and it led to an increase in the
mechanical properties. For Mg-6Zn-6Er alloy hot-extruded at 400°C exhibited better
comprehensive mechanical properties.

Wang et al. [143] also studied the alloys with Mg-xZn-yEr (x/y=6) composition and found
that during hot extrusion, the I-phase that was formed during casting destroyed, leading to fine
precipitation and distribution of nano-scale quasicrystalline particles.

Liu et al. [144] studied the influence of both I-phase and W-phase on Mg-9Zn-xEr (x=3,
4.5 and 6 wt.%) alloys and found that with increasing content of erbium, the volume fraction of
secondary phases increased (W-phase). This enhanced the strength, compensating the ductility
values.

An uniform degradation behavior was achieved with the formation of stacking faults by
Zhang et al. [145] in Mg-8Er-1Zn prepared by a combined process of direct-chill semi-continuous
casting, heat-treatment and hot-extrusion.
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The following Figure 2.15 provides a summary of tensile properties of Mg-xZn-yEr alloys.
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Figure 2.15: Mechanical properties of Mg-Zn-Er alloys

With regard to corrosion and bio-corrosion of Mg-Zn-Er, there are only few studies

available. Anticorrosion phase LPSO was developed on a Mg-8Y-1Er-2Zn biomaterial by Leng et
al. that imposed good corrosion resistance [139]. These phases are of 18R type consisted of long
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stripes in the extruded alloys which are uniformly distributed. Zhang et al. [145] created a special
defect structure with stacking faults on a Mg-8Zn-1Er alloy. These stacking faults which have high
free energy get corroded first, leaving the bare metal uncorroded. It should be noted that for both
these alloys, high amount of rare earth material was used.

2.6.5. Mg-based quaternary alloys

To further enhance the mechanical properties and corrosion behavior of Mg-Zn based bio-
materials, a fourth element could be introduced during alloying.

Hao et al. investigated a quaternary Mg-8Er-5Sn-0.5Zr considering a Zn/Er ratio of 1.6
[146]. The extruded and annealed alloy exhibited superior mechanical properties (Yield stress =
310 MPa and elongation 14%) and the microstructure comprised of a-Mg, block W phase and high-
density fine lamellar-shaped LPSO phase.

Xu et al. [147] synthesized a novel Mg-4Er-4Gd-1Zn alloy reinforced with stacking faults
by combined process of direct-chill semi-continuous casting, heat treatment and hot-extrusion. Due
to these profuse nano-spaced basal plane stacking faults, the mechanical properties at room
temperature were phenomenal and their study provides a new perspective for developing
magnesium alloys.

Nominal additions (0.5, 1, 2 and 4 wt.%) Er on ZK60 alloys were fabricated using semi
continuous casting by Zhang et al. to study the dynamic recrystallization behavior by hot
compression tests using Gleeble 1500D thermo-mechanical simulator [148].

Chen et al. [149] also synthesized ZK60 alloys with erbium additions using semi-
continuous casting followed by hot extrusion with an extrusion ratio of 25 at 400 °C. The
solutionized bars were aged at 200 °C for 10h. The static precipitation after aging let to decrease in
defects and hence the plasticity was compensated. Several studies have been conducted in Mg-Zn
quaternary alloy systems with elemental additions of Dy, Zr, Nd, Er, Y, Ca, Gd, Mn [130,150—
165]

2.7. Surface Treatments

Even if a material is biodegradable, the corrosion phenomenon could be too rapid and
inhomogeneous. This is because magnesium alloys have a tendency for localized corrosion [166].
Therefore to further improve the corrosion behavior, it is essential to carry out surface treatments
in the form of coatings and provide a layer made of either ceramic, polymer or a composite [167].
So far in the literature, there is advancement in the development on coatings for aircraft
components. Also in the field of electronic devices, the coatings are used for aesthetic purposes.
But in the recent decade there is an increase in the scientific work published in the area of coatings
for biological applications.
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Coatings could be broadly classified into two types:

(@) Conversion coatings
(b) Deposited coatings

2.7.1. Conversion coatings

These are grown in-situ and it is due to a certain chemical reaction between the material
and environment [168]. The surfaces are converted chemically into an oxide layer. This inward and
outward growth of oxide layer changes the component geometry. In the automotive industry,
varnishing is a well-known example of an organic coating [168]. Pure magnesium surfaces have
high alkalinity and hence a surface treatment prior to the application of an organic coating is
essential [169]. Other than the integrity of the coating deposited and providing appropriate
corrosion protection, these coatings for biomedical applications exhibit bioactivity, and other
biological functions. Also they should enable biodegradation.

Several techniques have been adopted for conversion coatings and they are listed below:
(@) Chemical conversion (immersion)

(b) Plasma electrolytic oxidation

(c) Anodization

(d) lon implantation

The oxide film that forms in the atmosphere for aluminum and titanium alloys are dense
and protective. But for magnesium alloys, this magnesium oxide film that is formed on the surface
in a normal environment and the hydroxide later in atmospheric humidity shows limited protective
effect [170].

The surface layer is very thin and it consists of an inner layer of thickness 2.5 nm MgO and
the outer layer Mg(OH)2 with a thickness of 2.2 nm, as studied by Santamatia et al using X-ray
photoelectron spectroscopy (XPS) and photocurrent spectroscopy (PCS) [171-173]. Other than
introducing Mg(OH)>, different mixture of oxides and hydroxides from electrolytic baths can be
made chemically. But one effective corrosion protective coating, i.e., chromate coatings were not
environmentally friendly and they are banned in EU in 2007. Also they are carcinogenic and hence
could not be used for biomedical applications. But chromate-free coatings like phosphating
(magnesium phosphate [174-176], zinc phosphate [177,178], manganese phosphate [167,179-
182], zirconium oxide [183]) have been developed whose layer thickness is in the order of several
micrometers [181,184]. Also formation of a hydroxyapatite (HA) layer on the surface of
magnesium alloys are of a great interest today. This layer is similar to that of the mineral phase of
bone. Amorphous carbonated calcium-magnesium phosphate layers were formed by Rettig and
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Virtanen after immersion in SBF for 5 days [185,186]. Different SBF solutions form different types
of coating, this calcium phosphate formation is a type of precipitation process [187].

As a form of pre-treatment to eradicate surface contamination, a standard practice is acid
pickling [188]. It has been found that a fluoride containing coating on Mg alloys can enhance
corrosion resistance [189-192].

2.7.1.1. Fluoride coatings

These are one among the few coatings that can increase new mineral deposition in bones.
For the normal diet, fluorides are essential and it aids in the skeletal growth.

Jian-zhong et al. studied fluoride coatings on ingot-cast AZ91D using HF treatment. This
coating could protect from corrosion only in fluoride solutions [193]. Conceicao et al. studied the
effect of HF treatment on corrosion behavior and surface composition of AZ31 alloy [194]. Several
compounds such as hydroxides, oxides and fluorides formed at the surface whose thickness
depends on the immersion time and acid concentration. It was suggested to use lower concentration
and longer immersion time for thick hydroxide layer.

Yan et al. studied the formation mechanism of these fluoride coatings of AZ31B and its
effect on the mechanical and corrosion properties were tested using a three-point bending corrosion
test [195]. Hydroxyapatite formation on fluoride coated AZ31B after immersion in SBF shows
good bioactivity [196]. These tests revealed that this material is ideal for biodegradable
applications.

Using powder metallurgy route, Pereda et al. synthesized compacts and hot-extruded of
pure magnesium [197]. They were treated with potassium fluoride solutions for different time
periods to provide fluoride coatings which provided higher corrosion resistance.

Jian Zhang et al. studied fluoride treatment on a patented Mg-Nd-Zn-Zr alloy (JDBM) to
improve its degradation kinetics [198]. Cytocompatibility tests showed many live cells retained in
the coated than the bare alloy.

In vivo experiments by introducing MgF2 coated layer on Mg-0.8Ca on marrow cavities of
both tibiae of 10 New Zealand White rabbits were carried out by Thomann et al. [199]. Analysis
was done after 3 and 6 months of implantation were carried out and it was found that the coated
implants exhibited greater strength than the bare samples after 6 months.

Andreas et al. developed MgF. coating on Mg-xCa (x=0.4, 0.6, 0.8, 1.2 and 2 wt.%) alloys
to enhance the degradation kinetics [3]. The degradation kinetics enhanced for Ca content greater
than 0.8 wt.% and it improved for coated samples.

2.7.2.Deposited coatings

This could be classified into three sections:
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(a) Metallic coatings
(b) Inorganic coatings
(c) Organic coatings

2.7.2.1. Metallic coatings

As magnesium is highly reactive, it is a challenge to deposit metals on magnesium’s surface
that has a low electrode potential. If the coating is locally damaged then it is susceptible to galvanic
corrosion, and hence leads to immediate degradation of the material. Also for the biocompatibility
part, many metals cannot fit into these criteria and hence non-degradable coatings are not to be
used. Recent studies of coating pure magnesium on a magnesium alloy substrate were done [186].

2.7.2.2. Inorganic coatings

Diamonds like carbon (DLC) coatings on magnesium alloys were studied but since these
coatings are not biodegradable, their interest is limited.

2.7.2.3. Organic coatings

Functionalized organic coatings like gelatin, PEG/PLGA copolymer, polyphosphazene for
applications like drug delivery is made by dipping magnesium alloys in an organic based solution.

2.8. Conclusion

Mg-Ca alloys have good biocompatibility and biodegradability. But these alloys could
undergo fast corrosion due to the presence of intermetallic phases. Mg-Zn alloys also need to be
further improved by investigating the mechanisms controlling the influence of Zn contents. Thus
with regard to Mg-Ca alloys, several other biocompatible elements like Zr, Mn and Zn would be
appropriate alloying additions to further develop them. Addition of Er to Mg alloys was not
extensively studied to enhance the corrosion resistance, but the mechanical property increment
were significant and their study provides a new perspective for developing magnesium alloys [130—
139]. Also, since it is high soluble rare-earth element (similar to Y, Gd and Dy), they increase the
viability of the cell lines. Influence of W-phase and i-phase on the corrosion behavior of Mg-Zn-
RE alloys has not been studied in detail. In the literature, it could be observed that multielementary
compositions give more choices to design a material. Also, fluoride coatings could further enhance
the corrosion resistance and induce biocompatibility. The area of bio corrosion studies is cross-
disciplinary in nature. It involves several branches of science including material science,
engineering,  biochemistry, chemistry, medicine. When experiments and data
collection/interpretation are conducted by experts of only one or some of these fields, there is an
unfortunate consequence that most important details could be foreseen. Therefore, some
experimental standards have to be defined to minimize errors and increase data repeatability. For
magnesium based materials, it is necessary to devise tests according to earlier successful studies
conducted, as some of the ASTM standards for corrosion tests are not applicable [200].
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CHAPTER 3
EXPERIMENTAL PROCEDURE
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3. Experimental Procedure

3.1. Overview

To study the individual effects of low weight percent zinc and rare earth element erbium
on the microstructural, corrosion and mechanical properties of pure magnesium, Mg based alloys
were primarily synthesized in house by disintegrated melt deposition technique (DMD, liquid-
phase) followed by hot-extrusion. The raw materials required for the synthesis were procured from
various suppliers. The as-received raw materials were weighed and prepared as per the casting
requirements. DMD technique was employed to synthesize Mg and its alloys. The deposited ingots
obtained from the DMD process were machined into billets using a lathe and subsequently hot
extruded into rods. The extruded rods were then further machined for mechanical characterization.
The details of the processing techniques and parameters utilized in the current study are explained
in detail in the subsequent sections.

3.2. Materials

Magnesium turnings of 99.9% purity (ACROS organics, USA), pellets of zinc, calcium and
Mg-30 wt.% Er master alloy of 99% purity (Sunrelier Metal Co. Limited, Shanghai, China) were
used as matrix and alloying additions respectively. Five compositions were decided prior to casting
by changing the stoichiometry of alloying additions.

3.3. Primary Processing

The synthesis of magnesium-rare earth alloys was successfully accomplished using the
DMD technique. The following section provides details of the processing methodology used.

3.3.1. Equipment and materials preparation for casting

3.3.1.1 Preparation of graphite crucible

A graphite crucible of size A12 with a diameter of 125 mm was drilled at the centre using
a vertical drilling machine. Initially, a 10 mm drill bit was used as a pilot drill and then the crucible
was drilled using a 25 mm drill bit. A graphite nozzle was hammered into the drilled hole at the
base of the crucible. A plug was placed which is supported by stainless steel foil to ensure that the
melt was contained within the crucible until it was ready to be deposited into the mold. A long wire
was attached to the screw on the plug to aid in the pulling out of the plug for the melt to flow down
into the mold beneath. A pictorial representation of the crucible setup is shown in Figure 3.1.
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Figure 3.1: Components of DMD (a) Hammering the nozzle (b) Nozzle (c) Plug arrangement (d)
Stainless steel mold

3.3.1.2. Preparation of mold

During the preparation of the mold, utmost care has to be taken to avoid dust and impurities.
In order to provide a better interface between the mold and metal, spraying of graphite was done
on the mold. It was rested for a while and later the mold assembly was carried out by tightening
the screws.

3.3.2. Superheating of raw materials in graphite crucible
3.3.2.1. Lowering the base of the setup

Assembled mold was placed at the base and inside the bottom most container of the DMD
setup. The position of the stainless steel mold was carefully aligned so that the opening at the top
of the mold was in line with the hole at the bottom of the furnace. Two argon inlets were connected
to the entry of the mold so as to disintegrate the melt that was to be flowed through as shown in the
Figure 3.2. A refractory material is placed on the top to avoid damage of argon inlets during
pouring.

3.3.2.2. Setting up the furnace

A schematic of the setup is shown in Figure 3.2.
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Figure 3.2: Photograph of actual DMD setup developed at the National University of Singapore
and its schematic diagram (dimensions are appropriate and not drawn to scale)

The setup consisted of three chambers. After the insertion of crucible, stirrer and
thermocouple was installed in place as shown in the Figure 3.3.

Figure 3.3: Magnified view of the gas inlet-stirrer-thermocouple setup

Stirrer was then connected to the motor. The raw materials were placed inside the crucible
and covered. Argon gas inlet was inserted to create an inert environment during casting. The
thermocouple was adjusted and the top of the furnace is covered with insulated materials to provide
an enclosed environment and to minimize extensive heat loss.

3.3.3. Stirring

The temperature controller unit CAL-9000 was switched on along with the inert gas supply
to the crucible. A certain gas flow rate of 5 L/min was set. After some time when the superheat
temperature was reached, the motor was switched on to stir the molten metal at a uniform speed of
approximately 450 rpm. Stirring was carried on for 5-10 minutes using a mild steel twin blade
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stirrer of 45° pitch. The stirring was done to facilitate the incorporation of the reinforcement
particles in the Mg matrix with a uniform distribution. Later inert gas supply to mold was switched
on.

3.3.4. Pouring of molten metal into mold

After the superheat temperature was reached and stirring was complete, the plug was pulled
out from the base of the crucible to allow the melt to freely flow through the 10 mm centrally
drilled hole of the nozzle into the mold. The resultant melt stream was disintegrated using two
linear argon gas jets at a distance of 0.20 m from the melt pouring point. The gas flow rate was
maintained at 25 L/min. The disintegrated melt slurry was subsequently deposited onto a circular
metallic substrate located around 0.49 m from the gas disintegration point.. After casting, the base
of the setup was lowered. Argon inlet into the mold was switched off and rubber hoses supplying
argon gas was disconnected from the mold. The mold is then removed and dismantled to get the
ingot. A typical dismantled mold and ingot obtained after casting is shown in Figure 3.4.

Figure 3.4: (a) Dismantled mold (b) Ingot of Mg-2Zn-0.6Ca-1Er
3.4. Secondary Processing

The 40 mm diameter ingots were machined by a lathe machine to a diameter of 36 mm and cut
into billets with a length of approximately 45 mm. Further lathe machining was performed to ensure
both ends are perpendicular to the surface. The ends were filed so as to prevent sharp edges and
were then sprayed with colloidal graphite for lubrication purpose.

3.4.1. Extrusion

The billets were first soaked at 400 °C for 60 minutes in a constant temperature furnace
before extrusion. Extrusion was then performed at 350 °C on a 150 ton hydraulic press using an
extrusion ratio of 20.25:1, producing rods of 8 mm diameter. A typical extrusion set-up is shown
in Figure 3.5.
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Figure 3.5: Extrusion setup
3.4.2. Post-Extrusion

Extruded rods were machined by OKUMA CNC lathe machine to produce tensile specimens.
Sections of approximately 8 to 10 mm in height were also cut by a slow speed diamond blade to
be used for various characterization studies.

3.5. Density and Porosity measurements

Density measurements were performed to quantify the percentage of porosity in the synthesized
materials. The extruded rods were cut into smaller samples using the Precision Diamond Cutting
Machine and were subsequently polished to remove any surface contamination. The experimental
mass densities of Mg-based materials developed were determined using Archimedes’ principle.
This involved weighing the polished samples in air and then in distilled water using an AD ER-
182A electronic balance with an accuracy of 0.0001 g. A schematic diagram for density
measurements is shown in Figure 3.6.
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Figure 3.6: Schematic diagram for density measurement
3.6. X-Ray Diffraction Studies

X-ray diffraction (XRD) analysis was carried out on the polished samples (along the cross
section of extruded rods, unless specified otherwise) of the developed Mg-materials using an
automated Shimadzu LABX XRD-6000 diffractometer. The samples for x-ray diffraction (XRD)
analysis were exposed to Cu Ka radiation (A= 1.5406 A) at a scanning speed of 2°/min. The Bragg
angles and the values of interplanar spacing, d, obtained were matched with standard values for
Mg, Zn, Ca, Er and other related phases.

3.7. Microstructural Characterization
3.7.1. Sample Preparation
3.7.1.1. For optical micrographs

The specimens were mechanically polished using SiC papers up to 4000 grit on a Struers
Labopol-5. These samples are then polished using 6 um diamond paste?, followed by 3 pm finish?
and with 1pm finish®. The polishing discs were manufactured by Struers Ltd. The ‘MD Nap’

1 MD Dac cloth
2 MD Mol cloth
$ MD Nap cloth
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polishing cloth was again used for the final polishing, using 0.25 pum. Ethanol or water-free
lubricant was used throughout the whole polishing process to prevent the oxidation of the samples.
The samples were ultrasonically rinsed in ethanol and dried in cold air after each polishing step.

3.7.1.2. For EBSD

The sample preparation method for EBSD is the same as above, except in the end an ion-
polishing is given on the surface. A Model 1060 SEM Mill by Fischione Instruments is used. Here,
the top surface should be given at least a 1 um diamond finish before giving a surface finish. The
area of interest is placed in the center with respect to the sample holder (stub). Selecting certain
milling angles and beam voltage will allow us to carefully prepare a sample with better surface
finish.

3.7.1.3. For TEM

Initial thickness is brought down to 100 um, and then a 3 mm hole is punched out and then
taken to ion polishing. A Precision lon Polishing System (PIPS) from GATAN is used to produce
TEM samples. lon polishing is done using two miniature penning guns oriented at a certain milling
angle. Low angle of 3°is used to minimize beam damage and heating in the sample. Low rotation
speed is adapted and a beam voltage of 3.5 keV is used.

3.7.2. Etching method

The samples were cut longitudinally, polished and etched using suitable etching solutions
to reveal the grain boundaries. The solution used for etching is acetic picral, which is comprised of
5mL acetic acid, 10 mL water, 6g picric acid and 100 mL ethanol (95%). Gentle agitation of the
specimen is given during immersion time period of 15s so that it results in an uniform etch.

3.7.3. Optical Microscopy

The grain size and morphology was determined by image analysis of the respective optical
micrographs obtained using the LEICA - DM 2500M Metallographic Optical Microscope. The
grain boundaries were then traced out from the micrographs. The grain size analysis was then
accomplished by the SCION image analyzer software and a Microsoft Excel program was written
to calculate the grain size and aspect ratio of the grains. For every sample, a minimum of 1000
grains were analyzed.

3.7.4. Scanning electron microscopy

A JEOL JSM-7800F LV scanning electron microscope with sub-nanometric spatial
resolution and nanoscale analytical capabilities in EDS was used. This microscope has a very good
spatial resolution of 0.8 nm at 15 kV. It is comprised of secondary and backscattered electron
detectors in the chamber, in-lens and low-vacuum mode.
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3.7.4.1. Energy Dispersive Spectroscopy (EDS)

To perform elemental analysis in the microstructures, an EDS detector is introduced during
the microstructural observation. Line-scan, point analysis and map analysis could be carried out.

3.7.4.2. Electron Back-scattered Diffraction (EBSD)

To perform guantitative microstructural analysis and to identify the orientation (texture) of
the alloys in the Scanning Electron Microscope, EBSD is used. Using this technique, one can not
only understand the spatial information, but visualize the grain size, local texture, local strain and
accurately identify minor phases. This technique can also be used in conjunction with EDS. The
scanning microscope is coupled with Oxford Instruments EDS/EBSD coupled system (80 mm?
SDD spectrometer and HKI Nordlys Max2 EBSD camera)

Detector

Figure 3.7: EBSD setup as seen using SEM camera

3.7.4.2.1. Components of a EBSD system

A schematic of the EBSD setup as seen using SEM camera is represented in Figure 3.7.
The following are the components of a EBSD system:

(@) Sample tilted to 70° relative to the normal incidence of the electron beam, in order to increase
the contrast of the diffraction pattern and maximize the number of electrons scattering from the
sample. One can also use a pre-tilted holder for this purpose.

(b) Phosphor screen where electrons scattered from the sample are fluoresced.
(c) Camera with optics to capture the diffraction pattern

(d) Fore scatter diodes (FSD) on the screen to generate images of the sample before collecting
EBSD data.

(e) Software for acquisition and a computer.
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3.74.22. Optimizing parameters

For acquisition of a pattern, it is important to understand several parameters that need to be
optimized.

(a) Accelerating voltage: With increasing voltage, the wavelength reduces and so does the width
of the Kikuchi bands in the diffraction pattern. With more energy deposited on the phosphor screen,
a brighter pattern will be generated with minimum integration time. But for charging and thin
samples that does not require the beam to penetrate, lower accelerating voltage is adopted.

(b) Probe current: The effects are same as that of accelerating voltage. But when it is too high, it
is possible to lose spatial resolution, as it increases the electron beam size.

(c) Working distance and magnification: Tilt compensation and dynamic compensation has to
be made as the image gets foreshortened due to tilt at low magnifications.

Due to inelastic scattering of the electrons at the sample surface, a diffraction pattern is
produced. These diffracting beams interfere constructively when Bragg’s equation is satisfied,
producing Kikuchi band. These bands from every atomic plane collectively form a pattern called
Kikuchi pattern. A computer automated program matches these patterns with the theoretical
patterns and determines the crystal structure. In our study, the following parameters were used as
seen in Table 3.1.

Table 3.1: Optimization parameters used for EBSD acquisition

Parameter Value, unit
Accelerating voltage 20 kV
Probe current 13
Working distance 15 mm
Spot size 3

3.7.5. Transmission electron microscopy

Belonging to the Joint Center of Electron Microscopy and the laboratories of the Chevreul
Research Federation, TEM FEI Tecnai G-20 is a very versatile transmission electron microscope.
It consists of a LaBe filament operating at an accelerating voltage of 200 kV. It can also work in
STEM mode and consists of GATAN energy filter for filtered imaging and Energy Loss
Microanalysis (EELS). For local chemical analysis, a BRUKER EDS system is equipped. CCD
camera is available for digital acquisition.
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3.8. Mechanical Characterization
3.8.1. Damping characteristics

Impulse excitation technique was used as seen in Figure 3.8 to measure the resonant
frequency and internal friction of samples. For predefined shapes like rectangular bars, cylindrical
rods and disc shaped samples it is also used to calculate the elastic properties. Measurements are
done by tapping the sample with a small hammer and capturing the induced vibration signal with
a microphone. The captured vibration signal is sent to the RFDA software where it is analyzed and
the resonant frequency, internal friction and elastic properties are determined according to ASTM
E 1876. The equation used to calculate Young’s modulus is:

m. f? 1
E=T —ﬁf ()3
t
where, E = Young’s modulus, ff = Flexural frequency, m = mass, | = Length, w = Width, t =
Thickness, T = Correction co-efficient

Figure 3.8: Impulse excitation technique
3.8.2. Microhardness measurements

The microhardness measurements were carried out on the as-polished samples using
Matsuzawa MXT 50 automatic digital Microhardness tester. Vickers indenter under a test load of
25 gf and a dwell time of 15 s was used to perform the micro hardness tests in accordance with the
ASTM: E384-11el. Vickers indenter is a square-based pyramidal shaped diamond indenter with
face angle 136° and the hardness value was calculated by dividing the force applied to the indenter
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by the surface area of the permanent impression made by the indenter. The average of the measured
two diagonals of the indentation is then plugged to the following equation:

HV = [(constant) * (test force) / indent diagonal] squared

The constant used in this equation is a function of the indenter geometry and the units used
for quantifying diagonal dimensions and force. An assumption of zero elastic recovery after loading
was made once the indenter was removed. To reduce vibrations and to ensure the flatness of the
sample during indentation, special precautions were taken during the measurements. Prior to
measurements, the microhardness tester is calibrated by the standard block. The tests were
conducted on three samples for each composition for 10-15 repeatable readings.

3.8.3. Tensile properties

A fully automated servo-hydraulic mechanical testing machine, Model-MTS 810 was used
to determine the tensile properties of the developed Mg-based materials. The tests were conducted
in accordance with ASTM: E8/8M-13a as seen in the Figure 3.9. The crosshead speed was set at
0.254 mm/min. Specimens with 5 mm diameter and 25 mm gauge length was used. Instron 2630 -
100 series clip-on type extensometer was used to measure the failure strain. For each composition,
a minimum of 5 tests were conducted to obtain repeatable values. The tensile testing equipment is
represented in Figure 3.10.

Dimensions and Tolerances:

G - Guage length: 25.0 £0.1 mm
D - Diameter: 5.0 £ 0.1 mm

R - Radius of fillet: 5.0

A - Length of reduced section: 30

Figure 3.9: Schematic diagram of Tensile Sample Specifications
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Figure 3.10: Tensile testing equipment
3.8.4. Compressive properties

The compressive properties of the developed Mg-based materials were determined in
accordance with ASTM: E9-09 using MTS 810 testing machine with a crosshead speed set at 0.04
mm/min. Compressive test specimens of 8 mm diameter with length to diameter ratio, I/d =1, were
used. For each composition, a minimum of 5 tests were conducted to obtain repeatable values.

3.8.5. Fractography

The fracture surface analyses of all the Mg-materials, tested under tension were studied using
JEOL JSM-5800 LV SEM. The samples after tensile test were broken and the fracture surfaces are
carefully stored in order to avoid oxidation and contamination. The region close to the fracture
surface is cut and they are analyzed in SEM.

3.9. Electrochemical behavior
3.9.1. Phosphate buffer saline (PBS) solution preparation

A tablet of PBS was dissolved in 200 mL of deionized water at pH of 7.4 and at 25°C. The
composition of a tablet of PBS is listed in the following Table 3.2.
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Table 3.2: Composition of one tablet of PBS dissolved in 200 mL of deionized water at pH 7.4 and

at 25°C
Material Composition, M
Phosphate buffer 0.01
Potassium chloride 0.0027
Sodium chloride 0.137

3.9.2. Immersion test

The sections of length 5mm from the extruded rods were cut and polished using a 2000 grit
silicon-carbide paper and cleaned with ethanol and dried. These were immersed on PBS contained
beakers that were placed in a water bath maintained at a temperature of 37 °C. The samples before
and after immersion were weighed. The ratio of PBS solution to the surface area of the sample was
kept at 0.25 mL/cm? in all the experiments. After every time interval (1, 3, 5 and 7 days), the
samples were removed from the beaker, cleaned to remove corrosion products with chromic acid
(ASTM G1-90), washed in ethanol, air dried and weighed immediately after cleaning. The reason
for choosing chromic acid for cleaning the corrosion products is because it has a negligible
corrosion attack on magnesium alloys but it ensures the proper removal of corrosion products,
which increases with heating [201].

3.9.3. Hydrogen evolution test

The sections of length 5mm from the extruded rods were cut and polished using a 2000 grit
silicon-carbide paper and cleaned with ethanol and dried. These were immersed in PBS contained
beakers placed in a water bath maintained at a temperature of 37 °C. The samples before and after
immersion are weighed. Each sample was covered with an inverted flask and a graduated cylinder
was used to collect hydrogen bubbles. Using this method, the volume of hydrogen released was
measured. The setup is shown in the Figure 3.11.
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Figure 3.11: H. evolution setup
3.9.4. Potentiodynamic Polarization test

Electrochemical measurements were carried out using a VOLTAMETER electrochemical
workstation. A standard three-electrode setup was used to perform electrochemical measurement:
I.e., a test sample, a platinum wire and a saturated calomel electrode act as working electrode,
counter electrode and reference electrode, respectively. Variations in the open circuit potential
(OCP) were recorded with immersion times up to 60 minutes. Then the potentiodynamic tests were
commenced. Tests were performed three times to confirm the reproducibility of the results.
Samples (10 mm * 8 mm * 2 mm) were obtained and connected to a wire that provides an electrical
connection. The exposed end of the wire was first fixed on the back side of the sample by using
silver paint (Agar). The sample was mounted in cold resin (Metprep) to isolate the corrosion
medium, leaving an exposed area of 0.5 cm? as working electrode. The scan rate of the polarization
curves measurement was 0.1 V/s. The polarization started from -2.5 V to 2.5 V. 0.5 wt.% NaCl
solution was use as electrolyte. Before the test, the specimens were ground successively with SiC
abrasive papers from 180 grit to 4000 grit, then polished to 1 pum, ultrasonically rinsed in the
ethanol and finally dried in cool air. Before starting the test, every specimen was immersed for 10
min to keep the data at a stable level. The corrosion rate is calculated using corrosion current (icorr)
determined using Tafel plot. The equation used to determine corrosion rate (CR) in mm/year is as
follows:

e
CR =3.27 (icorr) * (E)

where icorr is corrosion current (in pA/cm?), e is Equivalent weight (Atomic
Weight/valency), d is Density (g/cm?®)

Atomic weight of Mg is 24 g and valency is 2. Therefore, Equivalent Weight e=12. Density
of magnesium is 1.7 g/cm?,
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Figure 3.12: Potentiodynamic polarization setup
3.10. Coating procedure
3.10.1. Fluoride treatment

The samples were first polished upto 2000 grit roughness, followed by rinsing in 95%
ethanol and ultrasonicating in 95% ethanol solution for 5 minutes to remove dirt and clean the
surface. Followed by cleaning procedure, the coating treatment involves immersion of samples in
a 40% hydrofluoric acid (HF) solution for 12h and 24h at room temperature, followed by rinsing
in distilled water and drying in air. The experiment was conducted in a fumehood and care was
been taken to ensure uniform coating throughout the surface area of the samples.

3.10.2. Characterization
3.10.2.1.  Surface wettability and energy

Static contact angle test was performed using the sessile drop method with an optical
contact angle system (OCA20, Germany). Reference liquid deionized water was used to determine
the dispersive surface energy component (y¢) and polar surface energy component (yZ) using the
Owens and Wendt approach. This drop formed on the end of the pipette tip is lowered onto the
surface and after the drop is detached, this pipette is detached. Then a graduated eye piece is used
to measure this contact angle. This is done after the drop has come to rest (after approx. 2 sec), a
tangent is drawn to the intersection. The following equation was used:

(U cost) = 20| 0) + [ 02)02))

Wherey, represented reference liquid surface energy and (yf), (yF) for its dispersive and polar
component respectively. The values used for deionized water are: ¥, = 72.1 mN/m, y# =19.9 mN/m,
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y?=52.2 mN/m. For each liquid five drops (4 pL each) to each disk sample and three independent
samples were tested.

3.10.2.2. Raman spectroscopy

The corroded and coated samples were analyzed using a Labram confocal Raman
microspectrometer (Horiba, Jobin-Yvon) equipped with a 100* (N.A 0.9) Olympus objective. The
substrates were mounted on the automated XY stages of the microscope without further sample
preparation. A video camera provided an optical view of the samples. Raman scattering was excited
along the optical axis of the microscope objective with a 473 nm wavelength laser beam (diode
laser Cobolt 06-MLD — Cobolt Company). The laser power delivered on the sample was less than
5mW to avoid any laser beam damage of the particle. Both automated point mode and mapping
mode were used for generating 2D and 3D Raman data sets, respectively.

3.10.2.3. X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) characterization was carried out using the Kratos
AXIS UltraDLD spectrometer using a monochromatic Al Ka X-ray source (10 mA, 12 kV). C 1s,
O 1s, Fe 2p and La 3d high resolution spectra were obtained using 20eV pass energy while keeping
a pressure in the analysis chamber below 5x10° during analysis. All spectra have been calibrated
by giving the adventitious C 1s spectral component (C-C, C-H) a binding energy (BE) of 284.8
eV. A Shirley background 15 was subtracted from the spectra for quantification. The analysed area
was about 300 pm % 700 pm.

This technique is used on the surface of the corroded samples to identify the elemental
composition and chemical state of the atoms present. After corrosion, the samples are removed
from PBS solution and they are dried. Careful attention is given such that the samples for XPS
analysis do not undergo contaminated by the environment. It is also used to quantify the atomic
percentage of some elements, such as C, Zn, Ca, P, Er, Mg and O, on the outermost surface layer
during depth profile from the first 3-10 nm top layers of the sample.

3.11. Biocompatibility tests
3.11.1. Cytotoxicity tests

The cytotoxicity of the F-coated Mg samples was evaluated by the extraction method (ISO
10993-5), using a pre-osteoblastic cell line MC3T3-E1 (ATCC® CRL-2594 ™), The F-coated Mg
samples were sterilized at 170 °C for 1 hour. Extracts of the Mg samples were prepared at a time
interval: 72 h, by adding 6 cm? of sample in 1 mL of MEM-a culture medium with 10% of SBF
and incubated at 37 °C and stirring at 80 rpm. Then, the complete culture medium was also
incubated as a control. MC3T3-E1 cells were seeded at 4 x 10 cells / well in a 96-well tissue
culture polystyrene plate (TCPS) and incubated at 37 °C, 5% CO; for 24 h. After the incubation,
then the cell culture medium was replaced by the extraction medium (100 pL) on the cell layer.
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The plate was incubated for 24 h at 37 °C and 5% CO.. Finally, cell viability was assessed by using
a fluorometric assay with AlamarBlue® reagent. It is an indicator that changes color and becomes
fluorescent during the chemical reduction of the culture medium related to the metabolic activity
of the cells. This test is therefore based on the measurement of the oxidation-reduction rate of this
dye. This response, which can only take place with living cells, is proportional to cellular activity.
Briefly, after incubation with the extraction medium or the culture medium (control), the medium
of each well was replaced with 200 pL of AlamarBlue® 10% solution and the plate was incubated
at 37 °C. and 5% CO-, for 2 h. The fluorescence reading was measured using a fluorometer (Twinkle
LB970TM, Berthold). The cell viability rate was calculated relative to the control.
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Results and
discussion

CHAPTER 4

MICROSTRUCTURE AND MECHANICAL
PROPERTIES
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4.Microstructure and mechanical properties

4.1. Introduction

During the development of model alloys, tailoring the microstructures has been given a
substantial importance. This chapter outlines the investigations and observations carried out in the
alloy development by carefully designing the compositions and alloying additions. The elements
considered for alloying additions are zinc, calcium and erbium. Several compositions have been
designed and developed and they have been tested for various properties. The microstructures and
mechanical properties have been discussed in detail in the following sections of this chapter.

This section presents microstructure, tensile, compressive, damping and hardness behavior of
Mg-Zn-RE system. The main aim of this part of the study is to understand the microstructural
evolution and to evaluate the mechanical properties of pure magnesium through the addition of
minimal alloying additions like zinc, calcium and erbium.

4.2. Results

The DMD technique was successful in synthesizing Mg and its alloys and all the experiments
conducted were successful with highest output. This technique used two argon gas jets to
disintegrate the liquid metal stream that allowed rapid cooling of the molten metal which results in
fine-grained microstructure. Also, the homogeneous distribution of alloying elements was ensured
after the melt was stirred before pouring down. To achieve high output of the product, care was
taken to properly align the mold and the nozzle of the crucible. During melt processing, inert
atmosphere condition was used to prevent the reaction between the air and the melt. If proper
solidification conditions were not met, there is a high probability of the presence of macropores
and agglomeration of alloying elements. Also since magnesium is unable to form stable carbides,
there was no detectable reaction between the liquid melt and the graphite crucible.

4.2.1. Macrostructure

Synthesis of pure Mg, Mg-2Zn, Mg-2Zn-2Er, Mg-2Zn-0.6Ca-1Er, Mg-2Zn-0.6Ca and Mg-
3Zn-0.5Er were successfully carried out by the DMD process followed by hot extrusion.
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Mg alloy Casting

‘Mg extruded rods

Figure 4.1: Macrographs of a cast ingot, a machined billet and an extruded rod

Figure 4.1 represents the three stages of synthesized material. The ingot labelled Mg alloy
casting is the solidified alloy obtained after DMD process. The ends of the ingot consist of cracked
structure. This is due to the non-uniform pouring of atomized melt that takes place during the
beginning and end of the process and it is discarded from the ingot. The remaining ingot is cut in
order to prepare billets of dimensions d=36mm and I1=45mm using lathe. A shiny Mg billet could
be seen in the figure. The visual observation of the surfaces of the as deposited pure Mg and alloy
cast ingots indicates no macrostructural defects [202] like macropores as seen in Figure 4.1. Before
extrusion, the billets are sprayed with graphite. Also following extrusion, these defects were not
present. The shiny appearance on the extruded rods is lost due to the graphite spray prior to
extrusion.
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4.2.2. Density measurements

The results of the density measurements conducted on pure Mg and Mg alloys are tabulated

in Table 4.1.
Table 4.1: Density measurements for pure Mg and its alloys in both as-DMDed and as-extruded
conditions
. Density (g/cc)
Material As-DMDed | As-extruded
Pure Mg 1.679 1.711
Mg-2Zn 1.684 1.723
Mg-2Zn-2Er 1.697 1.726
Mg-2Zn-0.6Ca-1Er 1.694 1.722
Mg-2Zn-0.6Ca 1.687 1.718
Mg-3Zn-0.5Er 1.702 1.735

From the values of experimental and theoretical densities, it can be seen that near-dense
materials (ppure Mg = 1.7 g/cc) have been developed. As-DMDed materials exhibit density values
lower than that of as-extruded materials. This could be due to the porosity that is present in as-
DMDed materials. As-DMDed pure Mg exhibits density value of 1.679 g/cc. Addition of 2Zn
slightly enhanced the density value and the increment is observed for other alloys as well. As-
extruded pure Mg exhibits density value of 1.711 g/cc and there is a slight increment from as-
DMDed material. Additions of alloying elements have not significantly enhanced the density of
pure Mg. This could be due to the minor addition (<4 wt.% alloying additions). The porosities and
other defects have been eliminated after hot-extrusion and the extruded rods are completely dense.
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4.2.3. X-ray Diffraction studies

Figure 4.2 shows the x-ray diffraction pattern of the extruded pure Mg and its alloys
containing Zn, Ca and Er in longitudinal direction. These diffractograms could be used to identify
the change in crystallographic orientation (texture) due to the alloying additions used here like zinc,
calcium and erbium. They are also used to identify the phases present in the alloys. For x-ray
diffractograms of as-extruded pure Mg, the primary peaks are detected at 26=32°, 34° and 36° when
Cu-Ka radiation source is used. The peaks at these angles correspond to (1010) prismatic, (0002)
basal and (1011) pyramidal planes of the HCP Mg-crystal. The XRD pattern in pure Mg indicates
a typical extrusion texture (c/a = 1.634) with most of the basal planes aligned (nearly) parallel to
the extrusion direction. For Mg-2Zn alloy, MgZn; phase is indexed at 26=40.2° and the basal
texture is not as pronounced as pure Mg. The peak at 34° has a reduced intensity as compared to
pure Mg. For Mg-2Zn-2Er alloy, the basal plane at 34° has the highest intensity. W-phase
(MgsEr2Zngz) is indexed for this alloy at 26=23.4°and 37.2°. For Mg-2Zn-0.6Ca-1Er and Mg-2Zn-
0.6Ca alloy, MgZn; phase could be seen. These alloys exhibit similar intensity patterns for the
primary peaks of magnesium. I-phase is detected for Mg-3Zn-0.5Er at 26=38.5°.
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Figure 4.2: XRD plot of transverse sections of pure Mg and its alloys
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For the alloys, the intensity of basal peak at 34° is found to be different to each other. This
shows that the addition of Zn, Ca and Er resulted in a change in the crystallographic orientation,
I.e., the basal planes are not completely parallel but aligned at an angle to the extrusion direction.
It could possibly indicate the weakening of strong basal texture of Mg due to Zn, Ca and Er
addition, which could be seen for samples in transverse direction where the alloys have minimal to
no basal (0002) peak. The relative intensities of these peaks in both transverse and longitudinal
directions have been listed in Table 4.2.

Table 4.2: X-Ray Diffractogram results of as-extruded Mg-Zn-Ca-Er alloys

Material 1/1max
(1010) Prism (0002) Basal | (1011) Pyramidal
T L T L T L
Pure Mg 0.9602 | 0.1546 1 1 0.6295 0.6959
Mg-2Zn 1 0.1611 | 0.053 1 0.706 0.8778
Mg-2Zn-2Er 0.079 1 1 0.066 | 0.417 0.2899
Mg-2Zn-0.6Ca-1Er | 0.3035 | 0.2094 | 0.875 1 1 0.8775
Mg-2Zn-0.6Ca 0.224 | 0.2162 | 0.955 1 1 0.78
Mg-3Zn-0.5Er 0.246 | 0.2139 | 0.821 1 1 0.7988

*T represents XRD taken along transverse section of Mg-Zn-Ca-Er samples.
I is the XRD intensity from prismatic, basal and pyramidal plane of pure Mg.

Imax 1S the maximum XRD intensity from either prismatic, basal and pyramidal plane.
4.2.4.0ptical microstructure

4.2.4.1. As-DMDed

The optical microstructures of as-DMDed Mg alloys are represented in Figure 4.3. The as-
DMDed alloys include the matrix with higher grain sizes and the formation of intermetallic
secondary phases could be identified as black irregular shaped particles of different sizes. The
grains were of the order of 300-600 um and after etching, they can be clearly visible under naked
eye.
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Figure 4.3: Optical microstructures of as-DMDed (a) Mg-2Zn (b) Mg-2Zn-2Er (c) Mg-2Zn-0.6Ca-
1Er (d) Mg-2Zn-0.6Ca and (e) Mg-3Zn-0.5Er
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4.2.4.2. As-extruded

After extrusion, the alloys exhibited fine grained microstructures. The optical
microstructures of as-extruded Mg and its alloys revealing the microstructural characteristics such
as grain morphology and secondary phases are represented in this section, along with their
corresponding histograms calculated using the software ImageJ*. From the figures, it could be seen
for all the alloys, a fine-grained microstructure were obtained after hot extrusion. This is due to
grain refinement process due to the presence of alloying elements. The mechanism responsible for
this is the dynamic recrystallization (DRX). For the alloys, the coarse secondary phases which are
broken during the deformation process are aligned in the extrusion direction. The grain size is the
highest for pure Mg whereas for Mg-2Zn-2Er, it is the least.

(a) N\
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50 ym 10 20 30 40 50 60 70

Grain size (pm)

Figure 4.4: Optical microstructure and grain size histogram for as-extruded pure Mg

Pure Mg is a single phase (a-Mg) with a large grain size (22.42 um) as seen in Figure 4.4.
The grains are equi-axed. The grain size distribution indicates that the increased number fraction
of grains is in the range of 10-15 um. Few grains <10 pm were also observed. There were no twins
observed. The microstructure is colored yellow due to acetic picral etchant. The average grain size
is measured to be 22.42 um.

4 Schneider, C. A.; Rashand, W. S. & Eliceiri, K. W. (2012), "NIH Image to ImageJ: 25 years of image analysis",
Nature methods 9(7): 671-675, PMID 22930834.
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Figure 4.5: Optical microstructure and grain size histogram for as-extruded Mg-2Zn

For Mg-2Zn alloy as seen in Figure 4.5, several extrusion lines could be seen. The grains
are equiaxed and it has a reduced grain size as compared to pure magnesium. The secondary phases
which are marked in the figure are aligned along the extrusion direction. In the histogram, increased
number fraction of grains is in the range of 6-10 um. The average grain size of this alloy is measured
to be 15.99 um.

10 15 20 25 30 35 40
Grain size (pm)

Figure 4.6: Optical microstructure and grain size histogram for as-extruded Mg-2Zn-2Er

The alloy Mg-2Zn-2Er shows a bimodal grain structure as seen in Figure 4.6. It consists of
fine grains as seen in the histogram (several grains in the range 5-10 pum) and unDRXed region.
This shows that the addition of 2Er to Mg-2Zn further reduces the grain size and the overall
microstructure of magnesium alloys. Very fine secondary phases are found adjacent to the fine
grains. The average grain size of this alloy is measured to be 6.6 pum.
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Figure 4.7: Optical microstructure and grain size histogram for as-extruded Mg-2Zn-0.6Ca-1Er

The optical microstructure and grain size distribution for the alloy Mg-2Zn-0.6Ca-1Er is
represented in Figure 4.7. The grain size distribution resembles to that of pure Mg and Mg-2Zn but
the average grain size measured is finer (11.57 um). The grains are more equiaxed for this alloy.
The secondary phases are indexed in the figure.

10 15 20 25 30
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Figure 4.8: Optical microstructure and grain size histogram for Mg-2Zn-0.6Ca

The grain size distribution and optical microstructure for Mg-2Zn-0.6Ca as-extruded alloy
is represented in Figure 4.8, where a lot of secondary phases were seen along the extrusion
direction. The grains in the size range 1-5 um were very less and a lot of grains were in the range
5-10 um. The average grain size was measured to be 11.87 um, which is very close to that of Mg-
27n-0.6Ca-1Er.
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Figure 4.9: Optical microstructure and grain size histogram for Mg-3Zn-0.5Er

The optical microstructure and grain size distribution for Mg-3Zn-0.5Er as-extruded alloy
is represented in Figure 4.9. Extrusion lines were not seen in this alloy, but a lot of secondary
phases were present along the extrusion direction as labeled in the figure. There were no grains
detected in the range 1-2 um but a lot of grains were identified in the range 2-4 pm.

To identify the composition of these secondary phases, energy dispersive spectroscopy
(EDS) analysis along with back-scattered electron imaging was carried out and they are explained
in the subsequent sections.

4.2.5.Scanning electron microscopy
4.2.5.1. SEM-EDS
4.2.5.1.1. As-DMDed alloys

Figure 4.10 - Figure 4.13 shows the SEM microstructures and EDS analysis of the as-
DMDed alloys containing the phase constituents a-Mg grains with intermetallic phases located at
the grain boundaries and within the matrix too. The secondary phases that are uniformly distributed
throughout the microstructure exhibit varied composition, mostly rich in magnesium. They are
present in the form of a network like structure, which are bright and white in the SEM images. The
Backscattered electron (BSE) images are recorded due to the elastic scattering interaction between
the specimen atoms and the high-energy electrons originating in the electron beam, that are
reflected or back-scattered out of the specimen interaction volume. This mode of imaging is chosen
to detect contrast between areas with different chemical composition. The reason why the phases
appear white in color is that the heavy elements like erbium which has high atomic number
backscatter electrons more strongly than the light elements with low atomic number. Their volume
fraction remains the same, as there is not much variation in the composition of the constituents in
the alloys. They exhibit complex morphologies and different kinds were identified, including
roughly circular, rod-shaped and irregular.
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Figure 4.10: SEM-BSE images and EDS spot analysis of as-DMDed Mg-2Zn-2Er (a) Low
magnification BSE image (b) EDS analysis of the secondary phase, (c)-(f) Secondary phases of
different shapes

The SEM-EDS analysis for as-DMDed Mg-2Zn-2Er is shown in Figure 4.10. Figure 4.10a
shows the low magnification image of this alloy, where the secondary phases exhibit a network
like structure. Figure 4.10b shows the EDS spectrum of a secondary phase and it corresponds to
Mg-7 wt.% Zn-7.4 wt.% Er. The secondary phases exhibit several morphologies as seen in Figure
4.10 (c)-(f).The size of these phases were between 5-10 um.
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Figure 4.11: SEM-BSE images and EDS spot analysis of as-DMDed Mg-2Zn-0.6Ca-1Er (a) Low
magnification BSE image (b) EDS analysis of the secondary phase, (c)-(e) Secondary phases of
different shapes

The SEM-EDS analysis for as-DMDed Mg-2Zn-0.6Ca-1Er is shown in Figure 4.11. Figure
4.11a represents the low magnification image of this alloy. The EDS analysis shown in Figure
4.11b for the rounded particle indicates that it is mostly pure Mg. Several morphologies were
exhibited by the phases and they are indexed in Figure 4.11 (c)-(e).
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Figure 4.12: SEM-BSE images and EDS spot analysis of as-DMDed Mg-2Zn-0.6Ca (a) Low
magnification BSE image (b) EDS analysis of the secondary phase, (c)-(d) Secondary phases of
different shapes

The SEM-EDS analysis for as-DMDed Mg-2Zn-0.6Ca is shown in Figure 4.12. The
secondary phases were not as much as that of Mg-2Zn-0.6Ca-1Er. They are dispersed in the
microstructure. The EDS analysis shown in Figure 4.12b on the phase in Figure 4.12a corresponds
to Mg-11.7 wt.% Zn-0.3 wt.% Ca. Large secondary phases were present and some of them are
represented in Figure 4.12 (c) and (d).
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Figure 4.13: SEM-BSE images and EDS spot analysis of as-DMDed Mg-3Zn-0.5Er (a) Low
magnification BSE image (b) EDS analysis of the secondary phase, (c)-(e) Secondary phases of
different shapes

The SEM-EDS analysis for as-DMDed Mg-3Zn-0.5Er is shown in Figure 4.13. The
secondary phases exhibit network like structure, similar to that of Mg-2Zn-2Er. The EDS analysis
shown in Figure 4.13b on the phase in Figure 4.13a corresponds to Mg-10.6 wt.% Zn-3.7 wt.% Er.
Large secondary phases were present of different morphologies and sizes and some of them are
represented in Figure 4.13 (c)-(e).

The SEM-EDS analysis was also conducted for alloys after extrusion and they are
represented in the next section.
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4.2.5.1.2. As-extruded alloys

The SEM images and EDS analysis of the as-extruded alloys along the extrusion direction
(ED) are shown in Figure 4.14-Figure 4.18. For all the microstructures, the secondary phases are
clearly visible due to BSE contrast. The grain structure is also seen for all the microstructures.

B Map Sum Spectrum
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Figure 4.14: SEM-BSE image and ESD analysis of as-extruded Mg-2Zn

For Mg-2Zn as shown in Figure 4.14, the secondary phases are aligned along the extrusion
direction. Several secondary phases could be seen throughout the sample observation area. EDS
analysis on the marked phase shows the composition to be Mg-2.5 wt.% Zn.

60

0=

Figure 4.15: SEM-BSE image and ESD analysis of as-extruded Mg-2Zn-2Er

For Mg-2Zn-2Er as shown in Figure 4.15, the EDS analysis shows Er concentrations within
the matrix to vary between 1-2 wt.%. These values are within the solid solution limit of Er in the
Mg crystal structure. The broken secondary phases correspond to Mg29.8Zn48.3Er21.9, which is
close to MgsZnzErz, or W-phase in the EDS analysis. These W-phase particles were of different
sizes and several nano-scale particles could also be seen.
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Mg-27Zn-0.6Ca-1Er

Figure 4.16: SEM-BSE image and EDS analysis of as-extruded Mg-2Zn-0.6Ca-1Er

The SEM-EDS analysis for as-extruded Mg-2Zn-0.6Ca-1Er is represented in Figure 4.16.
Several morphologies were identified, including rod, globular and polygonal. The EDS analysis on
the indexed phase shows the composition as Mg-2.2 wt.% Zn-3.4 wt.% Ca-1.9 wt.% Er.

Figure 4.17: SEM-BSE image and EDS analysis of as-extruded Mg-2Zn-0.6Ca

For Mg-2Zn-0.6Ca as shown in Figure 4.17, several secondary phases could be identified,
but they were not as much as Mg-2Zn. The EDS analysis on the indexed phase shows the
composition mainly Mg-Zn type (Mg-2.5 wt.% Zn). This shows that most of Ca has gone into the
matrix.
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Figure 4.18: SEM-BSE image and EDS analysis of as-extruded Mg-3Zn-0.5Er

For Mg-3Zn-0.5Er, the secondary phases are aligned along the extrusion direction as seen
in Figure 4.18. The EDS results as seen for Figure 4.18 indicate that the composition of the particle
are Mg-28.1 at.% Zn -4.6 at.% Er. It indicates that the Zn/Er (at.%) ratio values of the particles are
close to that of Zn/Er (at.%) for the I-phase (MgsZnsEr1).

During the SEM-EDS investigation of as-DMDed and as-extruded alloys, the important
phases have been identified and also the confirmation of the distribution of elements, mainly Er
within the Mg crystal lattice. For detailed characterization of these secondary phases, TEM
investigation has been carried out and they are listed in Section 4.2.11.

4.2.5.2. EBSD micrographs

The results of EBSD measurements conducted on pure Mg and its alloys are obtained and
they are shown in Figure 4.19. In the maps, the (0002) basal plane is indicated by red color, and
the blue color represents the plane lying 90° away from the (0002) plane. The secondary phases
that have not been indexed in EBSD for the alloys have been shown as black particles. A streak
like pattern along the extrusion direction could be clearly seen for Mg-2Zn and Mg-3Zn-0.5Er. It
could be seen that the addition of Zn, Ca and Er in small quantities has reduced the grain size of
pure Mg by one order of magnitude. For Mg-2Zn-2Er, a varied grain sized microstructure (fine
DRXed and coarse unDRXed) with several textural components could be observed as seen in
Figure 4.19c. Very coarse and partially recrystallized grains have a dominant prismatic textural
component (indicated in the figure as coarse unDRXed) and hence the overall microstructure
exhibits this texture. For all other alloys, a uniform grain structure could be seen with reasonably
equiaxed grains present everywhere. Mg-2Zn-0.6Ca exhibits basal texture with almost all the basal
planes oriented perpendicular to the extrusion axis. To study the intensity of textures, pole figure
measurements have been recorded and they are shown in the subsequent section.
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Figure 4.19: Inverse pole figures of (a) Pure Mg (b) Mg-2Zn (c) Mg-2Zn-2Er (d) Mg-2Zn-0.6Ca-
1Er (e) Mg-2Zn-0.6Ca and (f) Mg-3Zn-0.5Er
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4.2.5.3. EBSD-Pole figures

The results of EBSD measurements conducted on pure Mg and its alloys are obtained in
the form of pole figure maps as shown in Figure 4.20. The texture intensities are represented in the
form of multiples of a uniform density (m.u.d). In the unalloyed pure Mg sample, nearly all the
grains have got their basal planes oriented perpendicular to the extrusion axis. The maximum level
is 11.15. An ideal basal texture is rarely observed for pure Mg with peak intensities rotated about
the transverse direction by ~ 10°. But this is not the case for the alloys. For Mg-2Zn, the sample
had their basal plane oriented at an angle of 20-30° to the extrusion axis and these poles have clearly
rotated away from ND towards TD. Also, more random components of texture are formed. For
Mg-2Zn-2Er, the basal texture disappears and a prismatic texture component arises along ED. The
texture components are dispersed for Mg-2Zn-0.6Ca-1Er and Mg-3Zn-0.5Er. Thus we could see
that after hot-extrusion, the texture of pure magnesium and that of the alloys are quite different as
an influence of different alloying additions.
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Figure 4.20: Pole figures of (a) Pure Mg (b) Mg-2Zn (c) Mg-2Zn-2Er (d) Mg-2Zn-0.6Ca-1Er (e)
Mg-2Zn-0.6Ca and (f) Mg-3Zn-0.5Er
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4.2.5.4. EBSD-Schmid factor

To accommodate the imposed strain, a material needs to have a variety of deformation
modes. Schmid factor gives some idea about the activation of these different deformation modes
with different CRSS. The average schmid factors for basal and multiple slip of as-extruded Mg-
Zn-RE alloys can be acquired, as shown in Table 4.3. These schmid factors were calculated under
the hypothesis of tensile load parallel to extrusion direction. For Mg, the schmid factor value is
relatively less for basal slip, which is mpasa=0.1942. Mg-2Zn-0.6Ca exhibits mpasar = 0.1948 and
this value reduces for other alloys. This is because pure Mg has the texture with {0002} pole
perpendicular to extrusion direction and Mg-2Zn-0.6Ca also has strong basal texture. With Er
additions it is observed that the average Schmid factor on basal plane decreases. For Mg-3Zn-
0.5Er, Mpasai=0.1646 and for Mg-2Zn-2Er the value for mpasal is least which is 0.1316. The schmid
factor values for prismatic (110) [110] and <c+a> planes (111) [110] does not change much for the
alloys. These values are in the range 0.418-0.448 for prismatic (110) [110] slip and in the range of
0.434-0.456 for (111) [110] slip.

Table 4.3: Average schmid factors for pure Mg and its alloys calculated using EBSD

Material _ Schrﬁid Factor (m)_
(001) [110] | (110)[120] | (111)[110] |(110)[00O1] | (110)[0O1]
Pure Mg 0.1942 0.442 0.4563 0.1958 0.1942
Mg-2Zn 0.1879 0.4427 0.4487 0.1864 0.1879
Mg-2Zn-2Er 0.1316 0.4443 0.4385 0.1359 0.1316
Mg-2Zn-0.6Ca-1Er 0.1825 0.446 0.4512 0.1825 0.1852
Mg-2Zn-0.6Ca 0.1948 0.4182 0.4347 0.1949 0.1948
Mg-3Zn-0.5Er 0.1646 0.4481 0.4489 0.1658 0.1646

4.2.5.5. EBSD-Misorientation Angle Distribution (MAD)

The results of EBSD measurements conducted on pure Mg and its alloys are obtained in
the form of misorientation angle distributions as shown in Figure 4.21. To study the micro-texture,
the grain boundary fraction as a function of misorientation angle for adjacent grain was measured.
The MAD for pure Mg and Mg-2Zn is similar with an increased amount of high angle grain
boundaries. Mg-2Zn-2Er exhibits large fraction of low angle grain boundaries (57.8%) and Mg-
3Zn-0.5Er shows greater high angle grain boundaries (81.6%). The peak at 30° that is indexed for
all the alloys is characterized by recrystallization texture [203]. Also it suggests the strength of
basal texture [204], which is high for Mg-2Zn and Mg-2Zn-0.6Ca. Barring Mg-2Zn-2Er, all other
alloys are mainly composed of large angle grain boundaries, with greater than 80% number
fraction.
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Figure 4.21: Misorientation Angle Distributions for as-extruded (a) Pure Mg (b) Mg-2Zn (c) Mg-
2Zn-2Er (d) Mg-2Zn-0.6Ca-1Er (e) Mg-2Zn-0.6Ca and (f) Mg-3Zn-0.5Er
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4.2.6. Impulse excitation measurement

The elastic modulus and damping characteristics of Mg-Zn-Ca-Er alloys are shown in
Figure 4.22 and Table 4.4. For all the materials, the vibration ceased after 0.5s. The vibration signal
is plotted as a function of amplitude versus time, where the amplitude is fitted as a sum of
exponentially damped sinusoidal functions. The graphs clearly indicate that the damping
characteristics were not significantly changed with the addition of alloying elements, as the
behavior of these plots are similar. Table 4.4 represents damping loss rate (L), damping capacity
and the elastic modulus (E) values for the alloys.

Pure Mg has the highest damping loss rate of 7.2. With the addition of alloying elements,
the damping loss rate decreased. The value is 6.9 for Mg-2Zn and the value of L reduced to 6.4 for
Mg-2Zn-2Er. L value for Mg-2Zn-0.6Ca and Mg-2Zn-0.6Ca-1Er are similar and it is 6.8. Damping
loss rate gives an indication of the material to stop or absorb vibration. These values for the alloys
are in the range of 6.4-7.2. Damping capacity is also a similar indicator that measures the relative
ability of a material to absorb vibration. An increased vibrational energy without dissipation into
heat can result in increased amplitude. This could be seen for Mg-2Zn-2Er which has low damping
loss rate value of 6.4 but the amplitude of vibration is high as compared to other alloys. The values
of elastic modulus for pure Mg and the alloys are in the range of 43-45 GPa. The highest value is
exhibited by pure Mg, which is 45.26 and for Mg-2Zn-2Er it is the lowest, which is 43.3. It is
significant to note that the elastic modulus did not change significantly with the addition of Zn, Ca
and Er, which is very important for the biomedical applications of magnesium.
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Figure 4.22: Vibration signal of as-extruded (a) pure Mg, (b) Mg-2Zn, (c) Mg-2Zn-2Er, (d) Mg-
2Zn-0.6Ca-1Er, () Mg-2Zn-0.6Ca and (f) Mg-3Zn-0.5Er alloys
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Table 4.4: Impulse excitation measurement results

Material Damping Loss Damping Capacity | Elastic Modulus (E)

Rate (L) (GPa)

Pure Mg 7.2 0.000275 45.26
Mg-2Zn 6.9 0.000269 44.9
Mg-2Zn-2Er 6.4 0.000247 43.3
Mg-2Zn-0.6Ca-1Er 6.8 0.000261 44.45
Mg-2Zn-0.6Ca 6.8 0.000260 44.4
Mg-3Zn-0.5Er 6.6 0.000253 43.8

compared to the hardness value of pure Mg.

4.2.7. Microhardness

The microhardness measurements of pure magnesium and its alloys are shown in Table 4.5.
When compared to pure magnesium, the addition of alloying elements has significantly improved
the hardness value. Among as-DMDed alloys, Mg-2Zn exhibited the lowest hardness value of
37.28. Addition of 2Er enhanced the hardness value to 54.11. Addition of 0.6Ca to Mg-2Zn
enhanced the hardness value to 47.82 but with the addition of 1Er to this ternary alloy, the hardness
value dropped to 44.45. Increased Zn addition (3 wt.%) with minimal Er (0.5 wt.%) addition
increased the hardness value to 45.59.

Compared to as-DMDed alloys, the as-extruded alloys exhibit better hardness values. Pure
Mg exhibits the least hardness of 33.84. A 17% increase in hardness value is seen for Mg-2Zn after
extrusion. Addition of 2Er to Mg-2Zn increased the hardness value significantly from 43.54 to
61.54 (141.34%). Addition of 0.6Ca to Mg-2Zn led to an increase by 26.3%. Addition of 1Er to
Mg-2Zn-0.6Ca did not significantly enhance the hardness value. The maximum hardness value
exhibited among the as-extruded alloys is Mg-3Zn-0.5Er, 68.27 with an increment of 101.7% as

Table 4.5: Microhardness and grain size measurements for as-DMDed and as-extruded Mg and its
alloys

Material Hardness
As-DMDed | As-extruded

Pure Mg - 33.84+0.46
Mg-2Zn 37.28+0.57 43.54+0.37
Mg-2Zn-2Er 54.11+0.38 61.54+0.68
Mg-2Zn-0.6Ca-1Er | 44.45+0.34 55.4+0.84
Mg-2Zn-0.6Ca 47.82+0.53 54.97+0.74
Mg-3Zn-0.5Er 45.59+0.54 68.27+0.95
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4.2.8. Tensile and Compressive properties

The room temperature tensile properties of the synthesized pure Mg and Mg-Zn-Ca-Er
alloys are shown in Table 4.6 and Figure 4.23. From the stress-strain curve plotted in Figure 4.23,
the 0.2% tensile yield strength (0.2% TYS) and tensile fracture strain values of magnesium are
increased significantly with the addition of alloying elements with a reasonable improvement in
the ultimate tensile strength (UTS). Pure Mg exhibits TYS and UTS value of 96 and 150 MPa
respectively. Addition of 2Zn increased the values to 145 and 180 MPa respectively. Among all
the alloys, Mg-2Zn-2Er exhibited the highest TYS value of 192 MPa and the UTS value also
increased to 234 MPa. In the figure it could be seen that this alloy exhibits minimum strain
hardening. Addition of 0.6Ca to Mg-2Zn reduced the TYS value to 129 MPa but the UTS value
enhanced to 214 MPa. Addition of 1Er to Mg-2Zn-0.6Ca did not significantly modify these values.
For Mg-3Zn-0.5Er, there is a slight increase in the TYS value (150 MPa) as compared to Mg-2Zn
(145MPa), but this alloy exhibits the highest UTS value of 250 MPa. The ductility values increased
with the alloying additions. Pure Mg exhibited the ductility value of 8.3 and with addition of 2Zn,
it increased to 10.2. Addition of 0.6Ca and 2Er to Mg-2Zn enhanced it to 16.2 and 14.4 respectively.
Addition of 1Er to Mg-2Zn-0.6Ca increased the ductility value to 17.2 and the highest value is
exhibited by Mg-3Zn-0.5Er, which is 19.8.

Mg-3Zn-0.5Er

2509 Mg-2zn-2Er

200 4

Mg-2Zn-0.6Ca _-\ \l

Mg-2Zn-0.6Ca-1Er

150 Mg-2Zn

100
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Figure 4.23: Tensile curves for (a) Pure Mg (b) Mg-2Zn (c) Mg-2Zn-2Er (d) Mg-2Zn-0.6Ca-1Er
(e) Mg-2Zn-0.6Ca and (f) Mg-3Zn-0.5Er
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Table 4.6: Tensile properties of pure Mg and its alloys

Composition 0.2TYS (MPa) | UTS (MPa) | Hardening | Tensile Fracture Strain
capacity (%)
(He)

Pure Mg 96+3 150£3 0.5625 8.3+0.2
Mg-2Zn 1453 1805 0.241 10.2+0.3
Mg-2Zn-2Er 19243 234+3 0.2187 14.4+0.1
Mg-2Zn-0.6Ca-1Er 128+4 2252 0.6718 17.2+0.3
Mg-2Zn-0.6Ca 129+3 21412 0.6977 16.2+0.4
Mg-3Zn-0.5Er 150+2 25012 0.6667 19.8+0.3

The room temperature compression test results and the representative stress-strain curves
of pure magnesium and the Mg-Zn-Ca-Er alloys are shown in Table 4.7 and Figure 4.24
respectively. It is observed that the addition of alloying elements has increased both the yield (CYS)
and ultimate compressive strengths (UCS) with a marginal decrease in the compressive failure
strain for Mg-2Zn-2Er. Pure Mg exhibits CYS and UCS value of 65 and 348 MPa respectively.
Addition of 2Zn increased the values to 130 and 427 MPa respectively. Among all the alloys, Mg-
2Zn-2Er exhibited the highest CYS value of 134 MPa and the UCS value also increased to 501
MPa. Addition of 0.6Ca to Mg-2Zn reduced the CYS value to 106 MPa but the UCS value was
slightly enhanced to 436 MPa. Addition of 1Er to Mg-2Zn-0.6Ca did not significantly modify these
values. For Mg-3Zn-0.5Er, there is a sudden decrease in the CYS value (44 MPa) as compared to
Mg-2Zn (130 MPa) and also it exhibits reduced CY'S value of 392 MPa.
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Figure 4.24: Compressive curves for (a) pure Mg (b) Mg-2Zn (c) Mg-2Zn-2Er (d) Mg-2Zn-0.6Ca-
1Er (e) Mg-2Zn-0.6Ca and (f) Mg-3Zn-0.5Er
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Composition 0.2 CYS (MPa) | UCS (MPa) | Compressive Fracture Strain (%)
Pure Mg 65+1 34843 20.1+£0.3
Mg-2Zn 130£3 42715 23.84£0.2
Mg-2Zn-2Er 13443 501+6 16.1+0.1
Mg-2Zn-0.6Ca-1Er 11142 44242 25.3+0.2
Mg-2Zn-0.6Ca 106+2 436+3 20.9+0.3
Mg-3Zn-0.5Er 4443 39244 24.910.2

4.2.9. Tensile Fractography

The results of fractography analysis after tensile loading conducted on the fractured
surfaces of magnesium alloys are shown in Figure 4.25. In case of pure magnesium, the fracture
occurs primarily by cleavage mode [205]. But for the alloys, a mixed mode with dimpled and
cleavage fractures were seen. For Mg-3Zn-0.5Er, a large number of dimples could be seen, which
suggests that before tensile fracture this alloy suffers relatively large plastic deformation.
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Figure 4.25: Fractography of (a) Mg-2Zn-2Er (b) Mg-2Zn-0.6Ca-1Er (c) Mg-2Zn-0.6Ca and (d)
Mg-3Zn-0.5Er

4.2.10. Microstructure of tensile specimens

To understand further the mechanisms of tensile deformation, the area close to the deformed
region of the samples after tensile fracture have been analyzed by using optical microscopy and
EBSD techniques. The results are presented in the subsequent sections.

4.2.10.1. Optical Microscopy

The optical microstructures of as-extruded tensile fractured specimens are shown in Figure
4.26. Both pure Mg and the alloys show evidence of mechanical twinning in the tensile region. The
twins are labeled in the figures. There are no voids seen. The secondary phases that are aligned in
the extrusion direction could be seen for Mg-2Zn, Mg-2Zn-0.6Ca-1Er, Mg-2Zn-0.6Ca and Mg-
3Zn-0.5Er. A large number of twins could be seen for Mg-3Zn-0.5Er, followed by Mg-2Zn-0.6Ca
and Mg-2Zn-0.6Ca-1Er, and the ductility values for these samples as seen in the Table 4.6 supports
this evidence. As seen in Table 4.6, Mg-3Zn-0.5Er exhibits the highest ductility value of 19.8%,
followed by Mg-2Zn-0.6Ca-1Er which is 17.2% and 16.2% for My-2Zn-0.6Ca. Very few twins are
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observed in Mg-2Zn-2Er and they are seen in coarse unDRXed region. Further EBSD
characterization of these regions have been carried out to identify the nature of twins.

Figure 4.26: Optical microstructures of as-extruded fractured (a) Pure Mg (b) Mg-2Zn (c) Mg-2Zn-
2Er (d) Mg-2Zn-0.6Ca-1Er () Mg-2Zn-0.6Ca and (f) Mg-3Zn-0.5Er
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4.2.10.2. EBSD of tensile specimens

EBSD micrographs of as-extruded Mg-Zn-Ca-Er alloys after tensile fracture are plotted in
Figure 4.27-Figure 4.31. In these figures, it could be seen that a large number of extension (tension)
twins {1012} are activated during uniaxial tensile deformation. Also a few contraction
(compression){1011} type twins could be seen. The double twins were completely absent. This
indicates that tension twinning is the main form of twinning during uniaxial tensile straining of as-
extruded Mg-Zn-Er alloys.

For Mg-2Zn as-extruded tensile fractured sample as seen in Figure 4.27, a lot of tension
twins and a few compression twins have been seen. The extension twins are represented blue in
color and the compression twins are represented red in color. The misorientation profile drawn
across two twins indicated in Figure 4.27 (circled in black is compression twin and circled in white
is tensile twin) is shown in Figure 4.28. The misorientation angle for the twin circled in white is
86°which indicates that it is a tensile twin and the misorientation angle for the twin circled in black
is 56° which indicates that it is a compression twin.

{10*1}-(10&2) {1022}
{1021}

Figure 4.27: Band contrast maps and the corresponding EBSD maps of as-extruded Mg-2Zn after
tensile fracture
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Figure 4.28: Misorientation profile for the twins of as-extruded Mg-2Zn after fracture

For Mg-2Zn-2Er as-extruded tensile fractured sample, as seen in Figure 4.29, only a few
twins could be seen. The double twins are completely absent. This behavior could have probably
caused by grain refinement.

{1021}-{1022} (103

{1021}

Figure 4.29: Band contrast maps and the corresponding EBSD maps of as-extruded Mg-2Zn-2Er
after fracture

For Mg-2Zn-0.6Ca as-extruded tensile fractured sample, a lot of contraction twins were
identified, as seen in Figure 4.30. They are marked as red in the band contrast maps. Tension twins
were not identified and there is a small presence of double twins marked in yellow.
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{1031}-{1032} (032}
{1031}

Figure 4.30: Band contrast maps and the corresponding EBSD maps of as-extruded Mg-2Zn-0.6Ca
after fracture

For Mg-3Zn-0.Er as-extruded tensile fractured sample as seen in Figure 4.31, a lot of twins
could be seen in the band contrast maps but they have not been indexed clearly. Since they are
indexed blue in color and misorientation profiles show the misorientation angles to be 86°, they are
indexed as tensile twins.

{1021}-{1022} {1022}

{1021}

Figure 4.31: Band contrast maps and the corresponding EBSD maps of as-extruded Mg-3Zn-0.5Er
after fracture
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4.2.11. Transmission electron microscopy

TEM analysis for selected samples has been carried out to determine the compositions and
structures of the secondary phase which present different morphologies in the as-DMDed and as-
extruded samples. The samples that exhibit highest mechanical properties, i.e., Mg-2Zn-2Er and
Mg-3Zn-0.5Er were chosen for TEM analysis.

4.2.11.1. Mg-2Zn-2Er

For Mg-2Zn-2Er as DMDed TEM micrograph as seen in Figure 4.32, a lot of nano-scale
precipitates could be observed. A large chunk could be seen in Figure 4.32a is of 2 um in size. This
is found to be the undissolved Mg-30Er master alloy used during DMD synthesis of Mg-2Zn-2Er,
there are very few. Different shaped (rod, polygonal) precipitates were observed with a size range
of 100-500 nm. These precipitates are oriented in different directions. In Figure 4.32b, several
precipitates were identified. A large number of MgsZnsEr, (W-phase) could be seen present as
polygonal and rod-shaped particles. Few MgZn; particles in globular morphology could be seen in
the microstructure. The large particle seen in Figure 4.32¢ which is marked ‘A’ is W-phase as
recorded in selected area electron diffraction (SAED) pattern. For as-DMDed sample, the
nanosized W-phase particles were the precipitates formed during the secondary processing. It could
be recalled that the soaking of these alloys before extrusion was carried out at 400 °C for 1 hour.
Although 400 °C is high for the precipitation to occur in these alloys, further reduction in
temperature while processing might have influenced the precipitation process.
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Figure 4.32: TEM micrographs, diffraction pattern and EDS analysis of as-DMDed Mg-2Zn-2Er

The TEM analysis for as-extruded Mg-2Zn-2Er is shown in Figure 4.33. They represent
bright field images, diffraction pattern and EDS analysis. In Figure 4.33b, grain boundaries were
seen and the fine nanoparticles were seen inside the grains. A lot of nano-scaled particles in the a-
Mg matrix showing different morphologies could be seen with dimensions of 50-100 nm. There
were no coarse phases seen in this alloy. The coarse phases seen in Figure 4.32 for as-DMDed alloy
were broken down into fine precipitates and also during extrusion it led to the formation of new
precipitates. The SAED pattern in Figure 4.33c and EDS analysis on particle ‘A’ marked in Figure
4.33c establishes that the composition corresponds to that of W-phase (MgsZnzEr2) which is cubic
and it belongs to the space group Fm-3m. The EDS plot shown by the compositional analysis in
Figure 4.33d confirms the presence of Mg, Zn and Er in the particle marked ‘A’. The size
distribution of these secondary phases are plotted as a histogram in Figure 4.34. It could be seen
that the average particle size of these phases is 56 nm, after extrusion. The difference between these
two samples is the size of the precipitates after extrusion treatment. Similar results have been
reported by Li et al. for Mg-Zn-Sr alloys [206].
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Figure 4.33: TEM micrographs, diffraction pattern and EDS analysis of as-extruded Mg-2Zn-2Er
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Figure 4.34: Size distribution of W-phases present in as-extruded Mg-2Zn-2Er alloy
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For a better understanding of these phases and to identify the lattice spacing, high resolution
TEM (HRTEM) analysis have been carried out. HRTEM images are constructed from the wave
function coming out of the sample. Using GATAN digital micrograph software, the lattice spacing
measurements have been determined for these phases. Fast fourier transform (FFT) gives the
corresponding diffraction pattern of the region of interest in HRTEM analysis.

Figure 4.35 represents HRTEM analysis carried out for as-extruded Mg-2Zn-2Er. The inset
figure in Figure 4.35 represents secondary phases which are globular and rod-shaped. HRTEM
image of the larger globular particle is taken and it is presented in Figure 4.35. The lattice fringes
of the HRTEM image could be clearly seen in the figure. A line is drawn perpendicular to these
fringes and an integration width of 100 is considered to draw a box. A histogram can be plotted
over this integration area, where the distance between every peak corresponds to d-spacing. For
this phase, the value of d-spacing measured is 0.685 nm. This value is close to the d-spacing of W-
phase with fcc structure in Mg-Zn-Y system identified by Padezhnova et al (0.6848 nm) [207].

d=0.685 nm

Figure 4.35: HRTEM analysis of the secondary nanometric phase in as-extruded Mg-2Zn-2Er. The
inset is the low magnification image of the nanometric W-phase.
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4.2.11.2. Mg-3Zn-0.5Er

TEM observations for as-extruded Mg-3Zn-0.5Er are represented in Figure 4.36. Here,
different sized, shapes of the precipitates could be observed. The secondary phases were not seen
as much as that in Mg-2Zn-2Er. Figure 4.36a shows a coarse polygonal shaped particle at the triple
point. This coarse phase is the undissolved Mg-30Er master alloy. A few coarse particles but
several fine nano precipitates were recorded which exhibit different shapes could be seen in Figure
4.36b. EDS analysis as shown in Figure 4.36¢ represents the composition of globular-shaped
phases in Figure 4.36b and it corresponds to i-phase (MgsZneEr). The size distribution of these
secondary phases is plotted as a histogram in Figure 4.37. It could be seen that the average particle
size of these phases is ~ 49 nm, after extrusion.

Chunk of Mg-30Er

Mg,ZngEr,

S LLm 500 nm

w
8
Zn
Zn
2 4 6 8 10
Energy (keV)

Figure 4.36: TEM micrographs and EDS analysis of as-extruded Mg-3Zn-0.5Er
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Figure 4.37: Size distribution of i-phases present in as-extruded Mg-3Zn-0.5Er alloy

The HRTEM analysis of i-phase has been carried out and it is presented in Figure 4.38.
Figure 4.38a represents HRTEM image of the secondary phase which is globular in morphology.
The FFT of this image is shown in Figure 4.38b. The peaks that are indexed correspond to a
quasicrystal. These are novel class of intermetallic compounds which exhibit forbidden (5-fold)
rotational symmetry. It shows a pentagonal dodecahedral morphology, i.e., the five-fold planes
form low energy surfaces [208]. These unusual structures are said to exhibit extraordinary
properties. For the histogram analysis of interplanar spacing represented in Figure 4.38a, the
calculated value d=0.52 nm. This is close to the value observed for Mg-Zn-Y alloys by Singh et
al., where the calculated value is d=0.52 nm [209]. It is also observed by Niikura et al. for a class
of Mg-Zn-RE alloys [208].
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Figure 4.38: HRTEM analysis of the secondary nanometric phase in as-extruded Mg-3Zn-0.5Er,
fast fourier transform (FFT) of the corresponding phase and its corresponding histogram indicating
d-spacing

4.3. Discussion
4.3.1. Phases in Mg-Zn-Er system
4.3.1.1. Phase formation

Based on Mg-Zn phase diagram as seen in Figure 2.10, for Mg-2 wt.% Zn, the solidification
temperature for the molten alloy is 620 °C. According to the Mg-Er phase diagram as seen in Figure
2.5, the Er content of a-Mg solid solution is about 15 wt.% at 200 °C. But neither phase diagram
nor thermodynamic data is available for Mg-Zn-Er system. However, based on the Mg-Zn-Y
ternary alloy phase diagram, the solid solution of Zn, Y decreased due to the elemental interaction.
Hence the concentration of these elements in the liquid phase will be greater. Also, the addition of
highly melting point element Er (Tm = 1529 °C) in the alloys can act as nucleation sites. The Mg-
Zn-Er type ternary phases are formed due to these redundant Zn and Er elements that will easily
precipitate at the grain boundaries. This has been observed in our work, as shown in Figure 4.15.

The crystallographic information used for identifying different phases is listed in Table 4.8.
Some of these phases are present in the synthesized Mg-Zn-Ca-Er alloys. XRD studies presented
in Figure 4.2 reveals the presence of MgZn; in Mg-2Zn, Mg-2Zn-0.6Ca and Mg-2Zn-0.6Ca-1Er.
Two different type of ternary phases exist in Mg-Zn-Er alloys, i.e., MgsZnsEr, (W-phase) was
present in the Mg-2Zn-2Er diffractogram and MgsZneEr (i-phase) was present in Mg-3Zn-0.5Er
diffractogram. The ternary phases are further validated using SEM-EDS and TEM-EDS analysis.
These ternary phases are present in several morphologies (rod, globular, polygonal). The binary
phases MgZn, and Mg»Ca are h.c.p structured phases, same as that of Mg. W-phase detected for
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Mg-2Zn-2Er in Figure 4.35 has cubic structure. I-phase detected for Mg-3Zn-0.Er in Figure 4.38
has icosahedral quasicrystalline structure.

Table 4.8: Crystallographic information of possible phases present in Mg-Zn-Ca-Er system®

Phase Structural Structure Space group Lattice
Formula Parameter
Mg Mg Hexagonal P63/mmc a=3.2085 A,
c=5.2106 A
MgZn; MgZn; Hexagonal P63/mmc a=5.223 A,
c=8.566 A
Mg:Ca Mg:Ca Hexagonal P63/mmc a=6.225 A,
c=10.18 A
W-phase MgsEr.Zns Cubic Fm3m a=6.912 A
18R-LPSO Mggo.6ZNg3Eri1.1 Monoclinic Cl2c a=11.67 A,
b=13.79 A,
c=31.32 A,
p=93.53°
14H-LPSO Mgs3z.3ZNn72Erg 5 Rhombohedral P63/mcm a=11.1 A,
c=36.2 A
i-phase MgsZneEr Icosahedral Point symmetry
quasicrystal m-3-5 [209]

© 2019 Tous droits réservés.

4.3.2.2. Structure, composition and properties of i-phase

Several researchers have studied the structure and composition of i-phase and its influence
on the tensile properties, impact toughness, wear and fatigue behavior in different alloy systems.
Among all these alloys, extensive work has been carried out in Mg-Zn-Y system. Tsai et al. studied
the Zn-Mg-Y phase diagram and calculated the equilibrium range of composition for the i-phase
at 700 K, 773 K and 873 K [210]. Several new phases like MgsZneY, MgzsZneoY 2, Mg24ZnesY 10,
MgisZn70Y 15, Mg2ZnsY3 and Mgi2ZnY have been documented. Lee et al. studied the formation
range of i-phase in Mg-Zn-Y system for Zn/Y ratio of 2.7-9.5 at.% [211]. It was studied that these
phases have higher stability and they can aid to grain boundary pinning and dislocation pinning.
For Mg-Zn-Gd system, Luo et al. reported this ratio to be 1.5-40 at.% [212]. Mg-Zn-Er system was
studied by Li et al. and they reported Zn/Er weight ratio between 6-10 results in formation of
exclusive i-phase [213].

For hot-rolled Mg alloys, basal plane textures are commonly seen due to the activation of
{10-12} twinning that leads to the reorientation of c-axis perpendicular to the rolling plane [214].

S https://www.fiz-karlsruhe.de/
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It was reported earlier that i-phase can randomize texture in Mg-Zn-Y alloys [209]. This could be
seen for the pole figure plotted for Mg-3Zn-0.5Er in Figure 4.20 that consists of weak basal texture
and the dispersed texture components.

4.3.2.3. Structure, composition and properties of W-phase

The crystal structure of W-phase is fcc as highlighted in SAED patterns plotted for Mg-
2Zn-2Er shown in Figure 4.33. Several researchers have studied the co-existence of W-phase with
i-phase [212]. Due to its brittle nature, it is categorized as the phase containing low mechanical
properties, but some investigations have proven an enhancement in mechanical properties after
extrusion due to a uniform distribution of W-phases [215]. The crystal structure for W-phase,
adapted from Mg-Zn-Y system from Luo et al. is presented in Figure 4.39 [212]. In this figure
plotted for MgsZnzEr,, it could be seen that 4 Er (Y1) atoms occupy the 4A positions; 4 Mg (Mgl)
atoms occupy the 4 B positions. 8C (Mg2) positions are occupied by 8 (Mg+2Zn) atoms with ratio
of 1:3.

- Y1 Mg vy |* YT
4- Mg1* e pge [ * Mol
| Nk Mgi* W + NMg2
—# _—
Mg2 WMg2
2 Mg2* g2
L ] *
Mp ¥ M
= YW1 Mg o
= 0 Mpg1* W Mg
L 2
Mg2 Mg2
] Mg2* Mg2*
-2 &
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Mg o g t*
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P 4 2 0 2 4 6
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Figure 4.39: The crystal structure of the W-phase in the Mg-Zn-Er(Y) system®
4.3.2. Grain refinement

The grain size of as-DMDed alloy can be varied by changing the composition of the alloy
under the given cooling conditions. Also, the grain sizes could be controlled by undercooling

® Plotted using Kt software: http://kdiff3.sourceforge.net/
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parameter, solidification interval, etc [216]. One such parameter, Growth restriction factor (GRF)
is a term used to define an element’s refining capability [217]. It is defined as:

Q=mC, (k—1)
Where, C, is the bulk composition of a binary alloy
m is the liquidus slope at Co
k is the equilibrium partition coefficient.
The standard GRF values for different elements in magnesium are given in Table 4.9 [218].

Table 4.9: Slope of the liquidus line (m), Equilibrium Distribution Coefficient (k) and Growth
Restriction Parameter m(k-1) for various alloying elements in magnesium

Element m k GRF = m(k-1) System
Zr 6.9 6.55 38.29 Peritectic
Ca -12.67 | 0.06 11.94 Eutectic
Si -9.25 0 9.25 Eutectic
Ni -6.13 0 6.13 Eutectic
Zn -6.04 0.12 531 Eutectic
Cu -5.37 0.02 5.28 Eutectic
Ge -4.41 0 4.41 Eutectic
Al -6.87 0.37 4.32 Eutectic
Sc 4.02 1.99 3.96 Peritectic
Sr -3.53 | 0.006 3.51 Eutectic
Ce -2.86 0.04 2.74 Eutectic
Yb -3.07 0.17 2.53 Eutectic
Y -3.4 0.5 1.7 Eutectic
Sn -2.41 0.39 1.47 Eutectic
Pb -2.75 0.62 1.03 Eutectic

As seen in Table 4.9, GRF values for Ca and Zn are 11.94 and 5.31 respectively. Therefore,
the grain sizes of Mg-2Zn and Mg-2Zn-0.6Ca were finer than pure Mg. Also, addition of 2Er
further reduced the grain size of Mg-2Zn from 15.99 to 6.6 um as seen in Figure 4.6. After fine
grained as-DMDed products are obtained, further enhancement of mechanical properties can be
carried out using hot-extrusion due to decrease in the grain size. The movement of dislocations will
be prevented due to an increased fraction of boundaries. Trace addition of Er to reduce the grain
sizes of Mg-9Zn-0.6Zr alloy was done by Zhang et al. [219]. Er addition on Mg-Al alloys were
studied by Seetharaman et al [205]. The reduction in grain size was attributed to the capability of
Al-Er related phases for grain nucleation and grain growth restriction. These elements are capable
of segregating at the front of grain growth. Restriction of grain growth takes place due to an

Development of magnesium alloys for biomedical applications Page 117

© 2019 Tous droits réservés. lilliad.univ-lille.fr



Thése de Devadas Bhat Panemangalore, Université de Lille, 2019

intensive constitutional undercooling in a diffusion layer ahead of the advancing solid/liquid
interface [220]. It was studied that rare earth elements can change the solution degree of zinc and
reduce the time of nucleation by decreasing the solidus curve [221]. The MgZnEr phases, especially
i-phase can restrict grain growth during the recrystallization process. Also, Er solute atoms exert
drag force on the grain boundary maotion.

4.3.3. Extrusion

The increase in the mechanical properties after thermomechanical processing like hot-
extrusion is due to the complete ramification of the coarse grained as-DMDed microstructure of
the starting ingot. Alloys after extrusion exhibited finer grain sizes as shown in the optical
microstructures presented in Section 4.2.4. Extrusion textures for magnesium alloys are developed
by the combination of processes like deformation, recrystallization and grain growth, nucleation
and growth of DRXed grains and shear band deformation that can lead to weakening of ideal basal
texture [222]. Also the dispersion, dissolution and formation of certain new phases may take place
during this process. Due to such a deformation, it leads to the generation of lattice defects and with
increased defects the internal energy of the material increases. The microstructure evolves by
reorganizing these defects to decrease this excess energy of the deformed system.

In the case of Mg-2Zn-2Er, W-phase with different morphologies in both as-DMDed and
as-extruded alloys were seen in Figure 4.32 and Figure 4.33. They were present both at the matrix
and interdendritic boundaries. An effective way of breaking these coarse secondary phases is hot-
extrusion, which resulted in fine broken phases distributed along the extrusion direction as seen in
the alloys in Section 4.2.4.2. These fine phases could result in enhancement of mechanical
properties by minimizing the cavitation at the interface of the matrix and secondary phase.

The first stage in the evolution of microstructure during deformation is recovery, where a
low energy dislocation structure is formed within the existing grains that have low angle
boundaries. This leads to a decrease in the dislocation density. The second stage is recrystallization
and it takes place when a sufficient temperature and deformation rate is achieved. This process
leads to creation of new grains by accommodating the increased misorientation of the cells of the
substructure. High-angle boundaries and substructures develop around particles. As seen for Figure
4.19, the black regions in inverse pole figures correspond to intermetallic particles which have not
got indexed in EBSD. In these figures, it could be observed the nucleation of new grains at the
vicinity of these coarse particles. Particle stimulated nucleation can occur that leads to the growth
of dislocation free new grains. Static or dynamic type of recrystallization (DRX) takes place
depending on whether a separate heat-treatment has been introduced or if the nucleation and grain
growth takes place during deformation.

The DRX has taken place in all the alloys, but partial DRX has taken place in Mg-2Zn-2Er
after hot-extrusion. The plot of recrystallized grains for as-extruded Mg-2Zn-2Er could be seen in
Figure 4.40. Here, different types of grains were indexed using Channel5 software. Different colors
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indicate different state of the grains. The recrystallized grains were shown in blue, deformed grains
in red followed by substructured grains in yellow. The grain reconstruction done in Tango’ takes
each grain and measures the internal average misorientation angle within the grain. The minimum
angle used to define a subgrain (6c) is 1°. Any grain exceeding this angle is classified as deformed.
Substructure is defined for those grains consisting of subgrains whose internal misorientation is
under 1° but the misorientation from subgrain to subgrain is above 1°. Remaining grains are
denoted as recrystallized. Most of the substructured and deformed grains have a dominant prismatic
textural component and hence the overall microstructure exhibits this texture. From the
recrystallization fraction plot, it could be seen that the recrystallized grains made up only about
29% of the total grain area.

Figure 4.40: Different types of grains indexed using Channel5 software for as-extruded Mg-2Zn-
2Er. (Recrystallized = Blue (28.86%), Substructure = Yellow (29.75%), and deformed = Red
(41.39%))

DRX nucleation rate is related to the extrusion temperature. Since all the alloys were
extruded at the same temperature, the increased amount of Er could have caused partial DRX. Very
small nano-sized precipitates present in this alloy could lead to precipitation strengthening effect
to a certain extent. Normally, basal texture is predominantly seen in as-extruded Mg-Zn-RE alloys
[223], and it could be seen for all the samples barring Mg-2Zn-2Er. The presence of these W-phase
particles and the incomplete DRX could be a reason for this. These particles leading to DRX via
PSN could also be seen for several different Mg based alloys.

Segregation of RE element at the grain boundaries might retard recrystallization and
weaken basal texture [224]. Also PSN effect led to randomize texture, a typical example is that of
the extruded WES4 Mg alloy [225]. Decreased texture intensities for Mg-2Zn-0.6Ca-1Er and Mg-
3Zn-0.5Er have led to an increase in the elongation values of 17.2 and 19.8% respectively.

" https://nano.oxinst.com/products/ebsd/post-processing-software
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4.3.4. Tensile properties

In the case of metals, slip takes place due to the movement of dislocations. Several factors
like Hall-Petch strengthening, Dislocation strengthening, Precipitation strengthening, solid-
solution strengthening and frictional contribution attribute to the strengthening of magnesium
alloys. Several factors like grain size, grain orientation are to be considered to understand varied
strain hardening behavior of magnesium alloys. Among all the alloys, Mg-2Zn-2Er with W-phase
exhibited highest yield strength as seen in Figure 4.23. The individual strengthening factors are
listed as follows:

4.3.4.1. Grain boundary strengthening

The contribution of Hall-Petch strengthening is given by Hall-Petch equation and that can be
represented as follows:

AO—GS = KD_O'S

Where K is the Hall-Petch co-efficient and for Mg it is 280 MPa um®®, D is the grain size
(in um) for the alloys. Pure Mg has Aas value of ~ 59.7 MPa and for the alloy with low grain size
Mg-2Zn-2Er it is ~ 108.9 MPa. This clearly shows the effect of grain size on the strength of alloys,
as there is vast difference in the grain sizes of pure Mg and the alloys. Minor Er additions to
magnesium alloys have led to grain refinement strengthening as studied by Dongxia et al. on Al-
Mg-Mn alloys [226].

4.3.4.2. Solid solution strengthening

Due to the enhanced solubility of the alloying elements like calcium, zinc [227] and erbium
in magnesium is high, these alloying elements lead to solution hardening by remaining as dispersed
solutes and impede the movement of dislocations. The elements are introduced within their
solubility limit and the interruption in the regularity of Mg crystal lattice required activation in the
form of temperature or stress for the movement of dislocations. The interruption in the regularity
happens when these solute atoms dissolve in the interstitial or substitutional sites. The increase in
yield stress due to solid solution strengthening contribution (4tgs) is related to the concentration
of solute in weight percent (C,) as follows [228]:

2
ATSS = AC03

The contribution to strengthening of individual elements could be calculated provided the values
of increase in strength as a function of weight percent is present.
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4.3.4.3. Precipitation strengthening

The melting point of W-phase is 520 °C and the melting point of i-phase is 445 °C [229].
Therefore when these alloys are extruded at 350 °C, the secondary phases did not solid solute in
Mg matrix. These high melting point precipitates pinned the grain boundaries. Several nano
precipitates have been formed as seen in TEM images in Figure 4.33 and Figure 4.36 after hot-
extrusion. These secondary phases with high hardness can accumulate stress near the particle-
matrix interface due to de-cohesion. Hence the deformation of matrix can be blocked by these fine
particles during tensile and compressive test. Orowan strengthening due to resistance of these
broken hard phases could be given as:

0.13Gb dp
Adprowan = 1 In E

Where, dp is the average particle size and A is the interparticle spacing.

The dp value calculated for as-extruded Mg-2Zn-2Er is 56 nm, as plotted in histogram in
Figure 4.34. The same phenomenon has been reported by Wang et al. on Mg-Zn-Er alloys [143].
The secondary phases that are distributed uniformly can provide sufficient dispersion strengthening
to the alloys by pinning the dislocations. The dp value calculated for Mg-3Zn-0.5Er is 49 nm, as
plotted in histogram in Figure 4.37. The i-phase which is a quasicrystal is stable against coarsening
during hot-extrusion. This is because it has low interfacial energy with the a-Mg matrix [230].
Hence they exhibit good plasticity after thermomechanical process, which could be seen in the
tensile test curves shown in Figure 4.23.

4.3.4.4. Dislocation strengthening

The Grain boundary map for as-extruded Mg-2Zn-2Er is plotted in Figure 4.41. Inside the
unDRXed grains, low angle sub-structures are formed which could be clearly seen (indicated green
in color in GB maps). The black areas that the patterns could not be indexed, represent W-phase.
This means that the dislocation density is high in the unDRXed grains compared to the DRXed
grains.
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Figure 4.41: Band contrast (a) — Grain boundary (GB) map (b) for as-extruded Mg-2Zn-2Er. In the
GB maps, low angle boundaries (2-5°) are in green, intermediate angle boundaries (5-15°) are in
blue and high angle boundaries (>15°) are in red.

The equation used to calculate the dislocation strengthening component is:

Aogis = funDRXMunDRXaGb\/ PunbRXx

Where, a is 0.2 for Mg [231], G is the shear modulus (16.6 GPa for Mg [232]), b is the
Burger’s vector (3.21 * 10729 m for Mg [232]), M,,..pryx is the taylor factor for the unDRXed region,
funprx 1S the fraction of unDRXed grains (0.71) and p,,prx IS the dislocation density in the
unDRXed region. The density of dislocations in the DRXed region is much lower and its
contribution is neglected while calculating dislocation strengthening component.

For deformed Mg alloys, the value of p,,prx IS 10 m™. Also the Taylor component
calculated is Munprx = 3.2. Therefore, Aay;,; value 24.2 MPa for as-extruded Mg-2Zn-2Er, which
is very small value as compared to Aog.

Grain orientation effect

For as-extruded Mg-Zn-Ca-Er alloys, as seen in the EBSD analysis, most of the grains have
the ideal orientation for basal slip parallel to basal planes. Change in orientation will have an effect
on the values of resolved shear stress on basal, prismatic and pyramidal planes. The equations for
calculating the critical resolved shear stress in these slip planes could be given as:
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Ty =My *0

Where m is the Schmid factor. Using grain orientation distribution data calculated using
EBSD, the average schmid factors Mpasal, Mprism, Mpyramidal Can be calculated for as-extruded pure
Mg and its alloys and they are shown in

Table 4.10: Parameters for dislocation slip systems of as-extruded pure Mg and its alloys

Material Basal <a> Prism <a> <c+a> Second order | Tprism | T<cta>
Ms.b Thasal Ms.p tprism Mc<c+a> T<cta> Tpasal Tpasal
Pure Mg 0.1942 | 18.643 | 0.4472 | 4293 | 0.4563 43.81 2.303 2.350
Mg-2Zn 0.1879 | 27.246 | 0.4427 | 64.19 | 0.4487 65.06 2.356 2.388
Mg-2Zn- 0.1316 | 25.267 | 0.4443 | 85.31 | 0.4385 84.19 3.376 3.332
2Er
Mg-2Zn- 0.1825 23.36 0.446 56.91 | 0.4512 57.75 2.444 2.472
0.6Ca-1Er
Mg-2Zn- 0.1948 | 25.129 | 0.4182 | 53.95 | 0.4347 56.07 2.147 2.232
0.6Ca
Mg-3Zn- 0.1646 24.69 0.4481 | 67.22 | 0.4489 67.34 2.722 2.727
0.5Er

Using the above table, it could be seen that the CRSS values for three different slip planes
are different for each material and they are different for all the alloys. More the value of Tnon-
basal/Thasal there is difficulty of operation of non-basal slip [233]. The increase of Tprism/Tbasal and
T<c+a>/Thasal TOr Mg-2Zn-2Er indicates the weakening of non-basal slip. This leads to decreased strain
hardening ability in as-extruded Mg-2Zn-2Er alloy as seen in Figure 4.23.

4.3.5.Impulse excitation measurements

As seen in Section 4.2.6, pure Mg and its alloys exhibit elastic modulus values in the range
of 43-45 MPa. For metallic implants, there are two important properties to investigate targeting
orthopedic applications: elastic modulus and damping capacity. Stress-shielding effects are caused
due to high elastic modulus (such as exhibited by steel and titanium) as compared to the natural
bone and it decreases the stimulation of new bone growth leading to implant failure. Due to the
high damping capacity of implants made of magnesium, it absorbs the vibratations caused due to
the movement of joints. This suppresses the stresses developed at the interface of the implant
materials. Hence the Mg-Zn-Ca-Er alloys developed exhibit elastic modulus close to that of bone
and they can minimize stress-shielding effect.
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4.3.6.Hardness

As seen in Section 4.2.7, the as-extruded alloys exhibit higher hardness values and Mg-
3Zn-0.5Er exhibits the maximum hardness value of 68.27. The following are the reasons attributed
to an increase in the hardness value of the alloys as compared to pure Mg:

(@) Constraint to localized deformation during indentation due to the presence of uniformly
distributed and harder precipitates formed during DMD and hot-extrusion.

(b) Reduced grain size

Although W-phase containing Mg-2Zn-2Er exhibits finer grain size, the hardness value is lower
than that of Mg-3Zn-0.5Er. A maximum of up to 82% increase in the hardness value of pure Mg
was observed for Zn/Er = 1 and 101% increase in the hardness value w.r.t pure Mg was observed
for Zn/Er = 6.

4.4, Conclusion

The important function of biodegradable magnesium implant is the uniform dissolution as the
new bone/tissue grows and provides adequate mechanical support. Pure Mg as-DMDed has poor
Vickers hardness and consists of porosities. Pure Mg as-extruded has low yield strength (~ 96
MPa), low tensile strength (~ 150 MPa) and this could lead to the deterioration of structural
integrity before healing could take place. Hence, alloying methodology was adapted to improve
the mechanical properties. Alloying with Zn, Ca and Er led to the precipitation of intermetallic
phases MgZn,, MgsZnsEr2, MgsZnesEr phases at the grain boundaries and some inside the grains.

The primary conclusions of the first part of the study are listed as follows:

¢ Disintegrated melt deposition technique followed by hot-extrusion is a very safe, efficient
and cost-effective which provides the highest yield and dense products.

e Toachieve the first goal of tailoring the bulk microstructure of the alloys, hot-extrusion has
been used and to enhance the mechanical properties, material selection method has been
used by choosing biocompatible elements like zinc, calcium and erbium to synthesize
several compositions.

e Successful synthesis of dense pure Mg and the alloys Mg-2Zn, Mg-2Zn-2Er, Mg-2Zn-
0.6Ca-1Er, Mg-2Zn-0.6Ca and Mg-3Zn-0.5Er with highest yield have been achieved.

e Minimal addition of alloying elements led to an enhancement of the mechanical properties
due to reduction in grain size, distribution of secondary phases that improves the strength
based on the Orowan strengthening theory and the presence of solid solution strengthening.

e Room temperature tensile and compressive properties were enhanced and the presence of
alloying additions has enhanced the ductility by a significant extent.
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e The elastic modulus did not change significantly with the addition of Zn, Ca and Er, which
Is very important for the biomedical applications of magnesium.
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CHAPTER 5

CORROSION AND ELECTROCHEMICAL
STUDIES
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5. Corrosion and electrochemical studies

5.1. Introduction

Magnesium is a very active element, i.e., it has a natural tendency to form oxides in any
environment. Mg(OH): has a greater negative chemical potential than that of Mg?* or MgO, which
suggests that Mg in oxidized state is more stable than in its metallic state [169]. Mg can corrode in
pure water. Several reactions occur to Mg in an aqueous solution, some of which are listed below

[234].
Mg = Mg?* + 2¢ E°=-2.363V
Mg + 20H" = Mg(OH)2 + 2¢" E° =-2.689 V
Mg = Mg" + & E° = -2.659 V
Mg* = Mg®" + ¢ E°=-2.067 V

The surface film on Mg varies in its composition that depends on the environment and
formation conditions. Mg(OH): is the main constituent of the surface film when Mg is exposed to
aqueous media. In dry conditions, MgO is the main composition of the surface film. Mg surface
film is not as protective as the film formed on the surface of Al. This is because the Pilling-
Bedworth ratio of MgO/Mg is smaller than 1, whereas the ratio of Al.O3z/(2Al) is greater than 1.
Thus, MgO film does not provide surface protection as compared to Al,O3 [169].

When Mg consists of alloying elements, they also become the constituents of the surface
film. They have a significant influence on the corrosion behavior of the phases, as the matrix phase
is always preferentially corroded. The secondary phases can either act as a barrier to prevent further
corrosion or it can act as a galvanic couple. Recently, biodegradable Mg alloys have become the
topic of interest and a huge progress has been made in this field. Several coatings have been
developed to control the biodegradation. The corrosion mechanisms for the newly developed alloys
have to be properly understood.

5.2. Results

This chapter illustrates different corrosion tests (hydrogen evolution, potentiodynamic
polarization tests) conducted in two different mediums (NaCl and PBS) on both as-DMDed and
as-extruded alloys. Subsequent SEM images of the corroded samples have been recorded and based
on the polarization curves, the corrosion mechanisms have been discussed in this section. Every
experiment has been repeated twice to assure repeatability.
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5.2.1. Hz evolution test for as-extruded alloys

The main cathodic reaction during corrosion of magnesium alloys is the reduction of
hydrogen ions and hence measuring the volume of hydrogen gas provided the corrosion rate of Mg
alloys [235]. This method is reliable to determine the average corrosion rates of Mg alloys. But
such curves are difficult to reproduce, as magnesium is highly reactive in aqueous solution and
there will be relative errors. Several trials have been performed and the error bars have not been
included for a clearer picture.

5.2.1.1. NaCl medium

The results of H, evolution test in 0.5 wt.% NaCl solution for as-extruded alloys at room
temperature are plotted in Figure 5.1. For pure Mg, after 20 hours, the degradation took place
rapidly and the experiment had to be terminated after 50 hours as the immersed tube was devoid
of the solution. A large number of gas bubbles were formed and it could be seen evidently arising
from the sample. But for the alloys, the test was conducted upto 92 hours and the degradation rates
were less than that for pure Mg. The alloys other than Mg-2Zn exhibited similar behavior. Among
the alloys, Mg-2Zn showed an increase in corrosion rates whereas Mg-2Zn-2Er showed the least.

40
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30 —e— Mg-2Zn
—A— Mg-2Zn-2Er
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Figure 5.1: H, evolution test results for as-extruded Mg and its alloys in 0.5 wt.% NaCl solution at
room temperature
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5.2.1.2. PBS medium

The results of Hz evolution test in PBS solution for as-extruded alloys at 37°C are plotted
in Figure 5.2. The volume of hydrogen increased with increasing time for all the alloys; however,
the rates were different from alloy to alloy as can be seen in Figure 5.2. Immersion until the first
10 hours shows similar degradation rates for all the materials. Pure Mg degrades faster after 20
hours of immersion and after 80 hours, the degradation was so much that entire measuring tube
was occupied by hydrogen after consuming the solution within. The degradation behavior is similar
for the alloys, where Mg-2Zn-2Er and Mg-2Zn-0.6Ca showed minimum degradation rates.

40
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3519| —e— Mg-2Zn

1| —&— Mg-2Zn-2Er

3091 vy Mg-2Zn-0,6Ca-1Er
1| —&— Mg-2Zn-06Ca
—4— Mg-3Zn-0,5Er
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Figure 5.2: H, evolution test results for as-extruded Mg and its alloys in PBS solution at 37°C

In both the mediums, an undesired initial “hydrogen burst®” was not seen for both pure Mg
and its alloys. The behavior appeared to be relatively homogeneous for the alloys, barring pure Mg
which failed to cope up after certain time interval (28 hours in NaCl and 80 hours in PBS solution).
That is when fresh sites are exposed to the corrosive medium after the oxide layer has been
penetrated or removed. The surfaces after this test were rough and for pure Mg, corrosion takes
place at the edges.

8 Unexpected and undesired large volumes of hydrogen evolution
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5.2.2. Potentiodynamic Polarization test

As compared to H evolution test that measures average corrosion rates over certain
duration of time, potentiodynamic polarization tests or PDP curves represent the corrosion behavior
at a particular point of time. The tests are conducted for both NaCl and PBS medium and they are
presented in the subsequent sections.

5.2.2.1. NaCl medium

The curves for PDP test of as-extruded Mg and its alloys in NaCl solution at room
temperature are plotted in Figure 5.3. After the test, the alloy surfaces turned into black after
exposing to the medium. The cathodic polarization curves look similar for all the materials. The
anodic part changes for different materials, and there is a knee point beyond which the partially
protective surface film fractures and the corrosion takes place quickly. Since there is some amount
of measurable anodic current density below the knee point, the film that is mainly constituted of
Mg(OH) is not considered as real passive. Table 5.1 shows the electrochemical polarization
parameters and the calculated corrosion rate obtained from the polarization plot.
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Figure 5.3: PDP results for as-extruded Mg and its alloys in NaCl solution at room temperature
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Table 5.1: Electrochemical polarization parameters values obtained from Figure 5.3

Material E(V) | I(Alcm? | Rp (Q/cm?) (x10%) Corrosion rate

(Lm/y)

Pure Mg -1.711 | 5.63x 107 0.829 12.98
Mg-2Zn -1.645 | 1.041 x 1077 1.58 2.41
Mg-2Zn-2Er -1.57 1.82 x 108 8.626 0.42
Mg-2Zn-0.6Ca-1Er | -1.582 | 8.15x 10°® 1.94 1.88
Mg-2Zn-0.6Ca -1.658 | 1.394 x 10”7 1.189 3.22
Mg-3Zn-0.5Er -1.617 | 2.64x10°% 6.125 0.61

As seen in the figure, Mg-2Zn alloy is less susceptible to corrosion (Ecorr = -1.645 V vs.
standard calomel electrode (SCE)) as compared to pure Mg (Ecorr = -1.711 V vs. SCE). Shifting of
corrosion potential to a more positive value implies that addition of Zn improves the nobility of
magnesium alloys. Mg-2Zn-2Er exhibits much lower corrosion current density and higher
corrosion potential (Ecor = -1.57 V vs. SCE) as compared to pure Mg. Also, the breakdown
potential (Ept) for Mg-22Zn alloy is greater than pure Mg (Ept2 > Ept1), hence pure Mg can undergo
localized corrosion faster than Mg-2Zn. Slightly higher amount of zinc results in lower corrosion
resistance as seen for Mg-3Zn-0.5Er (Ecorr = -1.617 V vs. SCE) in comparison with Mg-2Zn-2Etr.
For Mg-2Zn-0.6Ca-1Er, the corrosion potential also was more positive (Ecor = -1.582 V vs. SCE)
as compared to pure Mg. Thus, these polarization curves demonstrate that Zn, Ca and Er are
beneficial to enhance the corrosion resistance of Mg-based alloys.

The corrosion rates calculated using the equation in Section 3.9.4 are tabulated in Table
5.1. In the table, it could be seen that for pure Mg the corrosion rate is very high as compared to
the alloys. The corrosion rate calculated for pure Mg is 12.98 um/y. This value is 2.41 um/y for
Mg-2Zn. With the addition of 2Er to Mg-2Zn, the corrosion rate is reduced to 0.42 pm/y. Mg-2Zn-
0.6Ca exhibits corrosion rate of 3.22 um/y and with the addition of 1Er to the ternary alloy the
value reduces to 1.88 um/y. Among Mg-Zn-Er ternary alloys, Mg-3Zn-0.5Er also exhibits lower
corrosion rate of 0.61 um/y.

The surface morphologies were observed in SEM after removing the corrosion products
using chromic acid, as seen in Figure 5.4. Pure magnesium suffered intensive corrosion during
immersion; black corrosion products wearing off its surface. Many deep pits were found and one
such pit could be seen in Figure 5.4a. It should be noted that the presence of these pits are
detrimental to the final corrosion rate and will lead to the total destruction of the material. For Mg-
2Zn, corrosion took place along the interconnected boundaries as seen in Figure 5.4c, leaving most
of the surface uncorroded. In the case of Mg-2Zn-2Er, it is same as that of Mg-Zn with corrosion
taking place at the interconnected boundaries, but less frequently seen as shown in Figure 5.4e. In
both of these alloys, no pits were observed.
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Figure 5.4: Secondary electron and back-scattered images of (a) pure Mg, (¢) Mg-2Zn and (e) Mg-
2Zn-2Er as-extruded alloys immersed in 0.5 wt.% NaCl for 3h. (b), (d) and (f) are the
corresponding magnified images of the rectangular sections shown above for each material

5.2.2.2. PBS medium

The curves for PDP test of as-extruded Mg and its alloys in PBS solution at 37°C are plotted
in Figure 5.5. The electrochemical polarization parameters for this figure and the calculated
corrosion rate is tabulated in Table 5.2. The results are similar to that of tests conducted in 0.5 wt.%
NaCl solution, except that the potential values are more electropositive. The corrosion potential of
the alloys are nobler than that of pure magnesium. Pure Mg exhibited a corrosion potential of -
1.634 V vs. SCE. Addition of 2Zn led to a more positive value of -1.619 V vs. SCE. With the
addition of rare earth to Mg-2Zn, the corrosion potential was more positive for Mg-2Zn-2Er (Ecorr
= -1.51 V vs. SCE). Mg-2Zn-0.6Ca exhibits slightly reduced corrosion current icor (1.7 x 108
Alcm?) as compared to other materials. These electrochemical results prove that the alloys have
better corrosion resistance than that of pure magnesium. Mg-2Zn-2Er alloy exhibits excellent
corrosion resistance while pure Mg suffered severe dissolution. These values are in good agreement
with the hydrogen evolution test results.
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Figure 5.5: PDP results for as-extruded Mg and its alloys in PBS solution at 37°C

Table 5.2: Electrochemical polarization parameters values obtained from Figure 5.5

Material E (V) | (A/lcm?) | Rp (/cm?) (x 10%) Corrosion rate

(Lmly)

Pure Mg -1.634 | 5.572x 107 0.6353 12.86
Mg-2Zn -1.619 2.7x107 2.312 6.23
Mg-2Zn-2Er -1.51 7.47x 108 1.027 1.72
Mg-2Zn-0.6Ca-1Er | -1.558 | 1.91x 107 0.3173 441
Mg-2Zn-0.6Ca -1.616 | 1.7x 103 9.505 0.39
Mg-3Zn-0.5Er -1.612 | 2.14x 107 0.314 4.94

The corrosion rates calculated using the equation in Section 3.9.4 for samples tested in PBS
medium at 37 °C are tabulated in Table 5.2. In the table, it could be seen that, similar to samples
tested in NaCl medium the corrosion rate value is high for pure Mg. The corrosion rate calculated
for pure Mg is 12.86 um/y. This value is 6.23 um/y for Mg-2Zn. With the addition of 2Er to Mg-
2Zn, the corrosion rate is reduced to 1.72 pum/y. Mg-2Zn-0.6Ca exhibits corrosion rate of 0.39
pum/y and with the addition of 1Er to the ternary alloy the value is 4.41 um/y. Among Mg-Zn-Er
ternary alloys, Mg-3Zn-0.5Er exhibits slightly higher corrosion rate of 4.94 pumly.
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5.2.3. Immersion test
5.2.3.1. NaCl medium

5.23.1.1. As-DMDed alloys

Immersion test for as-DMDed alloys were carried out for 1 day and 3 days in 0.5 wt.%
NaCl solution and the results are plotted in Figure 5.6. After subsequent day and cleaning with
chromic acid, it was found that the weight loss values exceeded above 30% for all the samples after
Day 3.Mg-2Zn suffered weight loss of 28% after Day 1 and 37% after Day 3 of immersion. Similar
results were observed for all the samples. Since the values are too high, further corrosion tests
including electrochemical measurements have not been performed.
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Figure 5.6: Immersion tests results for as-DMDed Mg alloys in NaCl medium

523.1.2. As-extruded alloys

The results of immersion test in 0.5 wt.% NaCl solution for as-extruded alloys at room
temperature are plotted in Figure 5.7. The inset figure shows a clearer picture of the weight loss
measurements for the alloys. All the alloys suffered weight loss as a result of severe corrosion.
Pure Mg underwent rapid degradation after first day of immersion (38% weight loss) and thereafter
the degradation process is moderate. But for the alloys, the degradation process is moderate from
1% day of immersion and there is no rapid degradation as compared to pure Mg. Among the alloys,
Mg-2Zn-2Er exhibited higher degradation rates (4.2 wt.% after 7" day) and Mg-2Zn-0.6Ca
exhibited the least (2 wt.% after 7" day). After the end of the experiment, corrosion products were
detached from pure Mg and the alloys and it remained as sediments in the beakers. A lot of sediment
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was found on the pure Mg container, which is evident from the weight loss measurements in the

figure below.
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Figure 5.7: Immersion test results for as-extruded Mg and its alloys in 0.5 wt.% NaCl for 1, 3 and
7 days

The subsequent stereomicrographs of the samples after corrosion after 1, 3 and 7 days are
shown in Figure 5.8-Figure 5.13. The edges of pure Mg sample lost its structural integrity after
first day, which could be seen in Figure 5.8. The material loss took place mostly at the edges and
after 7" day of immersion, severe corrosion is observed. A 47% weight loss was recorded after 7
days of pure Mg immersion in NaCl solution.
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Figure 5.8: Immersed pure Mg samples in NaCl at 25 °C after (a) 1 day (b) 3 days and (c) 7 days

For Mg-2Zn, as seen in Figure 5.9, few regions of the sample is covered with the corrosion
products after the first day (0.7% weight loss) and it gradually increases for 3 day (1.4% weight
loss). For 7" day, there is some material loss observed at the edges and also it starts at the surface
of the sample (2.6% weight loss).

Figure 5.9: Immersed Mg-2Zn samples in NaCl at 25 °C after (a) 1 day (b) 3 days and (c) 7 days

The corrosion macrostructures for Mg-2Zn-2Er could be seen in Figure 5.10. After 1% day
of immersion the corrosion has not taken place throughout the sample as compared to Mg-2Zn. But
a significant weight loss has been determined for all the samples, and slightly more than that for
Mg-2Zn. On Day 1, 1.2 wt.% loss was recorded, followed by 2.4 wt.% after Day 3. The material
loss is detected at the edges of the sample after 7 days of immersion which attributed to more than
4.2% weight loss.
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Figure 5.10: Immersed Mg-2Zn-2Er samples in NaCl at 25 °C after (a) 1 day (b) 3 days and (c) 7
days

The samples Mg-2Zn-0.6Ca-1Er as seen in Figure 5.11 also appears to be same as that of
Mg-2Zn-2Er. But in the macrostructure of the surface, a few uncorroded regions appear even after
7" day of immersion. After Day 1, the corrosion occured at the centre of the specimen leaving few
regions of the sample uncorroded.

Figure 5.11: Immersed Mg-2Zn-0.6Ca-1Er samples in NaCl at 25 °C after (a) 1 day (b) 3 days and
(c) 7 days

As seen in Figure 5.12, Mg-2Zn-0.6Ca exhibited the least weight loss among all the alloys.
In Mg-2Zn-0.6Ca, the corrosion phenomenon is minimal for first 3 days of immersion. After 7"
day, only the center of the sample has got corroded and there are still regions that are uncorroded.

Figure 5.12: Immersed Mg-2Zn-0.6Ca samples in NaCl at 25 °C after (a) 1 day (b) 3 days and (c)
7 days
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The corroded surface of Mg-3n-0.5Er as seen in Figure 5.13 shows less corrosion occurring
after Day 1. After 7" day of immersion, the sample appears to be too corroded. Few small pits on
the corroded surface could be evidently seen.

Figure 5.13: Immersed Mg-3Zn-0.5Er samples in NaCl at 25 °C after (a) 1 day (b) 3 days and (c)
7 days

5.2.3.2. PBS medium at 37°C

5.2.3.2.1. As-DMDed alloys

The inferior mechanical properties of as-DMDed alloys (Hardness) and the microstructure
that consisted of several porosities, segregation of elements have not permitted the testing of these
alloys in PBS medium at 37°C targeting biomedical applications, as it could result in undesired fast
degradation as seen for the alloys tested in 0.5 wt.% NaCl medium. Hence as-extruded alloys will
be tested and discussed.

5.2.3.2.2. As-extruded alloys

The results of immersion test in PBS solution for as-extruded alloys at 37°C are plotted in
Figure 5.14. The results are similar to that of immersion test in NaCl medium except that the
degradation levels were not too high. As compared to the alloys, pure Mg undergoes rapid
degradation after first day of immersion and it continues for other tests too. For the alloys, there is
very minimal degradation rates recorded. Mg-2Zn exhibits weight loss of 0.3% after Day 1,
followed by 0.7 wt.% after 3" day of immersion and 1.2 wt.% after 7 days. The weight loss
appeared slightly higher for Mg-2Zn-2Er. Among the alloys and in this test, Mg-2Zn-0.6Ca shows
higher degradation rates and Mg-2Zn-0.6Ca-1Er shows the least.
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Figure 5.14: Immersion test results for as-extruded Mg and its alloys in PBS solution at 37°C for
1, 3and 7 days

The macrostructures of the corrosion products formed on the surface of pure Mg and its
alloys after immersing in PBS solution for 1 day at 37°C is represented in Figure 5.15. As can be
seen in Figure 5.15, pure Mg and its alloys are covered with a very thick layer of corrosion products.
All the materials lost its lusture after immersing in PBS. If carefully observed, these layers have a
needle shaped morphology and they are easily worn off from the material. For pure Mg, black
corrosion products could be seen in the edges only after 1% day of immersion. But for the alloys,
this deposition was less and there appears a few uncorroded regions as well.
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Figure 5.15: (a) Pure Mg (b) Mg-2Zn (c) Mg-2Zn-2Er (d) Mg-2Zn-0.6Ca-1Er (e) Mg-2Zn-0.6Ca
and (f) Mg-3Zn-0.5Er after 1 day of immersion in PBS solution at 37°C
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5.2.4. X-ray photoelectron spectroscopy

As Mg-2Zn-2Er alloy composition exhibited enhanced corrosion resistance in PDP tests,
further surface analysis was carried out to study the corrosion mechanism. To study the corrosion
film composition of Mg-2Zn-2Er after performing the test in PBS solution, XPS analysis has been
carried out. The signals of Mg, O, Zn and Er that were observed in the corrosion film are
represented as XPS spectrum in the form of counts per second vs. binding energy in Figure 5.16.
In addition to these peaks, P and Na signals were identified from PBS solution and C peak was
identified. The deconvolution of these peaks was made and they are represented in Figure 5.17.
The peak for O 1s was identified at position 531.7 eV. For Zn, a definite peak was not detected but
some signals were identified, corresponding to binding energy value of 1020 eV. The peaks for Mg
were identified at 2 different positions, 2s at 88eV and 2p at 50eV. A very short but significant
peak for Er was identified at 170 eV for 4d 5/2. The contents of PBS, Na (1s) and P (2p) were also
identified at the surface film that is formed during corrosion, and they are detected at 1072 eV and
134 eV respectively.
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Figure 5.16: XPS spectrum of the corrosion layer formed after Mg-2Zn-2Er is immersed in PBS
solution
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Figure 5.17: Deconvolution of the XPS spectra drawn in Figure 5.16.
5.3. Discussion

5.3.1. Reactions

The presence of oxide film on the surface is porous and they exhibit only limited protection.
In a physiological environment, a set of electrochemical reactions could be constituted for the
dissolution of magnesium and the deposit layer formed, and they are given as:

Mg = Mg?* + 2e” (Anodic reaction)
2H,0 + 2e” & H, + 20H" (Cathodic reaction)
Mg?* + 20H" > Mg(OH).
Mg(OH). + CI" > MgCl, + 20H"

The reaction involves evolution of H. gas and this Mg(OH)2 provides initial protection, but
not unlike Al>O3 that forms a passive and protective film over the surface of Al and its alloys. PBS
solution constitutes CI ion and this reacts with semi-passive layer Mg(OH)2 to form MgCl». This
layer again dissociates into ions and leads to an increase in OH™ concentration at the surface. The
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degradation of loose Mg(OH)2 gives rise to more free, fresh and active surface vulnerable for
dissolution and devoid of protection.

5.3.2.Microstructure

To study the corrosion behavior of Mg and its alloys, understanding and tailoring the
microstructure plays a significant role. Several microstructural parameters like grain size,
secondary phase distribution and texture influence the corrosion process. The secondary processes
like hot-extrusion can lead to uniform distribution of alloying elements, reduction in grain size and
broken/ uniform distribution of secondary phases. This phenomenon could possibly reduce the
corrosion rate of Mg and its alloys. They are discussed in the subsequent sections.

5.3.2.1. Grain size

The effect of grain size on corrosion plays an important role. This could be done by
introducing large fraction of grain boundaries. Although it is a promising approach to enhance the
mechanical properties, its effect on the corrosion behavior has not been properly understood.

Grain size refinement of pure Mg without alloying additions has enhanced the corrosion
resistance [236]. Grain size of a-phase also plays a major role. This is an important microstructural
parameter other than the presence of secondary phases. If there is complete recrystallization taking
place after hot-extrusion, the specimens with equiaxed grain structure can exhibit better corrosion
resistance over as-cast samples [237]. This has been observed in Figure 5.6 where the as-DMDed
samples exhibited complete degradation as compared to as-extruded alloys. Complete
recrystallization is speculated to have caused increased coherency of the oxide/hydroxide layer in
fine grained as-extruded Mg [238]. A reduced grain size exhibiting enhanced corrosion resistance
has been reported earlier by several researchers [239-241]. Finer the grain size, lower is the
intensity of microgalvanic coupling between the grain interiors and grain boundaries [82]. If the
grain size is fine and the secondary phases are continuous then the corrosion products that are
formed on the surface retards the corrosion of B-phase. But if the grain size is coarse then the
secondary phases are agglomerated and they are distributed widespread and hence do not provide
sufficient protection to a-phase. The grain size of as-extruded Mg-2Zn-2Er as seen in Figure 4.6 is
6.6 pm and it exhibits the best corrosion resistance both in NaCl and PBS solution.

The oxide layer may start developing cracks due to the compression stresses between the
matrix, as studied by Kainer et al [242]. This is due to the structural discontinuity between the two
crystal structures. But with increased grain boundary density might help in compensating for this
mismatch between the layers and reduce the compressive stresses [243]. Pilling-Bedworth ratio
(PBR) which is used to calculate the stability of the passiveness of oxide film is defined as the ratio
of the volume of the elementary cell of a metal oxide to the volume of the elementary cell of the
corresponding metal (from which the oxide if formed). If the value is less than 1 then the oxide
layer is likely to be broken being too thin and provides no protection to the matrix. A typical
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example is magnesium, whose PBR is 0.81. This pseudo-passive layer for pure magnesium is
crystalline in nature, unlike aluminum and stainless steels. Grain refinement studies on corrosion
was also carried out by Birbilis et al. and they reported the stability of oxide layer due to a large
volume fraction of grain boundaries per unit area with high misorientation angles [240]. The
stability is due to the lower mismatch between the oxide layer and the metal surface.

5.3.2.2. Secondary phases

Intermetallics and secondary phases have a great influence in the corrosion behavior of
magnesium. The corrosion rate depends on the amount, size and distribution of secondary phases
[244]. Several intermetallics can be anodic or cathodic to magnesium, which depend on its
electrochemical potentials. An example for the influence of secondary phase is the corrosion
behavior of AZ91 in a concentrated NaCl solution. Mgi7Al12 (B-phase) is cathodic (nobler) with
respect to Mg matrix. It plays a dual role, i.e., it can act as a barrier to prevent corrosion or can act
as a cathode to accelerate corrosion. This role of B-phase depends on its volume fraction and
distribution in AZ91 alloy [11]. When there is low volume fraction of this phase and it is distributed
randomly, the corrosion gets accelerated by micro-galvanic coupling. But for a high volume
fraction, continuously distributed refined phase can inhibit the corrosion by influencing the
intensity of micro-galvanic coupling. This leads to more uniform and shallow morphology as
compared to the occurrence of a localized corrosion. B-phase is more stable in NaCl and is more
inert as its corrosion current density is much lower than that of a-phase.

The shift in the corrosion potential to the positive direction as seen in potentiodynamic
polarization tests in Figure 5.3 and Figure 5.5 was influenced significantly by the presence and
distribution of secondary phases like MgZn, MgsZnsEr, which are more cathodic and are
thermodynamically stable than Mg. Since these phases are cathodic to the matrix, it is likely that
galvanic effect would persist. Corrosion in Mg-Al alloys with a coarse grain structure takes place
due to the presence of discontinuously distributed B phase. Conversely, in a grain refined
microstructure of Mg-2Zn and Mg-2Zn-2Er, the secondary phases are distributed finely and
continuously that can inhibit the development of corrosion. The continuous distribution of W-phase
in as-extruded Mg-2Zn-2Er could be seen in the TEM analysis represented in Figure 4.33. To
simulate the corrosion phenomenon, a schematic diagram is represented in Figure 5.18 for Mg-
2Zn-2Er. The second phase particles of type MgsZnsEr, (W-phase) which is cathodic to the matrix
leads to micro-galvanic coupling due to the difference in their standard electrochemical potentials.
But, these second phase particles which are small and continuously distributed both inside and
along the grain boundaries stop corrosion from grain to grain as represented in the figure, termed
as barrier effect. Therefore, the corrosion rate of Mg-2Zn-Er is lower.
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Figure 5.18: Schematic diagrams of morphology during corrosion process of Mg-2Zn-2Er

The effect of different morphologies of secondary phases on the corrosion behavior is not
accounted during this phase of study. But, it is expected that in Mg-2Zn-2Er, the broken W-phases,
most of them in nano-size that are distributed uniformly could be a reason for its enhanced
corrosion resistance. Also, the standard potential of zinc (-0.762 V) is less negative than that of
pure magnesium (-2.372 V) versus the Standard Hydrogen Electrode (SHE) at 25°C. Thus, zinc
has enhanced the corrosion potential of magnesium alloys.

The corrosion studies on i-phase strengthened Mg-Zn-Y alloys is very limited [245]. In an
earlier study on the corrosion resistance of Mg-Zn-Y alloys, due to an increased corrosion potential
of i-phase, the corrosion behavior of the alloy was enhanced [246]. This indicates that i-phase could
help in the development of corrosion protection film. Corrosion process of a Mg-Zn-Y alloy with
the composition MgesZn2gYs alloy with I-phase was studied by Shi-Fei et al. in 3.5 wt.% NaCl
solution [247]. They demonstrated excellent corrosion resistance of i-phase which reduced the
overall corrosion rate of the alloy [247]. It was seen that with the corrosion process, the amount of
i-phases increased per unit area. Surfaces of quasicrystals are known to exhibit good tribological
properties and high oxidation resistance [248]. This could explain the enhanced corrosion
resistance of Mg-3Zn-0.5Er alloy with i-phase.

In an electrochemical study on Mg-Zn-Y alloys by Zhang et.al [229], the alloys were
optimized with low Zn content to facilitate better corrosion resistance. They interpreted the role of
i-phase and W-phase on the corrosion behavior of Mg-Zn-Y alloys and it was found that the
corrosion resistance of the alloys with the i-phase or W-phase is superior to that of the alloy with
both i-phase and W-phase. The three alloys consisted of Y-contents of 0.36, 0.82 and 1.54 wt.%
respectively. The alloy with 0.36 wt.% Y consisted of only i-phase in Mg matrix that exhibited the
best corrosion resistance, which is followed by the alloy with 1.54 wt.% Y consisted of only W-
phase in Mg matrix. Increasing Y -content reduces i-phase in the Mg matrix and enhances W-phase
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content. As per the corrosion resistance values, it could mean that W-phase could possibly act as a
relatively weak cathode phase in Mg-2Zn-2Er.

Microstructural characterization of Mg-Zn-Ca-Er alloys as represented in Section 4.2.5.1.2
suggest that the alloys are composed of primary Mg matrix and secondary phases of the type
MgZn,, MgsZnsEr., MgsZneEr distributed along the grain boundaries. Among these alloys, the
main difference is the composition of the individual constituents, grain size to a minimal extent
and the volume fraction of secondary phases. With the enhancement of cathodic potential, there is
an increase in the cathodic current density for all the samples for the tests in both PBS and NaCl
solution. For NaCl medium, as seen in Figure 5.3, the corrosion current densities were similar in
the cathodic region, indicating similar cathodic hydrogen evolution rates. But for test in PBS, as
seen in Figure 5.5, pure Mg demonstrates a higher value and thus it indicates a faster cathodic
hydrogen evolution rate.

Other than secondary phases and grain size effects, texture and dislocation density also play
a role on corrosion behavior of magnesium alloys to a certain extent [249,250]. Guang-Ling Song
suggests that grains of magnesium shows anisotropic corrosion behavior. Increased corrosion
resistance in rolled AZ31 was estimated by Song et al. in the surfaces parallel to basal plane
direction [250]. The extruded materials usually consist of basal texture and this has been cited to
be more corrosion resistant than its cross-section surface which is composed of {10-10} and {11-
20} crystallographic planes, as it is electrochemically stable [251]. This is because it has low
surface energy compared to other planes. Therefore the increased corrosion resistance for Mg-3Zn-
0.5Er could be explained using this phenomenon, apart from the enhanced corrosion resistance
offered by i-phase.

5.3.3. XPS analysis

During the corrosion of samples in PBS, a substantial amount of Mg?* ions are released
into the solution. It was observed that apart from surface degradation of the alloys, the deposition
of salts on the surface of the Mg-Zn-Ca-Er alloys is evidenced by the macrostructures as seen in
Figure 5.15. The analysis of these products in corroded Mg-2Zn-2Er showed them to consist
primarily of magnesium, zinc, oxygen, sodium, phosphorous and erbium. Some of them belong to
the salts found in PBS solution that reacted with Mg-2Zn-2Er and others form precipitates which
are deposited on the alloy surface. Formation of magnesium phosphate on the surface of Mg-2Zn-
2Er could be explained due to the presence of phosphorous and magnesium. These results are is
consistent with the biocompatibility reports of SBF corrosion on pure Mg by Keim et al. who found
increased deposits of the same elements [252]. When magnesium materials are immersed within a
corrosive solution like NaCl, the alloys are attacked by the chloride salts or oxygenated species
within the media. During the PBS immersion of magnesium alloys, the chloride, phosphate, sodium
and oxygenated species are attacking the surface.
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From the XPS spectrum of the corroded Mg-2Zn-2Er plotted in Figure 5.16 and Figure
5.17, it is observed that the position of the O 1s peak observed at 531.7 eV correspond to OH". The
element P also exists in the film that corresponds to binding energies of P 2p at 134 eV in the form
of PO;~. Hence in the corrosion film the products Mg(OH)2, Er(OH)z are confirmed from the above
results. Also by incorporating erbium, it is believed that it can replace Mg?* cations and suppress
the penetration of CI™ anions into Mg(OH). thereby enhancing the corrosion resistance of ternary
and quaternary Mg alloys. Similar results were identified by Yang et al. for Mg-10Dy alloys, where
the incorporation of stable Dy.O3 and Dy(OH)z into the corrosion layer reduced the corrosion rate
of Mg-10Dy as compared to pure Mg [253]. Also it has been seen by Hanzi et al. for a Mg-Y-RE
(WEA43) alloy that Y dissolved in Mg matrix can increase the protective nature of the surface film
[254]. Yao et al. observed the incorporation of neodymium (Nd) on the surface of Mgs2-xNi1gNdx
(x=5, 15) which prohibited the penetration of the detrimental anions like CI- and CO5~[255]. Ce
incorporation in to AZ91 has resulted in the formation of CeO, which was studied by Song et al.
that has a higher PBR and hence it is more compact [86]. The pseudo-passivation behavior of Mg-
Y-Nd alloys was studied by Krishnamurthy et al. and this was attributed to the enrichment of Y
and Nd on the corroded surface [256]. Hence the presence of Er** in the corrosion film of Mg-2Zn-
2Er has enhanced the corrosion resistance.

5.3.4. Alloying additions

From Table 5.1 and Table 5.2, it could be seen that alloying additions reduced the corrosion
rate of pure Mg. For a clear understanding of the effect of alloying additions on the degradation of
pure Mg, a graph is plotted and it is represented in Figure 5.19. With the addition of Zn, Ca and
Er, the corrosion rates have been reduced as compared to pure Mg. Mg-2Zn-2Er exhibits least
corrosion rate (< 2 um/y) for tests conducted in both media.
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Figure 5.19: Corrosion rates of pure Mg and its alloys from Table 5.1 and Table 5.2
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5.3.4.1. Zinc

It was studied earlier that when zinc is added beyond a certain limit, it has a positive effect
on the corrosion film developed as it characterized by a relatively high hydrogen over-potential
[257]. Also the charge transfer resistance of magnesium can be enhanced and hence lower the rate
of corrosion [258]. Corrosion behavior of as-cast Mg-xZn (x=1, 5 and 7 wt.%) group alloys were
studied by Cai et. al [109]. They observed that barring Mg-7Zn, all other alloys exhibited superior
corrosion resistance to pure Mg which was used as a control group. Among these three alloys, Mg-
5Zn exhibited the best corrosion resistance. Mg-7Zn resulted in galvanic coupling due to the
segregation of dendritic phases at the grain boundaries. A degradable implant material Mg-6Zn
was studied by Zhang et. al [68] calculated the zinc release rate to be 0.11 mg day™, which is much
lower than the suggested intake of 15 mg day™. They also proposed that zinc release during the
degradation of the implant is safe and poses no harm to human body.

The degradation rates calculated for our alloy Mg-2Zn is lower than that of pure Mg (Rp
for Zn is greater as seen in Table 6.3 in PBS solution). The corrosion resistance has been improved
by elevating the corrosion potential of magnesium (Ecorr has increased by 0.025 V). Hence, zinc is
a promising alloying element but its addition has to be controlled to attain higher corrosion
resistance over pure Mg.

5.3.4.2. Calcium

The low density value of Ca like Mg endues this Mg-Ca system to be studied as bio implants
due to the advantage of similar density to that of bone. Since Ca is a major component in human
bone and essential in chemical signaling with cells, the release of Ca®* and Mg?* ions during
biodegradation is expected to be beneficial to the bone healing [13]. Increased Ca leads to bone-
like apatite growth after immersion in SBF for long time, which indicates better performance for
its use as a biodegradable material [106].

The degradation rates for our alloy with 0.6Ca addition to Mg-2Zn have reduced. The
corrosion resistance did not improve during PDP tests in NaCl solution but it was improved
marginally (Ecorr has increased by 0.003 V) during PDP tests in PBS solution. The redox potential
of Ca is more negative (-2.76Vsce) that that of pure Mg (-2.37Vsce) and hence the Ca part becomes
anodic. But since a very minimal addition is introduced (0.6 wt.%), it acts like a grain refiner and
thus led to a reduction in the corrosion rate.

5.3.4.3. Rare earth

The impact of the RE alloying addition on the corrosion of the alloy can possibly be
attributed to the following mechanisms:

When rare-earth elements like erbium are added as minor additions to magnesium alloys,
it was observed that the number density and size range distribution of the native intermetallic phase
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(B-phase in the AZ class of alloys) may get altered. The addition might lead to the creation of a
new intermetallic between erbium and the already existing intermetallics. Al-RE intermetallic
could possibly improve the corrosion resistance according to recent studies. It was studied by
Rosalbino et al. for Al-Mg alloys and he found that the presence of intermetallic compounds like
AlzMg2, AlEr and Alss.7MQ23.4Er10 (1) strongly modifies the electrochemical behavior of the alloys
[259]. Hence the distribution and composition of secondary phases due to the addition of a ternary
element Er to Mg-Zn alloys led to enhanced corrosion resistance of Mg-2Zn-2Er and Mg-3Zn-
0.5Er.

Another way of enhancing corrosion resistance due to the presence of rare earth elements
is referred to as the ‘scavenger effect’. It is common for impurity elements like iron, nickel and
cobalt to be present in magnesium alloys. These undesired elements could act as corrosion initiation
sites. Minor addition of rare-earth elements interacts with these impurities and form compounds
which does not have any role to play during corrosion. Therefore, any minor undetectable
impurities have no effect on the degradation behavior of RE containing alloys. But in our alloys,
there were no impurities like Fe, Co or Ni detected in both as-DMDed and as-extruded alloys. And
therefore scavenger effect does not play a role in our alloys.

Surface oxide stability is important to slow down the corrosion kinetics and addition of Er
could be beneficial in this regard. The effect of Er addition to Mg-2Zn has enhanced the corrosion
resistance, as it could be seen for both NaCl medium and biological salt solutions. It is evident
from Table 5.1 that the resistance to polarization (Rp) values are higher for Er incorporated alloys
and poor for pure Mg. Incorporation of small amounts of Er (0.3 and 0.9) in an Mg-Al alloy was
studied by Rosalbino et al. and these alloys exhibited better corrosion resistance in borate solutions
[260]. For exhibiting better corrosion resistance in PBS solution as compared to NaCl medium, a
viable explanation could be that the phosphates present in the solution could go into the reaction
surface layer of Mg alloys and this behavior was previously been studied [185]. Er is chosen in this
study because it has a hexagonal close packed structure, the same as Mg. This allows it to saturate
the matrix and it could be that the small amount of Er addition led the element to be at the corrosion
front to protect the surface. The Er present in the second phases are normally not reacted as they
are cathodic, but they get into the solution after the anode surrounding to these phases gets
undermined.

5.4. Conclusions

e Extrusion process is an effective way to enhance the corrosion behavior of magnesium
alloys.

e Hot-extrusion resulted in finer grain sizes and tailored the second phases into finer features
and distributed them uniformly which enhanced the corrosion resistance.
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e Addition of alloying elements like zinc, calcium and erbium has significantly enhanced the
corrosion resistance of magnesium alloys by forming secondary phases like i-phase
(MgsZngEr) and W-phase (MgsZnzEr) that are cathodic (nobler) to the matrix.

e The corrosion rate of Mg-2Zn-2Er has lowered by an order of magnitude over pure Mg and
this is attributed to the presence of Er®* in the corroded surface as per the XPS investigation
and reduction in grain size.
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CHAPTER 6

SURFACE  MODIFICATIONS USING FLUORIDE
CONVERSION COATING
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6.Surface modifications using fluoride conversion
coating

6.1. Introduction

As introduced in Chapter 5, magnesium based alloys have exhibited enhanced corrosion
resistance. However, the requirements of implant materials are stringent. Alloying additions can
only increase the bio-corrosion resistance to a certain extent and they cannot improve the bone
response of magnesium. In this regard, a coating technique was hence required to be developed to
provide a suitable host response to the material. Several coating techniques like Al [261], Ti [262]
and phosphating (magnesium phosphate [174-176], zinc phosphate [177,178], manganese
phosphate [167,179-182], zirconium oxide [183]) have been tried earlier but they did not improve
the corrosion resistance significantly. Also, many of these coatings are not biocompatible. In this
chapter, discussion on fluoride coatings on magnesium and its alloys to further protect the surface
and reduce the initial corrosion rate of the alloys has been made. This study has demonstrated an
encouraging level of improvement in the corrosion resistance of these alloys by exploring HF
treatment.

6.2. Fluoride coatings

MgF2 has the tetragonal structure, which is similar to rutile and it belongs to space group
P4,/mnm. In the unit cell of MgF2, there are 2 molecules and the unit cell dimensions are a=4.621
A and ¢=3.05 A [263]. The aim is to develop compact and uniform fluoride coating on the surface.
40% HF solution was commercially available and it was an analytical reagent used for our studies.
For an adult, the average intake of dietary fluoride is between 1.2 and 2.2 mg [3]. Since these coated
MgF2 layer have low solubility, toxic effects are not very severe as only limited thickness of the
alloy surfaces get converted to MgF». During the coating process, there was no corrosion detected
on the surface and at the interior.

6.2.1. Contact angle measurement

Contact angle measurements of the samples indicate the hydrophilic nature of the coated
magnesium alloys and the coating quality. None of the droplets rolled off the surface and on an
average five readings were recorded for every sample. Typical photographs of the water droplets
on the surface of the samples are shown in Figure 6.1. The contact angle measurements are
tabulated in Table 6.1.

The as-extruded pure Mg and its alloys showed an increased contact angle values for
distilled water on their polished surfaces as compared to the coated ones. Among the uncoated
materials, pure Mg exhibited the least contact angle of 78.2°and Mg-2Zn-0.6Ca-1Er alloy exhibited
the highest contact angle of 109.3°. Mg-2Zn exhibited the contact angle of 109.1°. Addition of
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0.6Ca reduced this value to 97.8°. Both the ternary Mg-Zn-Er alloys showed similar contact angle
of 106.2°. The increased contact angle values for the alloys as compared to pure Mg by 20-30°
indicates that alloying additions have an effect on the contact angle measurements of magnesium.

After fluoride treatment, the contact angle was reduced for both pure Mg and its alloys,
indicating an increase in the hydrophilicity. This behavior was seen for all the materials. A
decrement of 25-27° was seen for pure Mg, Mg-2Zn and Mg-2Zn-2Er. For Mg-2Zn-0.6Ca-1Er,
Mg-2Zn-0.6Ca and Mg-3Zn-0.5Er this decrement is about 50°. This could be due to the presence
of Ca and excess amount of Zn for the fluoride coated alloys. Even after coating, the contact angle
values exhibited by coated Mg-2Zn and Mg-2Zn-2Er were higher than that for uncoated pure Mg.
Among the alloys, coated Mg-2Zn-0.6Ca exhibited the least contact angle of 46.2°, implying that
it is most hydrophilic. The hydroxide layer, oxide and fluoride layer developed on chemically
treated samples is the reason for increase in wettability.

(a) w . w ) L4 | |

(b) : I (e) m I

i et

Figure 6.1: Contact angle photographs of (a) Pure Mg, (b) Mg-2Zn, (c) Mg-2Zn-2Er, (d) Mg-2Zn-
0.6Ca-1Er, (e) Mg-2Zn-0.6Ca and (f) Mg-3Zn-0.5Er. Left figure is without coating and the right
side is with coating.
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Table 6.1: Contact angle measurements (in degrees)
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6.2.2. Raman Spectroscopy

Material Before coating | After coating
Pure Mg 78.2 52.8
Mg-2Zn 109.1 82.7
Mg-2Zn-2Er 106.2 80.9
Mg-2Zn-0.6Ca-1Er 109.3 55.1
Mg-2Zn-0.6Ca 97.8 46.2
Mg-3Zn-0.5Er 106.2 59.3

Figure 6.2 shows the Raman spectrum for as-extruded pure Mg and Mg-2Zn-2Er, HF
conversion films and the corroded surfaces in PBS. Table 6.2 corresponds to the peak positions
assigned for the Raman spectrum. A large number of peaks were indexed for the corroded samples.
In the table, for the corroded samples it could be seen that an enhanced number of peaks within the
line number 1000 cm™. For the corroded samples in PBS, the increased number of peaks
corresponds to the vibrational spectra of phosphates. For the uncoated bare samples, the initial peak
in the Raman shift corresponds to oxides and hydroxides. For pure Mg and Mg-2Zn-2Er alloy, only
few peaks were detected.

—— Pure Mg
—— F-coated pure Mg
— PBS corroded pure Mg

P A

0

T T T
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Raman shift (cm™)
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—— F-coated Mg-2Zn-2Er
— PBS corroded Mg-2Zn-2Er
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Figure 6.2: Raman spectroscopy results for pure Mg and Mg-2Zn-2Er as-extruded, fluoride coated
and corroded samples in PBS
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Table 6.2: Peak positions assigned for the Raman spectrum in Figure 6.2

Material Peak positions (cm™)
Pure Mg 7178 [120.35 | 3660.56
Mg (PBS) 7195 |12158 [286.8 [42453 |562.26 |699.98 |[818.43

936.88 | 1088.38
Mg (Coat F) 72.74 122.66 978.31 1446.36 \2850.5 \2914.2
Mg-2Zn-2Er 73.64 121.05
Mg-2Zn-2Er | 69.59 91.9 114.88 141.23 196.66 237.21 290.6
(PBS) 384.55 |425.1 564.33 934.4 1055.85 | 1659.61 | 2371.37
3171.76 | 3445.95

Mg-2Zn-2Er | 72.33 119.49

(Coat F)

6.2.3. SEM-EDS

To observe the surface morphology of the fluoride treated samples, the SEM-BSE analysis
was conducted and they are shown in Figure 6.3. The morphologies of the samples exhibit grains
for all the alloys.
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Figure 6.3: Fluoride coatings as seen in SEM-BSE for (a) Pure Mg (b) Mg-2Zn (c) Mg-2Zn-2Er
(d) Mg-2Zn-0.6Ca-1Er (e) Mg-2Zn-0.6Ca and (f) Mg-3Zn-0.5Er

The grain sizes are larger for F-coated pure Mg. Along with the conversion film, some
irregularly distributed black pores was formed on the surface of the samples. These pores were not
observed for pure Mg coated surface. These irregular pores in the coating could be generated by
the evolution of hydrogen during fluoride conversion treatment.
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Figure 6.4: Cross section of fluoride coating on Mg-2Zn sample, and the EDS analysis

To study the elemental distribution on the coated surface, cross-section method was
adopted. The SEM image of cross section of the fluoride treated Mg-2Zn as-extruded sample is
shown in Figure 6.4. A 20 x 20 um area was analyzed. This indicates that a uniform film is
developed successfully on the surface of the Mg-2Zn sample. Pure Mg and pure Zn spectrum in
the sample region shows that magnesium and zinc are uniformly distributed as Zn goes into the
solid solution of magnesium. The coating layer is well adhered to the matrix chemically and it is
expected to have a strong adhesive ability. Some oxygen concentration could be seen on the sample
and it is not present much near the coated region. The figure on the left shows a superimposed EDS
and BSE image of the coated cross-section.
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Figure 6.5: Line scan analysis demonstrating the thin fluoride coating on the cross section of Mg-
2Zn extruded sample

Line scan analysis of the cross section of the fluoride coated Mg-2Zn sample has been made
and it is represented in Figure 6.5. In the set of images, it could be seen that from left to right, the
intensity of pure magnesium decreases. The white film that could be seen after 9 um of the scan is
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the fluoride coating, where the peak for pure fluorine could be seen of ~ 1 um thick. Ten line scans
were taken and the average thickness value of MgF. layer was calculated to be 0.963 um. There is
some oxygen concentration in this region. The sample was scanned along the coating and it was
seen that this coating was formed uniformly over the surface.

6.2.4.1.

6.2.4. Corrosion in PBS

Potentiodynamic Polarization tests

An ideal corrosion-resistant coating prevents the direct electrolyte contact and electron

transit and thus provides strong protection. Figure 6.6 shows the polarization curves of the fluoride
treated samples. The electrochemical parameters obtained from these curves are shown in Table
6.3 along with the calculated corrosion rate.

Figure 6.6: PDP results for fluoride coated as-extruded Mg and its alloys in PBS solution at 37°C

Table 6.3: Polarization parameters of the coated samples in PBS at 37°C

| (A/cm?)
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— Mg-2Zn
—— Mg-2Zn-2Er
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—— Mg-2Zn-0.6Ca
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Fluoride Polarization parameters Corrosion rate
coated Eo (V) lcorr Rp (Q/cm?) (Hmly)

Samples (Alcm?) (x 10%)
Pure Mg -1.598 | 1.279 x 107’ 1.249 2.95
Mg-2Zn -1.553 | 1.652 x 108 94 0.38
Mg-2Zn-2Er -1.483 | 2.37x10° 62.57 0.05
Mg-2Zn-0.6Ca-1Er | -1.479 | 4.51x 10® 3.279 1.04
Mg-2Zn-0.6Ca -1.577 | 5.94x10° 29.79 0.13
Mg-3Zn-0.5Er -1.522 | 1.676 x 10°° 90.8 0.04
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F-treated pure Mg exhibits corrosion potential of Ecorr = -1.598 V vs. SCE. This is more
positive than as-extruded pure Mg tested in PBS solution (Ecorr = -1.634 V vs. SCE) as tabulated
in Table 5.2. The coated pure Mg has both increased anodic corrosion current density and cathodic
corrosion current density. Also at the breakeven potential, the corrosion current density observed
is high. It could be seen as compared to the corrosion behavior of as-extruded samples in PBS
solution in Figure 5.5 that the corrosion current density values observed in this test is two orders
of magnitude lower. Addition of 2Zn has increased corrosion potential of F-coated Mg-2Zn to Ecorr
= -1.553 V vs. SCE. For Mg-2Zn-2Er, the Ecorr Value has increased further to Econ= -1.483 V vs.
SCE. Mg-2Zn-0.6Ca exhibited Ecorr value of -1.577 V vs. SCE and addition of 1Er to this ternary
alloy increased Ecorr value by +0.098 V. Hence, it is safe to suppose that Er addition is beneficial.
Hence by adopting a chemical conversion technique of incorporating a surface coating of MgF», a
decrease in the degradation rate was accomplished.

The corrosion rates calculated using the equation in Section 3.9.4 for fluoride coated
samples tested in PBS medium at 37 °C are tabulated in Table 6.3. In the table, it could be seen
that, similar to bare samples tested in NaCl and PBS medium the corrosion rate value is high for
coated pure Mg. The corrosion rate calculated for pure Mg is 2.95 um/y. This value is 0.38 um/y
for Mg-2Zn. With the addition of 2Er to Mg-2Zn, the corrosion rate is reduced to 0.05 um/y. Mg-
2Zn-0.6Ca exhibits corrosion rate of 0.13 um/y and with the addition of 1Er to the ternary alloy
the value is 1.04 um/y. Among Mg-Zn-Er ternary alloys, Mg-3Zn-0.5Er exhibits the lowest
corrosion rate of 0.04 um/y.
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6.2.5. Comparison of corrosion measurements of coated and un-
coated samples
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Figure 6.7: Potentiodynamic polarization curves of samples with and without coating in PBS at
37°C: (a) Mg and F-coated Mg; (b) Mg-2Zn and F-coated Mg-2Zn; (¢) Mg-2Zn-2Er and F-coated
Mg-2Zn-2Er; (d) Mg-3Zn-0.5Er and F-coated Mg-3Zn-0.5Er

Potentiodynamic polarization measurements for bare samples and F-coated samples are
plotted in the same graph for pure Mg, Mg-2Zn, Mg-2Zn-2Er and Mg-3Zn-0.5Er for comparison
as shown in Figure 6.7. For the fluoride coated samples, there is a shift in the corrosion potential
towards positive values (nobler). Also, the corrosion current has dropped to two orders of
magnitude for coated samples. Pure Mg exhibits an increased corrosion potential of +0.036 V after
coating. For Mg-2Zn, this increment is +0.066 V after coating. The corrosion current lcorr dropped
by two orders of magnitude for Mg-2Zn-2Er and Mg-3Zn-0.Er after coating. The resistance for
polarization (Rp) values has increased not only for the alloys but also for pure magnesium. Thus, it
can be evidently said that fluoride coated samples provide sufficient corrosion protection to pure
Mg and its alloys.
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From Table 5.2 and Table 6.3, it could be seen that fluoride coating reduces the corrosion
rate of pure Mg. For a clear understanding of the effect of coating on the degradation of pure Mg
and its alloys, a graph is plotted and it is represented in Figure 6.8. There is a drastic improvement
in the corrosion rate for coated pure Mg as compared to bare pure Mg. Also the coated Mg-2Zn-
2Er and Mg-3Zn-0.5Er exhibits least corrosion rate (~ 0.04 um/y) and these values suggests the
enhancement of corrosion resistance due to fluoride coating treatment.

14

Bare
12 4 Coated

10

Corrosion rate (um/y)

Figure 6.8: Comparison of corrosion rates for bare and coated samples tested in PBS medium at 37
0
C

6.2.6. Biocompatibility assessment
6.2.6.1. Introduction

Magnesium makes an excellent metallic implant material due to its biodegradability,
similar mechanical properties to that of human bone and excellent biocompatibility as compared
to other materials [33]. Although the earlier interest of researchers was restricted towards light-
weight structural applications, today it has become a promising candidate to serve as temporary
implants. This is because it can provide suitable strength as compared to existing degradable
polymer based implants. Most importantly they have low elastic modulus and hence it can reduce
stress shielding effects and replace existing implants made of titanium and stainless steels [264].
Also the corrosion products are non-toxic as compared to other permanent implant materials which
corrode slowly in human body, although these materials are not designed for safe degradation. To
design a bio-implant, extensive care has been taken to balance strength, ductility, and degradability
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and hence an interdisciplinary study needs to be carried out. In this regard, alloying additions and
coatings were carried out to reduce the degradation rates. It is well known that Mg-Al alloys have
excellent corrosion resistance but they are not suitable for biomedical applications as Al increases
the risk of neurotoxicity [265]. Hence in our studies, for the first time we have introduced zinc,
calcium and erbium as a rare earth addition in minimum quantity. Zinc enhances the corrosion
resistance by elevating the corrosion potential of magnesium alloy [68]. It is also an essential
requirement for human body [266]. Calcium is a major component in bones and minor additions
also enhance the corrosion resistance [3]. Minor additions of rare earth (RE) metals like erbium
[267] to magnesium has proven to be non-toxic to a certain extent. But the current available Mg
alloys tested for biomedical applications have high alloying content, which adds to the cost and
also could induce toxicity after several years [267,268]. Recent studies have shown that fluoride
agents can stimulate osteoblast proliferation and aid in new mineral deposition [269]. Several
researchers have studied the fluoride coating on improving the corrosion resistance of magnesium
alloys but there is an insignificant literature on its effect on the in-vitro cell culture studies [190].

To test the cytotoxicity of these alloys, EN ISO standard 10993 is used [270]. In the earlier
chapters, the physical, microstructural, mechanical properties and electrochemical behavior of
these materials have been reported. Addition of these elements enhanced both tensile and
compressive properties of magnesium due to the reduction in grain size and particle strengthening.
These materials have also been tested in phosphate buffer saline at 37 °C for its degradation
resistance and there has been a significant improvement in these values for the coated materials as
compared to pure Mg and its alloys. Therefore, these coated materials have been warranted further
biocompatibility studies to serve as candidate materials for safe degradable implant materials.

6.2.6.2.  Cell toxicity protocol

The fluoride coated samples were subjected to biocompatibility studies and the protocol of
extraction test is given in Table 6.4.

Table 6.4: Protocol of the extraction method adapted for the coated materials

Time Method

Day 1 e Sterilize the samples by heating it to 170°C for 1h

e Take 1 disc (alloy)/group and dip in 1 mL complete medium to reach
ISO ratio 3 cm?/mL for extraction for 3 days

o Defreeze MC3T3 cells

Day 3 e Seeding 4000 cell/well in 96 well plate

Day 4 e Adding the extraction liquid directly without filtration to the cells,
100pl/well (n=6)

Day 5 e Changing medium into 10% blue alarma solution 200 pl/well and

incubate 2 h at 37°C
e Take 150 pl per well for analysis intensity of fluorescence
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6.2.6.3. Cell toxicity tests

For the set, two groups of coated samples were given to identify whether the coating time
influences the cytotoxicity tests. 12h and 24h fluoride coated samples were subjected to cell
toxicity tests. During the test, the cell counts were measured for every sample using the intensity
of fluorescence. The mean is calculated by averaging the cell counts and subtracting it with blank
value. % to control positive is regarded as cell viability. The cell viability values are plotted in
column graphs for two separate conditions and these values are explained in detail in the
subsequent sections.

6.2.6.4. Cell toxicity results

Figure 6.9 shows the cytotoxicity results for 12h fluoride coated as-extruded pure Mg and
Mg-Zn-Ca-Er alloys. The cell viability values exhibited by pure Mg and its alloys after 12h fluoride
coating were greater than 70%, which is acceptable according to ISO 10993. Pure Mg after 12h F-
coating exhibited cell viability value of 75%. Addition of 2 wt.% Zn enhanced the cell viability
value to 82%. A slight increase in cell-viability was observed for Mg-2Zn-0.6Ca-1Er, which is
84%. Increased addition of Er led to an increased value of cell viability for Mg-2Zn-2Er, which is
89%. Mg-3Zn-0.5Er exhibited cell viability value of 93%. Among these alloys, coated Mg-2Zn-
0.6Ca exhibited excellent cell viability value of 94%.

Figure 6.9 also shows the state of coated materials after subjecting to cell-toxicity tests.
Apart from Sample 3 (12h F-coated pure Mg), the rest of the materials were not corroded
significantly. The base of Sample 1 (12h F-coated Mg-2Zn) was not corroded significantly but the
circumferential area started to degrade. For Sample 2 (12h F-coated Mg-2Zn-2Er) and Sample 4
(12h F-coated Mg-2Zn-0.6Ca-1Er), the base was subject to corrosion and the intensity is greater
near the edges. Sample 5 (12h F-coated Mg-2Zn-0.6Ca) and Sample 6 (12h F-coated Mg-3Zn-
0.5Er) did not show any signs of intense corrosion. These samples retained the shiny yellow coated
appearance even after subjecting to cell-culture tests, indicating the beneficial effect of fluoride
coating on these newly developed alloys.
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Figure 6.9: Cell toxicity results for as-extruded 12h fluoride coated Mg-Zn-Ca-Er alloys

The results of 24h fluoride coated as-extruded pure Mg and its alloys are represented in
Figure 6.10.
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Figure 6.10: Cell toxicity results for as-extruded 24h fluoride coated Mg-Zn-Ca-Er alloys

Pure Mg exhibited cell viability value of 81% for 24h coating which is a slight improvement
as compared to 12h coated sample. The Sample 3 in the pictorial representation (24h F-coated pure
Mg) does not show any signs of intense corrosion, except at the centre. For Mg-2Zn, there is a
slight improvement of 5% from 82% to 87%. The ternary alloy Mg-2Zn-2Er also registers similar
level of improvement, from 89% to 93%. For other alloys, there is a significant improvement in
the cell viability values with increased coating time. Among all the materials, coated Mg-2Zn-
0.6Ca and Mg-3Zn-0.5Er shows the highest cell viability value of 97%. Barring Sample 3 (24h F-
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coated pure Mg) all the coated alloys exhibit shiny surface due to coating, even after cell-culture
tests.

Overall the biocompatibility results indicate higher values of cell viability for the alloys as
compared to pure Mg for both 12h and 24h coated samples, indicating the beneficial effect of Zn,
Ca and Er in enhancing the biodegradability and biocompatibility of magnesium alloys. In both
these tests, Mg-2Zn-2Er, Mg-2Zn-0.6Ca and Mg-3Zn-0.5Er alloys exhibited highest cell-viability
values.

6.3. Discussion
6.3.1. Hydrophilicity of coatings

Surfaces which are hydrophilic in nature is necessary for bone repair materials which can
be biocompatible in blood [271]. As reported by Subbaihdoss et al., wettability of the surface of a
biomaterial has an influence in the cellular interactions [272]. The guidewires used in angioplasty
are coated with polytetrafluoroethylene (PTFE) which is hydrophilic and this surface has low
coefficient of friction and it is compatible with blood as long as the guidewire is inside the body.
With time, the bare metal could develop biocompatibility issues due to changing oxide content on
the surface upon storage and hence the hydrophilic coating is an added advantage. These surfaces
are considered non-biofouling and enhance biocompatibility. This can also enhance bone cell
adhesion, spreading and cell proliferation that can boost further growth of bone [273]. The surface
energy of blood is 52 mN/m and that of distilled water is 72 mN/m at room temperature [274]. If a
surface has to be defined hydrophilic, it should have a higher surface energy than that of the fluid.

With decrease in the contact angle, the hydrophilicity enhances and so does the adhesive
interaction between the surface and the water drop. To calculate the hydrophilicity of any surface,
water is normally used as a fluid. With fluoride coating, the surfaces became hydrophilic and this
could be related to its chemical composition, microstructure and roughness. Previous studies on
MgF2/PCL coatings on ZK60 magnesium alloy has shown an increased surface roughness of the
coated alloy [275]. AFM measurements on ZK60 Mg alloy was found to be 40.7 nm and that of
fluoride coated sample, the value was increased to 66.3 nm. For cell adhesion and longevity, the
surface roughness values of the coated implants should be in the range of 20-100 nm [276]. Hence
the developed fluoride coated materials in this study with increased hydrophilicity could be
successful candidates for biomedical applications.
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6.3.2. Raman spectroscopy
6.3.2.1. Corroded samples

For Mg-2Zn-2Er, the Raman spectra of phosphate oxyanions show a symmetric stretching
mode (v1) at 934 cm™. The antisymmetric stretching mode (vs) is indexed at 1055 cm™. The
symmetric bending mode (v2) is at 425 cm™ and the v4 mode is indexed at 564 cm™.

The low intensity Raman bands at higher wavenumber are attributed to the stretching
vibration of OH" units. The Raman spectrum for Mg-2Zn-2Er corroded in PBS shows a series of
low intensity bands at 2371, 3171 and 3445 cm™. These bands are corresponding to water stretching
vibrations. This spectrum gives an indication of the phosphate layer that is developed on the alloys
is subjected to corrosion. Through this, we can conclude that a phosphate layer is formed on the
surface of the samples, which confirms XPS analysis carried out in Figure 5.17 where peaks for P
and O were identified.

6.3.2.2. Coated samples

For F-coated pure Mg and Mg-2Zn-2Er samples, the peaks corresponding to peak positions
72 cm*tand 122 cm™ (Mg) and 119 cm™* (Mg-3Zn-0.5Er) were intense than that of uncoated bare
samples. The first line number 72 cm™ is attributed to the By symmetry. These values are in
coherence to the studies made by Krishnan et al. [277] on the first-order Raman spectrum of MgF-.
Hence it could be said that these peaks correspond to the signals from fluorine.

6.3.3. Fluoride coating mechanism

A common approach to achieve the required properties for corrosion resistance is surface
modification. Immersion of Mg and its alloys in hydrofluoric acid results in several corrosive
micro-batteries on the surface of the samples. Dissolution of magnesium in the micro-anode region
can be represented as follows:

Mg - Mg?* + 2e~ Equation 1
The cathodic reaction acted in the micro-negativity polarity zone is as follows:
2H* +2e” > H, 1 Equation 2
Meanwhile MgF, can thus be formed on the surface by the reaction of Mg?* with F~ as follows:
Mg?*+2F~ - MgF, | Equation 3

The rate of dissociation of magnesium into its ions and the rate of deposition of MgF2 should
occur with a dynamic balance. The MgF. deposited on the magnesium alloy surface is not soluble
and hence there is a gradual growth of this barrier film formed on the surface. With increased MgF-
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formation as the reaction proceeds, the reaction interface of the dissolution of magnesium will be
lowered. Thus, with an increment of the film thickness, the growth of the film was slowed down.
After samples were immersed in the hydrofluoric acid for 24h, the barrier film on the surface was
thick enough to terminate the reaction. The schematic illustration used to show the formation of
the fluoride coatings on Mg alloys in represented in Figure 6.11. It shows a protective MgF. layer
formed after a simple chemical conversion of the natural MgO/Mg(OH). surface after immersing
in HF.

An oxidation reaction that occurred in the formation of MgF: is shown as follows:
Mg + 2H20 - Mg(OH)2 + HoT

Since the solution is acidic, the formed Mg(OH). is not stable in acidic solution. Hence, the
reactions should occur as follows:

Mg(OH), + 2HF - MgF; + 2H,0
The overall reaction occurred can be shown as follows:
Mg + H20 + 2F > MgO + MgF2 + HT

After immersion, Hz bubbles could be seen coming out of the surface and it could likely be
the reason for the generation of pores in the coating film. With the coating taking place, these pores
might be decreased as there is no pure magnesium available for dissociation. Or they could be filled
by the due precipitation of MgF. phase, thus the bottom of the pores was closed and the sample
substrate could not be exposed through the pores. The kinetics of these reactions that took place
were extremely slow and hence the hydrogen evolution could not be observed by eyes during the
treatment.
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Figure 6.11: Schematic illustration of the formation of fluoride coatings on Mg alloys
6.3.4. Degradation

To control the degradation rate of magnesium and its alloys, the role played by this chemical
conversion technique could be explained by considering the corrosion mechanism of magnesium
in physiological solutions like PBS. When magnesium is immersed in PBS, magnesium hydroxide
(Mg(OH)>) is produced due to the reaction with water. But due to the chloride ions present in the
solution, this self-protecting layer is unstable in their presence and it leads to the formation of
magnesium chloride which rapidly degrades magnesium. To protect magnesium from degrading in
physiological conditions, an optimum solution is to delay the formation of magnesium chloride.
Hence, a controlled degradation behavior could be established by providing a fluoride coating
barrier on magnesium substrate with optimum surface mineralization properties.

But F has a relatively high electronegativity, and it has a tendency to react with H* ions
and can form HF; , H,F; surface layers with strong binding energy. After immersing in PBS, the
ClI replace F and the samples gradually lose its protective ability. The coated samples in PBS
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degrade and the compact fluoride coating detaches in certain regions. As this micrometer thick
coated layer, that had provided initial corrosion resistance starts to corrode, corrosion propagates
via a ‘through-hole’ and into the base material. A local penetration of the layer takes place that is
revealed by accelerated hydrogen gas evolution. The preliminary studies have shown promising
results and long run behavior of the fluoride coating in controlling the degradation rate of
magnesium alloy needs to be investigated. To increase the hydrophilicity of the coatings, more
soaking time can be chosen with optimum degradation properties.

Although, hydrophilic surfaces are generally preferable for better cell adhesion, the
controlled degradation of grain refined magnesium has shown to enhance cell viability [278,279].
The coated alloys can be used as materials for stent where this coating will help in the first stage
of degradation, i.e., during the “phase of function” where the stent provides mechanical support
[3]. The coating can remain until the second stage starts during remodeling and physiological
functions of the vessel.

6.3.5. Biocompatibility

The cells used for cell-toxicity measurements of magnesium alloys are MC3T3. It is an
osteoblast precursor cell line which is derived from Mus musculus (mouse) calvaria, commonly
known as house mouse. These cells were chosen such that they can replicate human bone cells
when it is in contact with the implant by simulating a clinical situation to understand bone healing
response. When magnesium alloys are in the vicinity of a body fluid, its inherent response is
corrosion. The fluoride coated materials exhibited enhanced biocompatibility results as compared
to as-extruded Mg and its alloys. Surface morphologies of the samples with after immersion in
phosphate buffer saline illustrated that the magnesium phosphates were formed on the surface of
samples. This magnesium phosphate layer is insoluble and it could inhibit the release of fresh Mg?*
ions from the surface. For bone implants, the prerequisite to bond to living bone is the formation
of biologically active materials on the surface of the implant in the body. Both magnesium
phosphate and MgF, are bioactive. Meanwhile, fluoride can enhance osteoblastic differentiation
and interfacial bone formation [280]. Mg can also promote bone generation and osteoblast
stimulation. It was demonstrated earlier that fluoride coatings also have good antibacterial
properties. It could be concluded from this study that a lower corrosion rate exhibiting material
could denote a lower cytotoxicity as fluoride coated materials exhibited lower corrosion rate and
lower cytotoxicity as compared to as-extruded alloys. Biomaterials with anti-microbial properties
are highly desirable because of reducing risk of infection. MgF. has enhanced antibacterial
properties [281] and this is very beneficial to their application as a coating on medical implants.
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Figure 6.12: Property comparison profile of biocompatibility assessment of as-extruded, 12h F-
coated and 24 F-coated magnesium alloys

The property comparison profile for biocompatibility studies on Mg-Zn-Ca-Er alloys are
plotted in Figure 6.12. Alloying additions have certainly enhanced the cell viability values of these
materials. And with enhanced coating time from 12h to 24h, there is a slight improvement in the
degradation resistance of these newly developed alloys.

6.4. Conclusion

e Compact and uniform fluoride coatings were successfully developed using fluoride
conversion treatment.

e HF treatment changed the surface of the alloy from hydrophobic to hydrophilic when
contact angle measurements were conducted in deionized water.

e The corrosion behavior was calculated for coated samples and it was found that the samples
exhibited enhanced corrosion resistance with fluoride coatings.

e Fluoride coatings have drastically reduced the cytotoxicity values and with increased
coating time, the cell viability values increased for the alloys.

e The results serve as a useful tool to select an appropriate alloy and condition based on the
cytotoxicity and biocompatibility of magnesium alloys.
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CHAPTER Y
CONCLUSIONS
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7. Conclusions

The main aim of this Ph.D project is to design and develop a new kind of biodegradable
magnesium based alloys through the addition of zinc, calcium and rare earth element like erbium.
This involved synthesis, microstructure, mechanical properties, degradation behavior, and surface
modification followed by cell-culture studies. The following subsections summarize the
conclusions obtained in this study.

In the first phase of the project, the material synthesis, microstructure and mechanical
properties of Mg-Zn-Ca-Er alloys were studied in detail in comparison to pure Mg and the
following conclusions were drawn.

The choice of alloying elements was made such that the alloys degrade slowly and present
greater mechanical properties over pure Mg. Hence a design strategy was developed by adding
minor additions of calcium and zinc which restrict grain growth, contributes to solid-solution and
precipitation hardening and are non-toxic for human body. Addition of erbium was carried out as
it led to the development of Mg-Zn-Er phases that enhance the corrosion resistance of these newly
developed biodegradable alloys.

Conventional methods of synthesis like solidification could face several issues for magnesium
production, namely:

1) Final product consisting of oxides
2) Retention of reinforcements and alloying additions (this is because most of the alloying
additions have densities higher than that of pure Mg)

These issues collectively lead to impurities, non-homogeneous distribution of alloying
elements. Disintegrated melt deposition technique followed by hot-extrusion is a safe, efficient and
cost-effective methodology that provides highest yield and dense products. Enhanced strength
values are attributed to the greater microstructural homogeneity provided by the DMD alloys. The
DMD technique ensures the elimination of oxides into the deposited products, enhances the
productivity by complete utilization of reinforcement addition and also attains higher solidification
rates due to the disintegration of molten metal by argon gas.

The following are the advantages of DMD process:

1) Itis a combination of casting and spray forming process.

2) The assembly design is such that it eliminates the need for separate melting and pouring
units.

3) Least metal wastage and removes slag/oxides

4) Efficient incorporation of nanoparticles

5) Increased yield of the products with fine-grained microstructure with minimal porosity.
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To achieve the first goal of tailoring the bulk microstructure of the alloys, hot-extrusion was
adapted and the alloying additions and its compositions were carefully chosen to enhance the
properties.

Equiaxed fine grained microstructures have been achieved in as-extruded pure magnesium and
its alloys as compared to the coarse grained as-DMDed microstructures. Mg-2Zn-2Er exhibits a
reduced grain size of 6.6 pum as compared to 22.42 um for pure Mg. The secondary phases have
been uniformly distributed and they are broken down in the as-extruded microstructures of the
alloys. The microstructural characterization reveals the presence of MgZn,, W-phase (MgsZn3Er»)
and i-phases (MgsZngEr) in different alloys.

The ternary (Mg-2Zn-2Er, Mg-3Zn-0.5Er, Mg-2Zn-0.6Ca) and quaternary alloys (Mg-2Zn-
0.6Ca-1Er) exhibited an increment in the tensile and compressive properties as compared to pure
Mg and Mg-2Zn binary alloy. Among these alloys, Mg-2Zn-2Er exhibited highest TYS, CYS and
UCS value of 192 MPa, 134 MPa and 501 MPa respectively. These values are attributed to a
reduction in grain size, presence of solute atoms and secondary phases. Fractography studies reveal
the dimples that are an indication of enhanced ductility behavior, along with the presence of twins
in the area close to the fractured region as seen in EBSD analysis. The enhanced ductility is
attributed to twin assisted plasticity. Microhardness studies revealed an enhancement of
mechanical properties of as-extruded alloys compared to as-DMDed alloys. The damping behavior
shows that the elastic modulus of the alloys has retained their values as that of pure magnesium,
which is beneficial for its biomedical applications.

Corrosion rate can be slowed by careful control of the microstructural features through the
introduction of alloying elements and processing conditions. As-DMDed alloys showed an
excessive corrosive rate due to a coarse grain sized microstructure, inhomogeneities including
porosities and segregation of elements. Whereas as-extruded alloys showed enhanced corrosion
resistance due to the fine grain sized microstructure and an uniform distribution of secondary
phases. Rare-earth element erbium has been introduced in small amounts below the solubility level
of the element and it has significantly enhanced the corrosion resistance of Mg-alloys. This is due
to the incorporation of erbium on the corroded surface. The element erbium took part in the oxide
formation which was more efficient in protecting the material. The corrosion rates have been
reduced significantly for Mg-2Zn-2Er (Ecorr = -1.51 V vs. SCE) as compared to pure Mg (Ecorr = -
1.634 V vs. SCE) in PBS solution at 37 °C.

A compact fluoride coating has been introduced to magnesium alloys with a simple and cost-
effective technique to minimize initial degradation rates and provide sufficient corrosion resistance
in PBS solution at 37 °C. They resulted in a hydrophilic surface which is preferred for better cell
adhesion and controlled degradation. These coatings are biocompatible and they can be further
tailored to provide more protection to the surface. The corrosion potential for F-coated Mg-2Zn-
2Er has increased slightly (Ecor = -1.483 V vs. SCE) when it is tested in PBS solution at 37 °C,
indicating a beneficial effect to enhance corrosion resistance. The cell viability values increased
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with coating time and among 24h F-coated samples, Mg-2Zn-0.6Ca and Mg-3Zn-0.5Er exhibited
the highest cell viability value of 97%. Hence fluoride coated magnesium alloys have demonstrated
their abilities to perform as a biomedical material. The validation of cell-toxicity tests in different
cell culture media has to be carried out before subjecting these alloys to further in-vivo tests.
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8.Perspectives

In our study, it was observed that development of magnesium alloys with excellent mechanical,
electrochemical, surface and biomedical properties is not an easy task, given that it involves several
interdisciplinary domains. For synthesis of these alloys, the standard conditions of DMD technique
and hot-extrusion were used. Different parameters like using lower temperature for hot-extrusion
and a higher extrusion rate could be tried to modify the microstructure, formation and distribution
of phases and hence the properties. Since this work involves formation of new phases, there is
scope to study these new phases in detail using HRTEM. Although these materials were targeted
for biomedical applications, they also could exhibit excellent high-temperature mechanical
properties. Since Mg alloys suffer from creep at medium to high temperatures, the influence of Er
on the structural integrity of magnesium alloys for automotive and aerospace sectors could be
interesting to study. Tests including dynamic mechanical analysis to study the viscoelastic
properties, three point bending tests after accommodating different movements of the implant
material could be studied as well. Future work should concentrate on studying the corrosion
behavior of W-phase and i-phase by using local electrochemical methods such as
microelectrochemical investigations based on the microcapillary effect. This is to determine the
corrosion potential of individual phase and its contribution to calculate the overall corrosion rate.
Alkalanized fluoride coatings could be implemented on these alloys to study the conversion of
hydroxide layer into fluoride layer and its effect on the corrosion behavior. Different cell mediums
like endothelial cell culture studies could be carried out to discern the behavior of synthesized
magnesium alloys using different standard protocols, to further validate these alloys for their
biocompatibility and biodegradability.
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Abstract: With the ability to bio-degrade and thereby reducing the stress-shielding effect, biodegradable
implants are of great importance in medical research. Among all the materials, magnesium is the one which
shows promising results being bio-degradable and with the properties comparable with its young's modulus to
that of bones. In the present study, the approaches adopted to improve the mechanical and corrosion behaviors
of pure magnesium using carefully chosen: (a) Alloying elements like zinc, calcium and erbium (Mg-2Zn-2Er,
Mg-2Zn-0.6Ca-1Er, etc.) to control the degradation behavior (b) Secondary processes like extrusion to alter and
improve the microstructure (c) Surface treatments like fluoride coatings to further protect the surface to resist the
rapid dissolution. The first part of this thesis focuses on the microstructural characterization of as-DMDed and
as-extruded alloys. The microstructural characterization (XRD and TEM) reveals the presence of MgzZn,, W-
phase (MgsZnsEr;) and i-phases (MgsZnsEr) in different alloys. The mechanical property assessment revealed an
increment in the tensile and compressive properties of ternary and quaternary alloys as compared to pure Mg and
Mg-2Zn binary alloy. These values are attributed to a reduction in grain size, presence of solute atoms and
secondary phases. Mg-2Zn-2Er and Mg-3Zn-0.5Er showed enhanced corrosion resistance due to the fine grain
sized microstructure and a uniform distribution of secondary phases. The cell viability values were enhanced
with increased coating time and it was found that these alloys could serve as potential candidates for further in-
Vvivo tests to establish their applicability.

Keywords: Magnesium, biocompatibility, cell-toxicity, surface treatment, orthopedic implants, biodegradation

Résumé: Etant donné leur capacité a se dégrader a l'intérieur du corps, les implants biodégradables ont fait I'objet
de nombreuses recherches médicales. Parmi tous les matériaux, c'est le magnésium, un élément indispensable du
corps humain, qui conduit aux résultats les plus favorables car son module d"Young est similaire a celui de I'os.
De ce fait, les méthodes adoptées afin d'améliorer le comportement du magnésium pur vis-a-vis de la corrosion
sont les suivantes: a) Ajout d'éléments d'alliage comme le zinc, le calcium et lI'erbium (Mg-2Zn-2Er, Mg-2Zn-
0.6Ca-1Er, etc.) pour controler le comportement de dégradation b) Procédés secondaires tels que I'extrusion pour
modifier sa microstructure c)Revétements de surface a base de fluorure pour mieux protéger la surface. La
premiére partie de cette thése porte sur la caractérisation microstructurale d'alliages. La caractérisation
microstructurale révele la présence de MgZn;, de phases W (MgsZnsEr,) et i (MgsZneEr) dans différents alliages.
L'évaluation des propriétés mécaniques a révélé une augmentation des propriétés de traction et de compression
des alliages ternaires et quaternaires par rapport aux alliages de Mg et de Mg-2Zn. Ces propriétés mécaniques
améliorées sont attribuées a une réduction de la taille des grains, a la présence d'atomes de soluté et a des phases
secondaires. Mg-2Zn-2Er et Mg-3Zn-0.5Er présentaient une résistance a la corrosion améliorée en raison de la
microstructure a granulométrie fine et d'une répartition uniforme des phases secondaires. La viabilité cellulaire a
été améliorée avec I'épaisseur du temps de revétement et ces alliages pourraient servir de candidats potentiels
pour d'autres tests in vivo.

Mot clés : magnésium, biocompatibilité, toxicologie cellulaire, revétement de surface, implants orthopédiques,
biodégradation
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