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Abstract

This research consists of two main parts. The first part concerns the study of
the effect of pulse electromagnetic fields on the microstructural evolution and
the hardness of an Al-20%Si alloy. A pulse magnetic field apparatus is used
to produce different magnetic field fluxes during the solidification of an Al-
20%Si alloy. The size of the primary Si particles of the alloy is reduced to ~6
times (from 14078.7 um2 to 2427.3 um?) when the peak pulse magnetic field
flux was increased from 0 to 1.4 T. In addition, the magnetic field resulted in
the formation of lamellar Al + Si eutectic colonies, and more uniformed
eutectic Si in the matrix. Such structure refinement increased the hardness
of the alloy from 65 to 75 (Vickers hardness).

The second part of the research is to study the composition-microstructure
relationship and corrosion properties of three Mg-Gd based alloys. The alloys
used are (1) Mg-10%Gd, (2) Mg-10%Gd-0.4%Zr and (3) Mg-5%Gd-5%Nd-
0.4%Zr (weight percentage). The focus of the research is to investigate the
effects of adding Nd and Zr on the changes of phases and structures. Very
effective grain refinement effect for the alloys were found when adding Nd
and Zr, decreasing the size of Gd cuboids, and resulting in higher hardiness
for the Mg-5%Gd-5%Nd-0.4%Zr. The mechanism is mainly due to the
precipitation hardening and grain boundary strengthening. In addition, the
corrosion behaviour is also tested in the Hank’s solution. Noticeably,
corrosion rate of the master alloy increased when alloyed with Nd and Zr.
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Chapter 1 Introduction

1.1 The background

Metal alloys have widely been used in many industrial applications, for
example in aerospace, transportation, energy, biomedical industry, etc.
Among all metal-based alloys, aluminium-based and magnesium-based
alloys are the most widely used light alloys in the world. To tailor and control
the mechanical properties of Al and Mg based alloys for different industry
applications, the microstructure of the alloys, i.e. the grain size of the alloy
matrix, the size, morphologies, volume fraction and distribution of the
intermetallic phases in those alloys need to be controlled to meet the

designed requirement.

Most essential of all the cast alloys is the aluminum silicon (Al-Si) alloy. Al-Si
foundry alloys, with weight percentages ranging from 5 to 25, are the most
preferred and the most studied alloys. 80% to 90% of the world's aluminum
castings are made from aluminum silicon compositions. Because it creates
brittle crystals, Fe is the most problematic contaminant in Al-Si alloys
(intermetallic). Because of the damaging Fe intermetallic, Manganese (Mn)
is added to change them into the less dangerous Chinese script phase [1].
The mechanical properties, wear resistance, and physical characteristics of
aluminum silicon alloys, such as fluidity, density thermal expansion
coefficient, and so on, make them an excellent replacement for cast iron and
other high-density alloys. Aluminum silicon hypereutectic alloys, for example,
are an excellent choice to replace cast iron cylinder liners in engines.The
cylinder liners used in aluminium silicon engine blocks are cast iron and are
subjected to extreme wear, dynamic loading, and high temperatures at the
present time. Aluminum silicon hypereutectic alloys are primarily utilised in
die casting for purposes such as pistons, cylinder liners, and a limited number
of engine blocks. They are also employed in a variety of other applications.
It is still debatable whether or not the Al-Si hypereutectic engine blocks have
been effective so far, but they have been employed in a limited number of

automobiles [2]-[4]. The existence of coarse and brittle primary Si particles



in aluminum silicon hypereutectic alloys, which split and break quickly in the
presence of high and repeated cycle loading, is thought to be the cause of
their inability to succeed. As soon as a main Si particle splits, the soft
aluminum matrix is subjected to extremely harsh wear conditions. It is
suggested by several authors that the solution is to refine the primary Si
particles before they can be used successfully in dynamic loading
applications. Al-Si hypereutectic alloys have been extensively studied by
Alpas' team at the University of Windsor. These alloys are suggested for use

in applications where ultra-low wear is required [5], [6].

There are number of techniques for the grain refinement of Al based alloys.
Compared to the numerous conventional methods, pulse magnetic field is
one of the most efficient low energy methods [7]. It is a non-contact method
that is applicable to all metal alloys, especially for high melting temperature
alloys. The first main task of this research is to control and optimize the
microstructures of Al-20%Si using pulse magnetic field method during the
solidification, studying the effect of different magnetic field flux intensities on

the solidification microstructures.

Regarding Magnesium, it is the lightest of the metals used in engineering
application of the alloys, and it is also the most abundant. Low density and
good mechanical capabilities distinguish these alloys from their competitors.
When exposed to high temperatures, they, on the other hand, demonstrated
unsatisfactory characteristics. Magnesium based alloys are promising
materials for bio-medical implant applications due to their bio-degradability

and biocompatibility [8].

The diverse alloying elements used in typical magnesium alloys have been
introduced for a variety of specialised purposes. Due to the widespread
usage of magnesium alloys as construction materials, mechanical qualities
are frequently the most important concern. Using aluminium as an alloying
element, for example, can be utilised for both solid-solution strengthening
and precipitation hardening, both of which are desirable when the yield stress
needs to be increased [9], [10]. In contrast, practically any strengthening has

a negative impact on the ductility of the material being strengthened.
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Additionally, it is clear from the Mg—Al phase diagram that Al lowers the
melting and casting temperatures of magnesium alloys. So, the use of Al has
an impact on the processing approach as well. As a result, the
microstructure, which is essential for the qualities relevant to an application,
is influenced by both the alloying elements and the processing conditions.

Similarly, other alloying elements can be examined in the same way.

For a design engineer, strength is a crucial quality to have. Although it is
important, it is not the only factor to take into account. This property profile
includes ductility, elastic moduli, corrosionbehavior under service conditions,
degradation rate (if applicable), and toxicology, among others. The alloy
composition and various processing steps applied before a component is
ready, such as an implant, are largely responsible for the properties of the
alloy. Implants have a wide range of qualities that need to be determined in
a variety of ways. An interdisciplinary approach is required, as is

collaboration between experts from many fields of study [11].

Rare earth-containing magnesium alloys are recognised to have outstanding
mechanical qualities as well as excellent creep resistance when compared
to other magnesium alloys. Magnesium alloys are widely used in a variety of
industries, including the aircraft industry and biomedical applications, mostly
because of their advantages. Cast magnesium alloys with gadolinium and
additional rare earth elements have lately been studied [12], [13]. Due to its
high solubility at eutectic temperatures (23.49 wt%) and the development of
intermetallic phases like Mg5Gd, these studies have shown that Gd can be
employed to modify mechanical properties in a wide variety of alloy
compositions and heat treatments. Gd is a single alloying element present in
the solid solution and can contribute to precipitation strengthening in a
concentration-dependent manner. Despite the fact that many publications
claim gadolinium is extremely hazardous, the acute toxicity is merely modest.
Acute toxicity from intraperitoneal GdCls was 550 mg kg1 in mice, while acute
toxicity from intraperitoneal GANOs was 300 mg kgl in mice and 230 mg kgl

in rats, respectively [14].



Magnesium alloys containing neodymium and gadolinium are particularly
fascinating since they are light alloys with excellent mechanical
characteristics even at elevated temperatures in the laboratory. Magnesium
alloys containing Mg-Nd-Gd-Zr have high strength and good creep
resistance, making them suitable for a wide range of applications, including
automotive and aerospace applications. The rare earth elements have
favourable effects on the mechanical properties of magnesium alloys, as well

as on a variety of other qualities.

The second main task of the research is to design and optimise the
microstructures of Gd-containing Mg alloys, studying the effect of different
alloying elements on the resulting microstructures and their corrosion

behaviour.

1.2 The structure of the thesis
The thesis consists of six chapters as described below,

Chapter 1 is the introduction of the research and describes the structure of

the thesis.

Chapter 2 is the literature review, evaluating and critically reviewing the

relevant literatures for this research.

Chapter 3 describes the experiment and analyses of the Al-20%Si alloy.
Chapter 4 describe the experiment and analyses of the Mg based alloys.
Chapter 5 is the discussion for the results described in Chapter 3.
Chapter 6 is the discussion for the results described in Chapter 4.

Chapter 7 is conclusion and comments on future work.



Chapter 2 Literature Review

In this chapter, the relevant literature and scientific papers published in the
field of biocompatible and biodegradable materials are critically reviewed and
analysed. In addition, the techniques that are used to melt and cast
magnesium Mg based alloys, and the microstructure characterisation
techniques, for example X-ray diffraction, X-ray imaging, and tomography as

well as electron microscopy, are examined and discussed in this study.

2.1 A brief description of the pulse magnetic field solidification device

Among various techniques available for the environment friendly grain
refinement, pulsed magneto oscillation method is efficient in terms of energy
consumption and achieving the desired mechanical properties by refining the
grain size of alloys [7]. In this work, a pulse electromagnetic device available
in Prof Mi’s group was used in solidification experiment of an Al-20% Si alloy.
Figure 2. 1 shows a 3D of the conceptual design of the electromagnetic pulse

device.

Variable
Charging Unit ———» '

Pulse Generator Unit

Furnace
Coil

Sample Stage
and linear stage

Figure 2. 1: Novel design of the electromagnetic pulse device consisting
electromagnetic energy charging unit and pulse generating unit based on developed

concept.



The energy charging unit consists of a variable transformer (Carroll &
Meynell, 6.72 kVA Variac, 240 V AC, 28 A) performing the following
functions; firstly it transforms the standard 240 V AC current obtained from
the electrical source point into currents of variable voltages ranging from 10
to 270 V. Secondly, it charges the capacitor bank (2050 pF, 800 V). This is
executed by connecting two series capacitor banks in parallel mode. Each
series capacitor bank consists of five capacitors and each of them
characterized by 820 puF and 400V. From the following expression the
potential difference generated into the capacitor as well as the energy stored
in terms capacitance and voltage can be obtained [15], [16].

-t
Ve =V [1 — e(ﬁ)] Equation 2. 1
Where t= R1Cln( — %)
And E = 0.5CVZ

where V is the charging voltage received from the transformer, Vc is the
voltage charged (potential difference generated) into the capacitor bank, t is
the charging time, R1 is the resistor that was utilized in the charging unit to
regulate the current through the charging circuit in order to control the
charging time, and C is a capacitance of capacitor bank. E is the energy
stored inside the capacitor bank. The profile of the voltage charged into the
capacitor bank using a 120 V current from the transformer with respect to
time is shown in Figure 2. 1. It was observed that the capacitor bank was fully
charged in a time period nearly equivalent to 226ms.

The second unit of the experimental set up is concerned to the
electromagnetic pulse generation where the energy stored in the capacitor
bank is discharged into the working unit. The helix metallic coil in this set up
generates the short magnetic flux pulse with high peak current [17]. The
following expressions can be utilized to calculate the voltage discharged and

the time needed to fully discharge the energy.



Vag=V, [e(i>] Equation 2. 2

t=—zCln (ﬁ) Equation 2. 3

Where V4 is the voltage discharged from the capacitor bank, and Z = 0.049,
and Q is the total impedance of the LC circuit.

The unique feature of the device is that a thyristor trigger switch is designed
and associated with the discharging circuit to control and optimise the release
of the energy stored inside the capacitor bank in terms of time, duration, and
repetition. This procedure is followed in the experimental setup to generate
programmable high magnetic flux pulses with tuneable amplitudes,
frequencies, and duration to be applicable to different alloys systems in the

process of solidification treatments.

2.2 Solidification structures of Al-Si alloy

The phase diagram shown in Figure 2. 2 furnishes the existence of various
phases like a -Al, Liquid + a, Liquid + Si, and eutectic Al + Si with respect to
variation in Silicon (Si) percentage and temperature. The eutectic
transformation of the liquid transforming into solid Al and solid Si during the
solidification happens to be at 557 °C for Si concentration of 12.6 weight
percentage [18]. In cast alloys of Al, Si is important alloying elements since
it does enhance the castability of the alloy to a greater extent. In addition, it
gives the advantages like smooth filling of the die and not promoting hot
cracking during casting processes. Being the hard phase Silicon happens to
increase the strength of the alloy to a greater extent upon alloying with Al
[18]-[20]. Further, the solidification path of the Al-Si alloy is influential in
deciding the mechanical properties of cast products.



1414 °C

Temperature

Si —>

Al + Si

12.6 % Weight Percent Si

Figure 2. 2: Al-Si Binary Phase Diagram [18].

The majority of aluminium casting alloys contain Si as a key alloying element.
Siis used as a major alloying element in aluminium casting alloys. Siis used
as a eutectic former to regulate the shrinkage that happens during the casting
process. Silicon is an excellent alloying element in metallic alloys. This is due
to the fact that it increases the fluidity of the melt, lowers the melting
temperature, reduces shrinkage during solidification, and is a relatively
inexpensive raw material to begin with. A further advantage of silicon is that
it has a low density, which may be beneficial in lowering overall weight of the
cast component. Silicon has a very low solubility in aluminium; as a result, it
precipitates as virtually pure silicon, which is hard and improves abrasion
resistance [1-7]. Silicon has a very low solubility in aluminium; as a result, it
precipitates as virtually pure silicon, which is hard and improves abrasion
resistance. During the initial stage of solidification formation, primary
precipitation of dendrites takes place. The following microstructure (Figure 2.
3) shows the presence of primary aluminium dendrite (a-Al) structure along
with the Al- Si eutectic phase in (Al-11.6 wt% Si) alloys [21].



u\,

Figure 2. 3: Microstructure of an Al-Si alloy [21].

In general, the hypoeutectic alloy contains Silicon up to 12.6 %. If the Silicon
percentage happens to be more than 12 then the Al- Si alloy is known as
hyper eutectic alloy. Precipitation of Silicon phase as well as the Aluminium
phase occurs simultaneously during solidification. In hypoeutectic alloys the
primary dendrites of Aluminium and eutectic Al -Si phases can be identified
clearly. The hypereutectic alloy solidification give rise to complex
microstructural features with higher percentage of eutectic Al - Si phase and
coarser silicon particles [18]-[20], [22]. Careful observation of the
microstructures of the solidified eutectic or near eutectic Al — Si alloy reveals
the presence of acicular or lamellar eutectic silicon dispersed in the
Aluminium matrix. When additional alloying elements other than Si, are
added to Al, the silicon precipitates into fibrous shape in matrix of Aluminium
[23]. Most of the alloying elements added to Aluminium are less soluble in

solid phase when compared to that of liquid phase. Due to this reason, during
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the solidification the solute dendrite formation is inevitable. This is also known
as “micro segregation” in Al-Si alloy. Actually, the size and distribution of
solute phase depends on solute concentration, the arm spacing of dendritic
structure and the grain size. This in turn influences the mechanical properties

of the alloy.

One of the major issues with the cast Al-Si alloy products is the defect
formations during casting. There are two different types of defects; Firstly,
the macro porosity occurs when the evolving gas is entrapped inside the cast
structure during solidification. Secondly, micro shrinkage occurs when the
molten liquid could not reach the inter dendritic regions during solidification
[23]. The present study involves the application of pulse magnetic field to the
molten alloy during solidifications and the precipitating particle of the liquid
experience vibrations during solidification due to the traversing pulsed
magnetic field. This in turn agitates the solidifying liquid and increases the
possibility of minimising the defect formations in the cast structure. This is

one of the intriguing facts of the present domain of research carried out.

2.3 Properties of Aluminium Silicon Alloys

The processes that happened all across the manufacturing process have an
impact on the mechanical characteristics of metal products. Metal may be
affected by defects created during each stage of manufacturing, and these
defects could remain or change the behaviour of the metal throughout later
processing stages. It has thus always been an important goal in the study of
metal manufacturing to ensure that an acceptable microstructure is
generated at each step with the least amount of flaws possible. The final
microstructure of aluminium alloy form castings is directly dependent on the
microstructure of the as-cast aluminium alloy since the only post-casting
processing that is typically performed is a heat treatment. Microporosity is a
microstructural feature of aluminium alloy shape castings that can have an
impact on the final properties of the castings. Microporosity is formed as a
result of the combined effects of volumetric shrinkage during solidification

and the precipitation of dissolved hydrogen during the casting process.
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In order to aid casting designers in achieving the greatest mechanical
qualities in the final product, it is necessary to develop a model that can
predict the production of microporosity in solidifying metal castings. Porosity
in castings is a defect that occurs as a consequence of the combination of
many processes, including volumechange, nucleation and development of
the solid phase, diffusion of dissolved components, and the interactions of
interphase surfaces. Cast technology and heat treatment processing can be
used to improve the mechanical properties of cast aluminium-silicon alloys
by increasing the strength of the soft matrix, decreasing the brittle fracture
risk in the polyphase regions, and increasing the degree of dispersion of the
dendritic structure. The hardening of a-aluminium solid solution's soft matrix
with point defects such as substituted atoms and vacancies, or the
precipitation hardening of dispersion particles in the second phase, may both
improve the strength of the solution's soft matrix.

2.3.1 Evaluation of mechanical properties and strength

Testing for both static (tensile, compression/shearing) and fatigue
mechanical properties is required for the first validation of a cast aluminium
casting process or as part of an auditing programme. Other testing
procedures include corrosion testing, cryogenic, permanent growth
dimensional testing, machined surface strain gauge testing and casting

dimensional (layout) testing.

Before delving into mechanical testing techniques for aluminium castings, it
is necessary to first understand the entire strategy to how mechanical testing
is addressed and investigated. Wrought materials have a texture created by
shaping or rolling. Recrystallization of wrought aluminium components owing
to heat processing after rolling, or during the tensile test bar removed. The
defined tensile test bar form implies that failure will occur in the decreased
gauge portion, reflecting the material's inherent mechanical condition. This is
not the case with many current cast aluminium components, and this issue
will discuss some of the factors to consider when determining the desired
mechanical qualities [1]. Mechanical strength is influenced by alloy

chemistry, solidification rate, phase size, homogeneity, and heat treatment
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protocol, these are basic metallurgical factors. Supplementary variables that
impact mechanical strength make assessing the underlying metallurgy of an
aluminium casting more challenging. Pores and oxide damage are two
frequent additional concerns. Both variables have caused stress
concentration. Porous and oxide type and amount might impact the amount
of specimen necessary to achieve a competent metallurgical result.
Statistical approaches may assist determine information composition.
Porous and oxides are noninherent metallurgical variables. The fracture
surface of a tensile test sample retrieved from a sand casting is depicted in
Figure 2. 4a:

Figure 2. 4: a) casting in sand with no side effects. b) A sand-casting process that
includes oxide effects. ¢) Gas gaps and oxides HPDC and d) Gas lower gaps and
oxides HPDC [2].
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There is an oxide present in this test sample, which is seen in Figure 2. 4b of
the same cast sample. The oxide may have helped to reduce the final tensile
stress and/or elongation. Images of fracture surfaces taken from High
Pressure Die Casting (HPDC) tensile test bars reveal both gas gaps and
oxides. The reduced elongation and final tensile stress were caused by both
secondary artefacts. The crucial issue in this example is that if the dispersion
of test results is considerable, the tensile fracture surfaces may need to be
examined to establish an alloy composition and/or heat treatment
programme. For unfavourable tensile test findings, the casting process
(metal filling turbulence tendencies) or metal treatment methods may need

to be investigated further.

2.3.2 Al-Si semi solid metal processing and heat treatment

Semi-solid metal (SSM) processing, which was developed more than 30
years ago at the Massachusetts Institute of Technology (MIT) (Spencer,
1971), is a metal casting process in which a mould is filled with partially
solidified metal with globular structure, rather than liquid metal, to produce a
finished product. Conventionally cast aluminium alloys are well understood
in terms of heat treatment fundamentals; however, the differences in
microstructure and solidification history of SSM components indicate that
heat treatment conditions that have been optimised for normally cast
materials are not pertinent to SSM modules [2,3] [3]. Precipitation hardening,
annealing, and homogenization are the three most common heat treatment
techniques used (T6 heat treatment). The T6 heat treatment consists of a
solution heat treatment, soaking, and ageing, with the parameters typically
used in industry being those proposed by the ASTM B917 and ASTM B91
standards: solution heat treatment at a temperature of 5401C, with residence
times that may vary between 6 h and 12 h, and then artificial ageing at 1551C,
with residence times that may vary between 3 h and 5 h, respectively. The
casting industry often specifies that a cast component should be solution
treated for 6 hat 5401C before being used in a final product. Several writers,
on the other hand, contend that the recommended temperature cycles are

far from ideal for components manufactured in the semisolid state [4]. In
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order to get a solid solution that is almost uniform in composition, the solution
treatment conditions are dependent on the casting procedure. Only a solution
heat treatment of 50 minutes at 5401C was necessary to provide a
homogenous distribution of silicon and magnesium in the -aluminium

dendrites of A356 alloy, according to Sivakumar [5].

Employing A356 formed by low pressure die casting, Zhang [6] investigated
the potential of using 30 minutes of solution treatment at 5401C with
A356.The alloy in the SSM procedures stays at semi solid temperature for a
much longer amount of time than in traditional casting techniques, and the
cooling rate is quicker than in high pressure die casting (HPDC). This results
in a more uniform structure for these components, as well as a reduced size
for the inter-metallic compounds that are positioned next to the eutectic
microconstituent and surrounding-phase globules. When applied to
components made in a semisolid state, these conditions may drastically
minimise the solution time for the T6 heat treatment. It should be observed
that the overall time required for the T6 heat treatment cycle has a significant
impact on the productivity and manufacturing cost of a cast component, and
as a result, there is a great deal of interest in determining whether it is

possible to reduce the time required for the solution heat treatment cycle.

2.4 Wear Characteristics of Aluminium Silicon Alloys

Over time, friction between moving parts causes wear on their surfaces [7].
Since the world's need for material and energy is steadily decreasing,
research on wear is becoming more prevalent across the globe. Knowledge
the mechanism of wear is expected to lead to a better understanding and
specification of the chemistry and surface treatment of the materials. The
following are the main principles for the various types of wear: Delamination
and oxidation are the most common signs of mild wear. Strong: adhesive and
diffusive. This method is both adherent and diffuse. Abrasive is the grade
assigned. Pitting: Exhaustion and an outside threat. It is useful to distinguish
between the following forms of wear, which are categorised according to the
nature of movement, or the media involved in a contact between joining

surfaces under an external stress. In Figure 2. 5, you can see the worn
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surfaces that are created as a consequence of various forms of wear.
Adhesive wear: When two smooth bodies move over one other, this kind of
wear develops [24]. Unidirectional or reciprocating motion may be used to
describe the relative movement. As a result, pieces of one surface are pulled
off and cling to the other, and these pieces may subsequently come off the
surface on which they were produced and be transferred back to the original
surface, or they may become loose wear particles (Figure 2. 5a). Because of
cyclic forces that operate on surfaces of interfacing objects, it has been
reported that adhesives used in reciprocating sliding situations wear out
faster than unidirectional ones. In addition, abrasive wear and high loads
usually cause this kind of wear, that happens when hard or soft surfaces
containing hard particles move on one other and plough a series of grooves
(Figure 2. 5b).

Figure 2. 5: Micrographs showing typical morphologies of different types of wear: (a)

adhesive wear, (b) abrasive wear, (c) corrosive wear and (d) surface fatigue wear [24].
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Wear due to corrosion ,corrosive environments cause this kind of wear, when
sliding occurs. Corrosions by products create a layer on the surface in the
absence of sliding, slowing or even stopping the corrosion (Figure 2. 5c).
Surface oxides like alumina (Al203) and chromium oxide (Cr203), which are
non-porous and adherent, may minimise corrosive wear on aluminium and
stainless steel. Wear and tear on the surface, repeated sliding or rolling on a
track causes surface fatigue. Surface or sub-surface fractures may emerge
as a consequence of repeated loading and unloading cycles on the material,
which may lead to its breakup and subsequent pitting of the surface (Figure
2. 5d).

2.4.1 Wear properties of cast Aluminium Silicon alloys

Some generally categorised processes such as moderate wear, severe wear,
and seizure wear cause material loss from sliding surfaces when these alloys
are moved dry (on the basis of wear rate) [9]. It has been possible to classify
the forms of wear debris created during the sliding process for these alloys
as either oxidative or metallic wear. It's unclear, though, just how the body's
natural ageing process works. As a result of the sliding conditions (load,
relative speed and the counter surface), the nature of the contact (pin on
disc/ring/bush), the metallic properties of the sliding surfaces, oxidation and
thermal softening behaviour of these alloys are generally held responsible for

the wear of these alloys.

2.4.2 Effect of Silicon on the wear of Aluminium based alloys

When silicon is incorporated with aluminium, it increases the metal's
resistance to wear. Adding silicon up to eutectic composition (12 percent
silicon) boosts wear resistance up to a point, but beyond that, it degrades,
according to several studies. However, there is no agreement on this point.
The transition point (a combination of contact load and sliding speed) may
be increased by as much as 20% when silicon content is increased. At low
loads, it was found that the wear rate for hypoeutectic and hypereutectic
alloys was same [8]. Alloy metallic characteristics are determined by their

structure. As a result, silicon morphology has an effect on wear behaviour.
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According to our previous findings, silicon crystal size, shape, and distribution
in the alloy are more important to the mechanical characteristics of these
alloys than their overall content. High ductility and reasonably high strength
are achieved by using small, rounded patrticles of eutectic or primary silicon
uniformly dispersed throughout the material. Due to differences in
mechanical characteristics, fracture begins at silicon particles after the matrix
has been distorted, resulting in reduced ductility, impact resistance, and

fatigue resistance when using faceted, acicular silicon crystals [7], [10].

Mechanical characteristics, including as ductility, impact strength, and fatigue
life, may be affected by changes in the morphology of eutectic silicon. It has
previously been said that silicon's morphology may be altered either by the
addition of a modifier such as sodium or antimony, or by increasing the
cooling rate during solidification. The improvement in ductility and fracture
toughness due to modification is significant, particularly at low solidification
rates. The shape of eutectic silicon changes significantly from plate-like to
practically spherical when alloys are heated. In addition to spheroidizing
silicon particles, heat treatment promotes dispersion and refinement even
more. Only at the grain boundaries can you find spheroidal silicon crystals.
Increased tensile strength may result from this heat-treated eutectic silicon
shape. Heat treatment of grain refined modified eutectic alloy seems to
significantly improve mechanical characteristics by altering the structure of
silicon crystals. Because to spheroidization, the likelihood of crack nucleation
or fracture of a silicon particle at the silicon-aluminium matrix contact is
reduced. Heat treatment has been shown to improve wear resistance [11],
although the impact of change on wear behaviour is insignificant [12].
According to the author, primary silicon crystals in eutectic matrix improve
thermal softening resistance and thus the transition point (load/speed) and

results of the same are given in Figure 2. 6 [13].
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Figure 2. 6: Micrographs showing typical morphologies of different types of wear: (a)

adhesive wear, (b) abrasive wear, (c) corrosive wear and (d) surface fatigue wear [25].

2.5 Relationship between hardness and mechanical properties of

aluminium-silicon alloys

Various notable casting alloys are derived from the Al-Si eutectic. In situ
composites are ductile and brittle, but their behaviour is complicated by the
fact that the eutectic silicon morphology changes from rod-like angular silicon
to flaky silicon to fibrous silicon and a complex regular morphology forms in

areas with a high concentration of silicon, which is the case in this case.

The widespread use of Al-Si alloys may be due to their outstanding
castability, fracture resistance, and superior technical characteristics that
have been established [1-5]. We studied the mechanical characteristics of
Al-Si alloys that were hypoeutectic, eutectic, and hypereutectic in
composition and structure. The addition of Si has been shown to cause a
considerable change in the tensile and hardness characteristics of materials
[6-10]. Alloys with varied silicon eutectic phase morphologies exhibit distinct

but distinct hardness-growth velocity and hardness-silicon interparticle
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spacing correlations, as determined by hardness and tensile property tests
performed on directionally solidified Al-Si eutectic alloys. Tensile property
studies reveal that hardness and 0.2 percent proof stress are both governed
by silicon interparticle spacing relationships of the same shape and form. It
is proposed that hardness can only be utilised to evaluate proof stress when
the eutectic structure exhibits a single silicon eutectic phase morphology in

its eutectic phase morphology in its proof stress [12].

According to Figure 2. 7, the hardness values of the substrate and W-

modified samples were compared to determine the hardness value.
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Figure 2. 7: Hardness chart for the substrate and W-modified samples [26].

It was discovered that the hardness of the Al-Si substrate rose from 65 HV
to 394 HV for the W treated specimens, with the hardness of the W modified
specimens being the highest. The creation of tiny granules on the top surface
of the changed specimen is responsible for the increase in hardness
observed. Along with grain refinement, which is found in changed specimens,
the addition of tungsten to the surface of the modified area may be
responsible for the significant increase in hardness (a rise of 606 percent with
respect to the substrate) observed in modified specimens. As shown in

Figure 2. 8, the surface hardness of the changed layer is higher initially and
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then progressively declines along the depth direction, confirming the
existence of a gradient in the pattern owing to the variation in cooling rate.

The findings of prior investigations [13] have likewise verified this.
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Figure 2. 8: Hardness profile along the depth direction [26].

As a consequence, the foregoing findings demonstrate that the Gas
Tungsten Arc (GTA) might be regarded as a potential alternative heat source

for the surface modification procedure (SMP).

2.6 Influence of Alloying elements on Al-based and Al-Si alloys

By employing a laser heat source to alloy Al-6.1Zn-2.9Mg-2.0Cu-0.15-Si
alloy with Cr, Almeida et al. [1] examined the microstructure and corrosion
behaviour of the alloy. They discovered that the corrosion resistance
enhanced significantly after surface alloying with Cr. The results of another
study conducted by Man et al. [2] on an aluminium alloy pasted with a layer
of SiC and Si3N4 powders and also modified the surface using a laser as a
heat source found that the formation of a metal matrix composite on the
surface results in an improvement in the cavitation wear resistance for

samples alloyed with Si3N4.
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2.6.1 Addition of elements to Al-based alloys

Almeida et al. [3] and Garcia et al. [4] reported that the addition of alloying
elements such as niobium, chromium, titanium, and silicon to aluminium
alloys resulted in an improvement in the surface properties of the alloys. An
experiment carried out by Liu et al. [5] and Mucklich et al. [6] on the surface
of an aluminium alloy substrate after coating with Ni revealed the
development of intermetallic compounds such as AI3Ni2, AI3Ni3, and AlINi
on the surface of the aluminium alloy substrate. According to Gordani et al.
[7], Razavi and Hasehmi [8], and Vaziri et al. [9], the development of
intermetallic phases by Laser surface alloying has been observed. Senthil
Selvan et al. [10] conducted TA research on the laser surface alloying of
aluminium alloy with nickel and reported that the aluminium nickel
intermetallic phase, precipitates are formed from the exothermic reaction
between aluminium alloy and nickel inside the molten pool, and that the
formation of intermetallic phase results in the improvement of hardness and
wear resistance of the alloy. In their research on Al-11Si alloy, Biwas et al.
[11] discovered that after surface altering with a laser, the wear resistance
rose dramatically, and the microhardness increased from 55HV to 87HV. E-
beams and lasers are two types of heat sources that are often employed for
alloying elements. Using a laser as a heat source, the degree of
crystallisation of the NiP coating on Al alloy, as well as the degree of dilution
with the substrate, were used to determine the behaviour of NiP on Al alloy.
Wong and Liang [12] and Watkins et al. [13] have shown that the interaction
time of the laser beam with the specimen is a function of the laser travelling
speed, and that both of these parameters are dictated by the laser interaction
time with the specimen. Susnik et al. [14] investigated the wear behaviour of
Al-Si alloys and discovered that the wear resistance was greatly increased
when laser surface melting was performed. The results of a recent research
done by Arul and Sellamuthu [15] on the GTA heat source reveal that the arc
efficiency may be increased by up to 75 percent. Saravanan and Sellamuthu
[16] investigated the viability of using GTA as a heat source for Surface
Refining Process (SRP) coverage on AIl-Si alloy in order to get more

coverage.
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2.6.2 Addition of elements to Al-Si alloys

The dendritic structure of the as-cast Al — Si alloy substrate is shown in Figure
1, demonstrating the elongated shape of the eutectic — Si, as previously
described by Saravanan and Sellamuthu [16]. The microstructure of the Al —
Si alloy treated with W by the surface modification technique is shown in
Figure 2. 9.

When compared to the as-cast microstructure, the changed structure is
substantially refined because tungsten particles are evenly distributed
throughout the modified area as a consequence of rapid cooling and also
owing to the dispersion strengthening process that occurs during
solidification in the SMP.

Figure 2. 9: a) Microstructure of as cast Al-Si Alloy. b) Microstructure of Al-Si Alloy
modified with W [26].

Boyuk [17] used the directional solidification process to add 4.2 percent Ni to
the Al -11Si alloy and discovered that the hardness of the base alloy rose
from 82HV to 130HYV for the Ni-added alloy, as well as an increase in tensile
strength. Farkoosh et al. [18] evaluated the impact of 1% Ni addition on the
surface of Al 7Si — 0.5Cu — 0.35Mg and discovered that an intermediate
phase (AI5FeSi) formed during solidification. The scientists indicate,

however, that the alloy's hardness will not drop in the 3000C temperature
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range owing to the thermodynamic stability of the AI5FeSi phase.
Venkateswara Rao [19] discovered that adding transition elements improves
the mechanical characteristics of an Al - 5.6Zn - 2.5Mg - 1.5Cu alloy.
Balasubramaniam et al. [20] studied the influence of 5% TiO2 particulates on
the hardness of an Al - 4.15Zn - 2.12Mg alloy manufactured utilising liquid
metallurgy and rheocasting processes and concluded that solid extrusions
with TiO2 had a greater hardness than semi-solid and semi-liquid extrusions.
Bharath et al. [21] investigated the effect of 12 percent Al203 addition on the
hardness and wear rate of an Al - 0.43Si - 0.80Mg - 0.7Fe alloy using the stir
casting technique and found that when reinforced with 12 percent Al203, the
hardness increased from 95HV to 180HV and the wear rate decreased from
14.7x10-4 mm3/Nm to 11.4x10-4 mm3/Nm. Sajjadi et al. [22] reported that
when Al metal matrix was cast utilising the compo-casting process, the
hardness rose from 63BHN to 79BHN.

Gopalakrishnan and Murugan [23] evaluated the wear behaviour of an Al -
1.2 percent Mg - 0.8 percent Si - 0.7 percent Fe alloy reinforced with TiC
particles using the stir casting process. They demonstrated that increasing
the TiC percentage results in a reduction in the composite's wear rate.
Himanshu Kala et al. [24] discovered that when the size of Al203 particles
decreased, the hardness values rose. Additionally, they noticed that when
the B4C level grew, the hardness values increased. Suresh and Moorthi [25]
observed that when TiB2 was added to an Al-1.08Mg-0.63Si-0.52Mn alloy
used to cast an Al metal matrix composite, the hardness rose from 65.53HV
to 72.46HV. Additionally, they noticed that the inclusion of TiB2 particles
enhanced the wear resistance. Huang et al. [26] investigated the effect of
SiC reinforcement on the hardness of an Al-Si - 18Cu - Mg - Ni alloy used to
fabricate pistons using the centrifugal casting technique. They found that the
hardness increased from 73HRB at the piston skirt to 97HRB at the piston
head and that the wear resistance was greatest at the piston head. Radhika
et al. [27] reported that adding SiC and Al203 to an Al-7.5Si-0.6Mg-0.5Fe-
0.1Cu alloy considerably enhanced the wear resistance and hardness.
Additionally, it was discovered that just adding Al203 particles to the alloy

increases the wear rate since it weakens the fracture toughness and destroys
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the lubrication layer. Saravanan and Sellamuthu [28] investigated the
hardness and wear rate of as-cast Al-Si alloys by varying the Si content from
4 to 16 wt. percent and using a Gas Tungsten Arc (GTA) as a heat source.
They discovered that the hardness and wear resistance of the modified

surface increase as the Si content increases.

2.7 Mechanical Testing of Magnesium Alloys Used in Implant Applications

The following mechanical properties of the magnesium-based alloys:
strength, ductility, toughness, shear yield strength and damping ability are
tested before the design process in finalising the parameters of the alloys in
medical applications [27]. The capability of the material to resist the external
load during the deformation process is known as strength. To determine the
strength and other related mechanical properties, the material is subjected to
incremental external loading and the strain in the material are observed. The
registered data is utilized to plot a curve between stress and strain. This is

also known as SS (Stress Strain) curve as shown in Figure 2. 10.
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Figure 2. 10: Engineering stress-strain curve. Intersection of the dashed line with the

curve determines the offset yield strength [28], [29].

The stress (S) of the material is obtained by the following expression: -

P :
Equation 2. 4

S =—
Ao

Where P represents load and Ao represents the original area of cross section

of the materials.

The strain (e) is given by the following expression,

§ AL L-L .
=== Equation 2. 5

e=—=
Lg Lo Lo

Where & and AL represent the elongation in gauge length, and the L

represents the length of the specimen after the deformation due to specific

load. Lo represents the original length [28]. The nature of the drawn SS curve
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depends on the following parameters of the tested material: composition of
the alloy, heat treatment and conditioning, prior history of plastic deformation,
the strain rate of the test, temperature at testing environment, and orientation
of applied stress relative to the test specimens’ structure, size and shape of
the specimen utilized in the test. The SS curve can be successfully explored
to calculate the mechanical properties of the test material such as resilience,
elastic limit, ultimate tensile strength, yield strength, offset yield strength,

toughness, and modulus of elasticity etc. [28], [30].

2.7.1 Mechanical properties of Mg alloys with various alloying

According to the medical point of view, the selection of appropriate alloying
elements for Magnesium alloy design mainly focus on the biocompatible
nature of the alloy with human tissues in real time applications. Metallurgy of
alloy systems considers the improvement of mechanical properties by
addition of alloying elements in minimum quantities without much affecting
the corrosion behaviour of the alloy in bodily fluids. It is reported that the
corrosion products can influence the healing process of human body after
implant surgery [31]. Calcium is one of the prominent alloying elements for
Magnesium based alloy system since it can promote bone healing in human
body when released as corrosion debris [32], [33]. Another research reported
that the excess calcium addition to Magnesium alloy results in deterioration
of the mechanical properties and the prescribed maximum amount of Ca in
Mg alloy is 1 % [34]. Strontium (Sr) is another promising candidate in
biodegradable Magnesium alloys used in medical applications, to improve
the growth of osteoblasts [35] and increase the mineral density of human
body [36]. The improved mechanical properties of the Mg alloy with Sr is
attributed to the formation of Mg17Sr2 precipitated along the grain boundaries
(Figure 2. 11).
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Figure 2. 11: Cross-sectional microstructures of as-cast samples; (a) Mg-0.5 Sr, (b)
Mg-2.5 Sr (c) Sr and Mg-6 Sr [37].

Silicon (Si) is another alloying element, which can improve the mechanical
properties of Mg alloy. A study registers that the addition of Si leads to
formation of Mg2Si as precipitates in the matrix, promoting the galvanic
corrosion in bodily fluids acting as electrolyte. Aluminium is considered as
one of the alloying elements options in Mg alloy systems used in medical
application since it provides good corrosion resistance to the alloy when
added and improves the mechanical properties to a desired level [38], [39].
Figure 2. 12 shows that the strength of Mg alloy improves as the percentile

of Aluminium increases from 5 % to 7%.
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Figure 2. 12: The stress-strain curves of the extruded Mg-Al-Sn-Mn alloy [39].

Zinc improves the biocompatible nature of the Mg based alloy system with
human tissue by being one of the trace elements of human body [40]. In
addition, Zn improves the mechanical properties of the Mg alloy when added
in specific amount, by promoting the solid solution and precipitation
strengthening [41]. Therefore, | have concluded that zinc will be used as an
alloying element in my experiments. | will not use aluminium although it was
used by different researchers as well as, it can be melting in Advanced
Materials Lab at the University of Hull, because of its drawbacks in the field
of biomedical applications. A study describes that the presence of Aluminium
in Human body as a strange or an alien element can affect the nerves system
and may lead to a disease called Alzheimer when added excessively to the
alloy system [42]. Rare earth elements can be added in a future study since
some researchers have reported that the rare earth elements can effectively
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improve the mechanical properties of the Mg based alloys when added in
minimal quantities [43], [44].

2.7.2 Heat treatment effects on Mechanical properties of Mg Alloys

Several heat treatment techniques are followed in improving the mechanical
properties of the Magnesium based alloys depending on the nature of the
various Mg alloy systems. Some of the methods are solid solution treatment
(T4), Aging treatment (T5) and the solution treatment combined with artificial
aging (T6) [45].
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Figure 2. 13: Stress — strain curves for magnesium alloy AZ31 after aging at 180°C
for different times (given at the curves): a) without preliminary deformation; b )
before aging with 0.5% deformation; SD) state as delivered; ST) after solution
treatment [46].
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A study related to optimizing the mechanical properties of AZ31 magnesium
alloy in terms of heat treatments, reveal that the optimum mechanical
property is obtained when artificial aging carried out at 180 °C for 1 hour after
solution treatment at 400 C for three hours and water quenched. Moreover,
this study employed the deformation of specimen before aging treatment
[46]. Figure 2. 14 shows the stress versus strain curves of magnesium alloy
specimens with and without deformation history. In both cases, the maximum
strength is achieved after 45 minutes to 60 minutes of artificial aging
treatment. The strength of the alloy depends on the size and shape of the
precipitates formed during the aging treatment. Actually, the thermodynamics
of aging treatment with respect to aging temperature and time decides the
precipitates formation kinetics. Under aging and over aging are not resulting
in improved mechanical properties since they cause non uniformity in
distribution and coalescence of precipitates, respectively. The peak aging
leads to improved mechanical properties by achieving the uniformity in
precipitate distribution in matrix and desired shape and size, depending on

the time and temperature of aging [47].
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Figure 2. 14: Effect of 6 h of solid solution treatment on the yield and tensile strength
of Mg-1.5Zn and Mg-9Zn alloys [48].
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When Zi nc is added to Magnesium alloy system it improves the mechanical
properties since it exhibits higher solubility in the alloy [49]. Higher solubility
leads to possibility of significant addition of the alloying element in the system
and hence the higher precipitation formability in quantitative nature. A
research work concentrated on the aging studies of Magnesium — Zinc
system, involving solid solution strengthening (T4 treatment) at 340 °C for 6
hours, observed that the strength and the elongation of the alloy are
improving significantly. In addition, the study reported that the improvement
in mechanical properties can be attributed to the presence of residual
precipitates namely Mgs1Zn2o and Mgi2Znais. Interestingly these two types of
precipitates were identified to exist more along the grain boundary regions.
Being higher energy regions, the grain boundary regions promotes hindering
effects to the dislocation movements and hence the strength of the materials
improves. The presence of aforementioned precipitates promotes the action
of the grain boundaries in improving the strength by providing a synergic
effect [48].

When rare earth elements are employed as alloying additions then the
magnesium alloy is usually subjected to heat treatments at temperature
range 500 - 530 °C to achieve over saturated solid solution. Further artificial
aging is carried at temperature ranging from 150 °C to 250 °C resulting in
much improved mechanical properties. A similar study reports that the Mg-
Nd-Zn-Zr alloy after artificial aging at 200 "C for 10 hours of time period
exhibits improved mechanical behaviour due to the observed precipitation
strengthening effect [50]. In another study, solid solution strengthening as
well as artificial aging of Mg-Y-Nd alloy was carried out and the mechanical
testing registers a yield strength of 133 MPa, ultimate tensile strength of 235
MPa and increased elongation of 15.4 %. The significant increase in
mechanical properties are attributed to the precipitation strengthening effect
[51]. A group of researchers were interested in finding the effect of solution
treatment combined with the equal channel angular press (ECAP) and low
temperature rolling. In this study AZ 91 alloy was solution heat treated (SHT)
at 430 °C for 20 hours and quenched in water. Further the alloy was subjected

to ECAP for eight passes at 300 °C followed by low temperature rolling at
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room temperature, 100 “C and 150 °C in hot rolling machine. The mechanical
characteristics of the aforementioned alloy after the solution treatment, ECAP
and hot rolling can be observed from Figure 2. 15. Figure 2. 15a shows the
hardness value of the alloy specimen increases with low temperature rolling
at room temperature. In addition, the same behaviour is observed with
increase in rolling temperature [51].
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Figure 2. 15: (a) The hardness comparison of the AZ91 alloy at different processing
state, and typical engineering stress-strain curves of AZ91 alloys processed by (b)
solution heat treatment (SHT), SHT + rolling at different temperature; (c) SHT +
ECAP 8p, SHT + ECAP 8p + rolling at different temperature; and (d) tensile
properties comparison of samples in (c) [51].

Figure 2. 15b shows the increase in strength of the alloy as the rolling

temperature increases, ¢ and d, clearly reveal that the strength increases
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significantly, when alloy is subjected to solution treatment, ECAP and low
temperature rolling. The improved mechanical properties are attributed to
precipitation strengthening after solution treatment, increased dislocation
density and grain refinement after ECAP and low temperature rolling [51].
The literature of mechanical testing of magnesium-based alloys in medical
applications clearly describes the necessity and types of mechanical
characterisations to be carried out to test the implant materials in terms of

various parameters and applications.
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2.8 Biocompatible Alloying Elements

In biomedical applications, metal-based materials that are used as implants
in the human body should be biocompatible, have high corrosion resistance
or be inert, and have mechanical properties that are very similar to the body
part that is being replaced. Biocompatible materials are defined as materials
that collaborate with parts of the human body, or body tissues, and which
totally or partially facilitate its function. As biocompatible materials have just
been defined, another important term in the field of biocompatible materials
needs to be explained, which is incompatibility. Incompatibility is defined as
when the mechanical properties of a metal are not compatible with the

mechanical properties of the human body member that it is going to replace.

Fe, Zn, and Mg are considered basic biodegradable materials for biomedical
application. Fe was recorded as the first element that was used in the human
body as bone replacement and then afterward in dental treatments [52]-[53].
Various biocompatible materials have been used over the last decade, but
the most common applications are heart valve prostheses and artificial hip
joints [54]. With regard to aluminium, Mg—Al alloys have to be avoided in the
field of biomedical applications, except in the analyses and examination of
refinement processing and surface modification technologies such as
coatings [55]. Rare earth elements such as yttrium, lanthanum, cerium, and
neodymium can improve the structure and properties of cast Mg alloys. A
new study shows intermetallic C36 leaves type phase forms during
solidification process when aluminium (Al) and calcium (Ca) added to
magnesium. Armco iron (Fe > 99.8%) was implanted as a biodegradable
material for the first time in the descending aorta of New Zealand white
rabbits in 2001 [56]. The results from the implantation of the first Fe stent
showed no significant evidence of either an inflammatory response or
neointimal proliferation, and organ examination did not reveal any systemic
toxicity. However, the slow degradation rate (0.16 mm year 1) and the
ferromagnetic nature of pure Fe led to problems when this material was used
as an implantable device [5]. The addition of manganese (Mn) increased the

degradation rate up to 0.44 mm year-1, but it still does not have wide
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application. At present, Mg alloys have attracted great attention as
biocompatible materials and as orthopaedic biodegradable implant materials
due to their perfect biocompatibility and similar mechanical properties to
natural bone [31]. One of the best alloying element compositions is Zn with
Mg, as it has been concluded that amorphous Mg—Zn alloys have excellent
strength, high corrosion resistance, a low hydrogen evolution rate, and good
biocompatibility in animals [57]. As the advantages of magnesium based with
aluminium outweigh other elements, | decide to use Mg alloys with Zn

element in my study.

At the initial stages of utilisation of Magnesium based alloys in clinical field,
some issues were raised regarding the nonuniform degradation of the
secondary phases and primary a Magnesium phase in bodily fluids as
electrolytic medium. Then the corrosion problem was minimised by proper
design of Magnesium alloys with appropriate alloying elements such as Zn
and Ca with desired quantitative measures [58] [59]. Some of the research
works concentrated on the development of Magnesium alloys with elements
either Zn or Ca, where as many works opted for the alloy design with
inclusion of both elements along with others to develop a perfect combination
to improve the alloys properties to expected level. One such work carried out
by Xi et al. has proved that the Magnesium alloy with composition (Mg-
2.0%Zn-0.5%Y-0.5%Nd) is user friendly in vascular stent applications. The
aforementioned alloy is prepared by cyclic extrusion compression technique
to achieve homogeneous nano-particle distribution with improved
mechanical properties as well as degradation resistance [60]. Another study,
came up with statements of supporting Magnesium Zinc alloy system,
prepared by clean melting process and utilizing high purity elements, capable
to be used as bio implant material with mechanical properties such as the
tensile strength of 279.5 MPa and elongation achieved equivalent to
18.8%.Also the grain refinement of the alloy has led to the improved
mechanical properties as mentioned [61]. As the search for new materials in
implant applications continued, some research work concentrated on
developing Magnesium alloys with Aluminium and Rare earth elements. It is

reported that, Aluminium in human body causes disturbances to neurons,
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Alzheimer’s disease, [62] osteoblasts, [63] and hence the Aluminium added
Magnesium alloys are inappropriate for the bio implant applications. Another
report furnishes that the rare earth elements added to Magnesium alloys
could cause hepatotoxicity in human body [64]. Yttrium ions ( Y3*) lead to the
adverse effect in rat research showing DNA transcription [65] . Hence it is
well-understood that the Magnesium alloys developed with additions of
Aluminium induce harmful effects to the human body and are not suitable for
the implant applications. This necessitates the find for appropriate
Magnesium alloy to be used in implant applications with biodegradation in
bodily fluid to an acceptable level. Song et al. [66] carried out a research to
analyse the corrosion rates of Magnesium based alloys and reiterated that
Magnesium alloy with Ca, Mn and Zn additions are suitable for the implant
applications. In the similar domain of work, few research works stated that
Mg-Ca [6] and Mg-Mn-Zn [67] alloys exhibit a degradation pattern in bodily

fluids which are biocompatible according to medical standards.

2.8.1 Zn Alloys for Biomedical Applications

Zn is one of the most abundant nutritional elements in the human body, and
it is one of the essential elements for metabolism. Zn metal and its alloys are
considered to be promising candidates for biomedical applications,
particularly in orthopaedic implants and some cardiovascular treatments,
however, Zn has low strength and low plasticity, which results in
disadvantages when using Zn or its alloys for biodegradable applications
[68], [69]. Zn is also an important alloying element with a relatively high
solubility in Mg. Zn contributes to the mechanical properties of the alloy. One
of the most important research findings is that the improvement in
mechanical performance of Mg—Zn alloys with Zn content up to 5% of weight
is because of the fine grain size strengthening, the solid solution
strengthening, and the second phase strengthening [70]. In one study, X-ray
photon spectroscopy (XPS) illustrated that ion implantation formed a thin Zn
layer in rich metallic state. A thin, Zn-rich surface layer exists in the metallic

state, which may happen as a result of galvanic corrosion. Moreover, the
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mechanical properties were not affected by the formation of Zn ion
implantation [71].
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Figure 2. 16: (a) Polarisation curves of pure magnesium and Zn implanted
magnesium in Simulated Body Fluid (SBF). (b) Surface and cross-section
pictures of the samples after immersion in SBF for 18 h. (c) Load on sample
as a function of displacement into surface for (Hardness measurements test).
(d) Hardness and elastic modulus of pure magnesium and Zn implanted

magnesium [71].

In terms of mechanical properties, Zn has insufficient strength, with a tensile
strength of 20 MPa, 0.3% elongation, and low hardness with approximately
25 Hv, which constrains its use as a clinical biodegradable material [72]. With
regards to degradation rate, the degradation rate of Zn-based alloys is about
guarter lower than that of pure Mg when immersed in simulated body fluid
(pH = 7.4), and its excellent biocompatibility could provide a new alternative

for overcoming the challenges of Mg alloy systems [61].
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2.8.2 Other Metals for Biomedical Applications

There are metal-based elements other than Mg and Zn that could be
discussed in this chapter, although they will not be used in the experimental

work of this thesis.
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Figure 2. 17: Morphological particle analysis of powders as shown by SEM: (a) iron
and (b) manganese; particle size distributions are also given for (c) iron and (d)

manganese particles [73].

There are other materials that could be used for biocompatible application,
such as titanium (Ti), stainless steel and/or Fe, zirconium (Zr), chromium
(Cr), tungsten (W), and molybdenum (Mo) [74]. Fe-based alloys are the most
popular in the field of biomaterials and are a preferable material for body
parts that sustain a load, as they have high strength with a medium corrosion
rate. Pure Fe exhibited a low corrosion rate when it was firstly implanted in
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vivo, but after 35% manganese was added to Fe, the corrosion rate
increased, (Figure 2. 17) [73], [75].

Therefore, low corrosion rates are considered to be one of the worst
problems associated with pure Fe and Fe alloys as biocompatible and
biodegradable materials. Ti and its alloys have been widely used as
biocompatible and biodegradable materials in the field of biomaterials (Figure
2.18) [76].

Figure 2. 18: Different biomaterials made from titanium and its alloys [76].

It has been concluded that Ti experiences a high corrosion rate, and it has
been shown that Ti containing palladium (Pd) demonstrates a high corrosion
resistance in the in vitro state. Moreover, Ti alloys, particularly a-phase, have
excellent properties such as high strength, good resistance to corrosion, and
low density, which make them promise biocompatible materials. | have not
decided to make titanium alloys since the facilities in Advanced Materials Lab
at the department cannot melt to high temperature like titanium melting point.
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2.8.3 The Effect of Alloying Elements on Physical and Mechanical
Properties

The basic design consideration of alloy systems to accommodate the
tailormade properties of the metal by addition of appropriate alloying
elements depends on critical change in corrosion properties of the metal
when alloyed with other elements. By proper design of the alloy system, the
metallurgical and mechanical engineers can ensure the oxidation and
corrosion resistance of the metal is retained to a greater level with specific
alloying elements selection. This concept is applicable to Magnesium based
alloys also.

In general, there are three major categories of Magnesium based materials;
First the pure Magnesium itself, secondly Magnesium alloyed with Aluminium
(AZ91, AZ31 and AE21 GROUPS) and thirdly the Aluminium free alloys of
Magnesium containing Calcium, Lithium, Manganese, Yttrium, Zinc,
Zirconium etc,. As mentioned in earlier statement some of the alloying
elements are added to improve mechanical properties by grain refinement,
formation of intermetallic leading to improved strength, few of them are
included to enhance the corrosion behaviour of the alloy as a whole and
some are added to improve formability of the alloy and hence the
manufacturing processes. Especially in implant applications, the alloying
elements that are bio compatible with human tissues, preferred to make an
alloy of improved and desired level of properties. Calcium, Manganese, Zinc

and Rare earth elements are coming under this category.

A researcher stated that a small addition of Rare earth element along with
Manganese and Zinc increases the corrosion resistance of Magnesium with
tolerable biocompatibility [77]. In general, Manganese in minor quantity is
added to many alloy systems to improve their corrosion resistance. When the
Rare earth elements are added to magnesium alloy systems, the flow rate of
the Mgz2* in corrosion reaction is decreased and hence the corrosion rate of
the alloy tends to decrease [78]. Actually, the Rare earth elements are mostly
inert in nature and do not contribute to the corrosion process. Another

research revealed that the Rare earth elements associate with Calcium and
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Phosphorous to form a complex oxide layer which tend to resist further
corrosion during exposure to corroding atmosphere [31] , [77]. While
selecting metals and their alloys in the field of biomedical applications, the
following properties need to be accounted for such as: corrosion resistance,
biocompatible properties, mechanical properties, and wear resistance. In
some applications, thermal and electrical conductivity are also important.
Chemical and physical properties of biocompatible materials should be
examined at clinics and medical centres. Furthermore, the in vivo relationship

with the host organs of the human body should be also analysed [80].

2.8.4 Magnesium (Mg) and Mg Alloys for Biomedical Applications

There are a lot of types of metallic elements that are widely available in
engineering applications, but magnesium is considered one of the most
complex elements in terms of mechanical, chemical and physical properties,
as a result, the usage of magnesium has been limited [81][82]. Magnesium
are much more suitable than other metals or even than polymers or ceramics
in terms of biomaterials applications because of their mechanical properties
are similar to mechanical properties of human body particularly to bone [83],
[84]. Although some polymers such as polylactide acid polyglycolic acid have
widely been used as biocompatible materials, but they are not suitable for
load bearing applications, in addition, ceramics such as (hydroxyapatite) are
also not preferable materials for load bearing applications. In contrast, the
currently used metallic implant materials such as titanium, cobalt-chromium-
based alloys and stainless steels, have higher modulus of elasticity than
bone. Mg is a chemical element with atomic number 12. It is the ninth most
abundant element in the earth and the eleventh most abundant element by
mass in the human body. It is essential to approximately all cells and about

300 enzymes and magnesium is naturally occurring in bone tissues [85].

Mg is considered to be one of the lightest metallic elements, with a density
of 1.738 g/cm?, and an alloy density between 1.75 g/cm®and 1.85 g/cm? [86].

Mg and its alloys have been extensively explored as possible biodegradable
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implant materials for orthopaedic application, such as fracture fixation.
However, the rapid corrosion of Mg-based alloys in physiological conditions
is a barrier to be overcome in therapeutic application. Mg metal and its alloys
are promising biocompatible materials with appropriate biocompatible and
mechanical properties that biodegrade inside a biological system [52]. Mg
was first examined as a metal-based material for diverse orthopaedic
application in 1900, yet the study did not completely succeed because Mg,
at that time, had inadequate mechanical strength (pure Mg). In addition, there
was insufficient production of hydrogen gas during the in vivo degradation
process [87]. Mg alloys, especially those containing rare earth elements,
seem to be suitable for use in biomedical applications, and for use as implant

materials in bone surgery.

There are many factors that need to be considered when choosing Mg as a
base alloying element for a biocompatible material, the most important factor
is biocompatibility. Other factors are wear and corrosion resistance, which
are needed in long-term implantation in the body, especially toxic metals ions
such as Cr, Ni, and Co, which lead to reduced biocompatibility of the material.
One of the best advantages of Mg metal as an implant material is its
degradation under physiological conditions, which makes it unnecessary to
do another operation to remove the implant after recovery, moreover, excess
Mg might result from the corrosion process can be excreted via the urine [88].
Mg has a hexagonal structure with only two easily organised independent
modes of deformation. Therefore, failure is more likely to occur before
activation of other required deformation modes such as dislocation glide,
twinning, or grain boundary sliding. One of the major characterizations of Mg
alloys that makes it good promising material as an orthopaedic
biodegradable implant is their perfect biocompatibility and good mechanical
properties that are very close to those of natural bone, no other element has
a closer properties to bone than magnesium [89]. One of the major

disadvantages of magnesium is the low corrosion resistance it has [90], [91].
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2.8.4.1 Magnesium Based Alloys for Implant Applications

In pure state, the Magnesium in elemental form is thermodynamically
unstable due to its existence in meta stable state. When exposed to
atmospheric conditions, Magnesium surface tend to oxidize to form thick
greyish and amorphous Magnesium oxide layer. It is determined that the
oxidation rate of the pure Magnesium in atmospheric condition happens to
be nearly equal to 0.01 milli meter per year. Also the corrosion rate of the
aforementioned element in salt water resembling the sea water is nearly 0.30

milli meter per year [92].

2.9 Microstructures of Mg-Gd Based Alloys

Figure 2. 19 is the binary equilibrium phase diagram of the Mg—Gd alloy.
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Figure 2. 19: Magnesium- Gadolinium phase diagram [93].

Intermetallic phases MgsGd, MgsGd, Mg2Gd, MgGd, a-Gd, B-Gd and solid
solution of Mg are present in the equilibrium state. Almost all the intermetallic

phases between Mg and Gd are formed by peritectic reactions.
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In addition, the eutectic equilibrium and the eutectoid equilibrium are
associated with the allotropic transformations of Gd as described below:

B-Gd » a-Gd + MgGd

The eutectic temperature of the Mg-Gd alloy is ~540 °C. The composition of
the alloy at this temperature consists of 40%wt Gd. The maximum solid
solubility of Gd in Mg is ~24% at eutectic temperature. According to the phase
diagram, at room temperature, the MgsGd intermetallic phase contain
~50%Gd [93].

2.9.1 Microstructures of Mg-Gd-Nd Alloy
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Figure 2. 20 Binary phase diagram of Magnesium- Neodymium system [94]

Figure 2. 20 shows the binary phase relationship between Magnesium and
Neodymium. It exhibits the various phases of Mg-Nd system with parameters
like temperature and Gd atomic percentage. It can be noticed that at lower
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Gd percentage (Less than 20 atomic percentage) the predominant phase
observed is Mg41Nds. As the Gd percentage increases, the possibility of other
intermetallic phase existence like MgsNd, MgzNd, MgNd are noticed [94].
Figure 2. 21 shows the Iso thermal section at 300 °C of Magnesium-
Gadolinium- Neodymium system. It is reported that the formation of MgsGd
phase with ternary extension leads to an important solid solution phase. In
the ternary system, the intermetallic phase Mg41Nds has a very narrow solid
solubility value around 2.5 atomic percentage of Gd. But the MgsGd
intermetallic phase with ternary extension has higher solid solubility in the
ternary system when compared to that of the former mentioned phase [95].
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Figure 2. 21:Ternary phase diagram of Magnesium- Gadolinium- Neodymium

system (Iso thermal section at 300° C) phase [95]

45



Figure 2. 22: Ternary phase diagram of Magnesium- Gadolinium- Neodymium

system (Liquidus Projection) phase [95]

The liquidus projection of the Magnesium- Gadolinium- Neodymium system
(Figure 2. 22) reveals that at lower percentages of Gd and Nd in the ternary
system, the following phases are observable; primary Mg, MgsGd, Mg41Nds
and MgsNd.

2.10 Corrosion Behaviour of Biomaterials

Wear that results from an oxidation process, or chemical substances from
the surrounding atmosphere can occur in materials and alloys. The resultant
wear can cause damage to the surface or to the structure of material; the
ability to cope and withstand oxidation and chemical damage is called

corrosion resistance [96], [97].

2.10.1 Biocompatibility of Magnesium alloys with human tissues

Magnesium is the first option category element among many in the material
selection for the base element of biocompatible and bio degradable materials

design, since:
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a) it is one among the most abundantly available elements on earth crust as
quantitative value nearly equal to1.3 Mt/km?3 [98].

b) interestingly it has a distinct advantage of having specific gravity value of
1.7 g/cm3, which is nearly equivalent to that of human bone specific gravity
namely 1.75 g/cm?3. The specific gravity value of Magnesium is approximately
two third of the specific gravity of Aluminium and one third of specific gravity

an alloy Ti6Al4V used in bio implantation applications.

C) it possesses a very important mechanical strength property as specific
strength of numerical value nearly equivalent to 475 GPa.cm3/g when the
alloy is casted through fast solidification technique which is higher than that
of Ti6Al4V by two-fold.

d) It has a low elastic modulus value equivalent to 45 GPa which is almost
near value to that of human bone of elastic modulus 50 GPa. This elastic
modulus value of Magnesium is only half of the value of modulus of Ti6AI4V
alloy, compelling the research community to proceed with a material
replacement in the form of Magnesium alloys in bio implant research recently,
since the common problem identified with the developed bio implant
materials arose due to the greater difference in elastic modulus between the
material and the hosting human tissues registering stress shielding effects in
human bodies implanted with bio implantation parts. Hence, pure Magnesium
and Magnesium based alloys are about to replace the existing bio

implantation materials in near future.

e) It is an element finding the importance in the formation of biological
apatite’s and it might become a major replacement for the bio implants used
for bone replacement since the bone matrix requirements in implant research

data automatically falls nearly to the properties of Magnesium [99].

In another bio implant research, It is revealed that the magnesium coated on
Aluminium improves the attachment and spreading of human cells where the
same is not observed when the tests are carried out with Aluminium only
[100]. Very importantly, Magnesium does not lead to intoxication in human

body when it is used as implants, because the human body accepts the
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meagre amount of magnesium ions released into the human system over a
prolonged time period since it is biocompatible with human body. Therefore,
biodegradable Magnesium implants research is under way and will reveal
very interesting out comes sooner or later [101]. Biocompatibility is one of the
important factors among many in bio implant research and material design.
The existing literature insists that the importance of carrying out the
biocompatibility related research of Magnesium and Magnesium based
alloys to the fullest potential in order to realize the applications of Magnesium
and Magnesium based alloys in implant manufacturing industry in near
future. It also opens another big investigation domain concerned to the
corrosion behaviour of the Magnesium and Magnesium based alloys in
biological and cytotoxicity environments. Some of the registered research
information’s about corrosion behaviour of the Magnesium and its alloys
state that the metal or alloy containing Magnesium has a topographical
transformation to magnesium hydroxide further changing to soluble
Magnesium chloride upon exposure to aggressive chloride ion containing

environments[101].

2.10.2 Corrosion Behaviour of Magnesium and other Alloys

Corrosion, another electrochemical process, can be controlled in a manner
such that Mg based implants with controlled rates of biodegradation are
feasible. Amorphous alloys have diverse beneficial properties, as they are
likely stronger than crystalline alloys of similar chemical composition and can
withstand higher deformation than crystalline alloys. Fe-based amorphous
alloys have been extensively studied based on their low cost and likelihood
of obtaining high corrosion resistance. Moreover, amorphous structures are
free from many faults that affect the properties of the produced alloys, such
as Taylor’'s dislocation and the most popular 2D defects, grain boundaries
[102]. Fe-Cr based amorphous alloys have been widely studied and analysed
using two methods of production: BMGs, and coating and ribbon design. It
has been proven that Fe-Cr based materials have great corrosion resistance
and excellent wear resistance in comparison with other amorphous materials.

Heat treatment, or annealing can adjust the properties of Fe-Cr based
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amorphous alloys, in particular the corrosion resistance. It has been
concluded that the influence of structural relaxation on corrosion resistance
depends on the composition as well as the corrosive environment [103]. For
example, the inclusion of alloys can significantly advance the corrosion

resistance of the metal alloy [104].

Chromium (Cr) is considered to be a vital element when corrosion resistance
is desirable in Fe-based amorphous alloys and has obtained better results in
Fe-based amorphous alloys than in stainless steel. Therefore, Fe-based
amorphous alloys may supersede stainless steel alloys in various
applications, as Fe based alloys have a lower cost than stainless steel
(Figure 2. 23).

Many studies have been done for other magnesium-based alloys to study
both corrosion resistance and wear resistance. Magnesium materials tend to
degrade too fast for Orthopaedic application under the condition of
physiological stress [105], [106]. To overcome this problem Mg alloys with
improving alloying elements are produced. There are several alloying
elements available which are known to enhance the corrosion resistance of
Mg (aluminum, manganese, zinc, rare earth elements and yttrium), which are
used to tailor the mechanical properties of the implant and the corrosion rate
of magnesium. Moreover, protective coatings can be added to the produced
materials with no toxicity and with biocompatible and biodegradable
properties. Great attempts are done to find non-cytotoxic alloying elements

which can improve mechanical properties and corrosion resistance.
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Figure 2. 23: Cost of different materials in relation to tensile strength [107].

Because materials with a thickness less than 6um usually experience pitting
corrosion, it can be concluded that deposition of a multilayer coting or the
addendum of other elements leads to significant development of corrosion

resistance.

2.10.3 Corrosion Behavior of Magnesium Alloys

In a research article, it is mentioned that the critical level of chloride ion
concentration which will initiate the pitting of Magnesium due to galvanic
corrosion is 0.002 to 0.02 M NacCl. Also, it is mentioned that the critical ion
concentration increases with increase in pH value of the electrolyte. Hence
these researches are raising the concerns over the utilization of Magnesium

and Magnesium based alloy in bio implant applications [108]. Further the
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literature survey is extended to the research domain of corrosion behaviour
of Magnesium and Magnesium based alloys [109]. Like Aluminium,
Magnesium is also an element which depends on forming an inherent oxide
layer over its surface upon exposure to ambient conditions so that the further
surface degradation is hindered. The inherent oxide layer of Aluminium is
studied in detail and have been reported in literature for several decades. But
the passive layer behaviour of Magnesium with various atmospheric
conditions are yet to be understood fully. The passive layer is one which
prevents the outward diffusion of cations and inward diffusion of damaging
anions in red- ox reactions. Moreover, if the inherent oxide layer is stable
then it adjusts itself with self-repairing ability when localised corrosion is
experienced at the topography [110]. In reality, the corrosion rate of
Magnesium in electrolytes of physiological environments falls into higher side
and revealing its limitations to be utilized as replacement material in bio
implant applications. Actually, during the exposure to aggressive
atmosphere, the Magnesium surface transforms into Magnesium hydroxide
having a grey colour and decreases the further possibility of corrosion to

some extent.

The Magnesium hydroxide films are water soluble and maximum corrosion
can occur when the chloride ion concentration in the electrolyte is reaching a
numerical value around 150 milli mols per litter. Further, the reaction leads
to the formation of Magnesium chloride which is highly water soluble and the
release of hydrogen gas. Pitting corrosion is observed in Magnesium based
alloys when the chloride ion concentration exceeds the aforementioned value
of 30 milli mole per litter [111]. It is very important to understand the steps
involved in corrosion behaviour of Magnesium so that the corrosion kinetics
can be described in a better way. Following equations are the corrosion

reactions of Magnesium in chloride containing electrolytes [109].
Mg(s) + 2H20 —» Mg (OH)2(S) + Hz2(9) Equation 2. 6
Mg(s) + 4Cl' (aq) — > 2Cl(aq) + MgCl2 Equation 2. 7

Mg(OH)2 (s) + 2CI ——>»  MgCl2 + 2(OH) Equation 2. 8
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In Magnesium based alloys, few of them have been developed by addition of
2-10 weight percentage of Aluminium being major alloying element to
Magnesium and minor alloying elements like Zinc and Manganese. These
alloys show an improvement in corrosion behaviour with better mechanical
properties. In another group of Magnesium based alloys rare earth elements
like zinc, yttrium, or silver, and a small amount of zirconium are added in
order to achieve grain refinement which in turn improves the mechanical

properties of the alloy to a greater level [112].

2.11 Corrosion Characterisation of Magnesium Based Alloys

A group of researchers investigated the corrosion behaviour of the
magnesium with and without chloride containing environments and the
cytocompatibility of magnesium was determined. Addition of Manganese to
ternary alloy system namely Mg-Al-Zn leads to improvement in corrosion

resistance in an indirect manner.
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Figure 2. 24: Cathodic activity of precipitated phases in Mg alloys in saltwater relative

to their alloy matrix [113].

Even though the Manganese has higher potential (Figure 2. 24) [113],
addition of the same to the alloy system decreases the detrimental effects of
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most of the impurities of the system and enhance the Ni tolerance level [110]
of the alloy system.

The ratio of Iron to Manganese atoms in the system controls the corrosion
effect since Iron and the Manganese tolerance limit of the alloy is 3.2% to the

system which is independent of casting technique (Figure 2. 25).
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Figure 2. 25: Effect of Fe/Mn ratio on corrosion rate of magnesium, 1 mpy =~

40um/year [114].

That means Manganese indirectly improve the corrosion resistance of the
alloy and could be used with magnesium to improve corrosion resistance.
The mechanism by which the improvement in corrosion resistance of the
alloy due to the addition of Manganese is detailed as follows [98]. The
galvanic activity of Mg and Fe is more since the galvanic potential difference
is more between these two elements. However, when Manganese is added
to the system the galvanic activity between Mn and Mg found to be at lower
side when compared to that of Mg and Fe. In reality the Manganese atoms
prefer to form precipitates with Iron atoms and hence leads to the decrease
in galvanic activity of Fe and Mg. In the alloy system, the manganese atoms

and aluminium [115] atoms have greater tendency to form Al-Mn-Fe

53



intermetallic precipitates by combining with available Fe atoms rather than
forming FeAls precipitates.

To the matter of fact, the FeAls precipitates are active cathodic sites for
Magnesium matrix. It reveals that if FeAls is allowed to form then more of
Magnesium matrix will corrode due to its anodic nature [115], [116]. Also,
another intriguing factor to be considered is the optimum level of Manganese
addition to the alloy system. Excess Manganese addition leads to formation
of AlsMns particles with higher observed cathodic current density leading to
more corrosion. If the Manganese addition is optimum, then the low Mn
binary precipitates like Al-Mn, AlsMn and AlsMn form with lower current
density values. Strictly, the excess addition of Mn to the alloy should be
avoided to prevent formation of AlsMns particles which are detrimental with
higher current density to the alloy system. Hence the corrosion related
problems of Magnesium and Magnesium based alloys can be minimized by
means of proper alloy design. Another very important property of Magnesium
which has to be discussed from here onwards is the porosity since it has
several advantages when the Magnesium and Magnesium based alloys are
considered for bio implant replacement materials. The presence of
interconnected pores in the matrix of the alloy effectively alters its density as
well as the deformation behaviour during the application at extreme loading
conditions. In particular, the integration of implant material with the human
tissues is enhanced by the presence of appropriate sized pores in the matrix
of implant materials [117]. Figure 2. 26 depicts the microstructure consisting
the pores of compatible sizes with human tissues reported in a research
carried out by Wen et al. [118].

In comparison, the material with desired amount of porosity exhibit a
shortened region of linear elasticity near to the loading condition of yield

strength and a constant flow stress in responds to large experienced strains.
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human tissues [118].

The young’s modulus and the mechanical strength of the alloy having pores
is influenced greatly by the quantitative nature of the pores, size, shape and
the interconnection between them. In nature, the Cancellous bones are
characterized by interconnected pores leading to an exhibition of typical
deformation behaviour in comparison with other bones under various loading
conditions [119]. In this type of bones the porosity variation is differing from
approximately 35 % to 90 % resulting in appreciable variation in its yield
stress reported as 3 to 20 MPa, young’s modulus as 10GPa to 40GPa
revealing the fact that the porosity play a crucial role in deciding the
mechanical properties [119]. In summary, it can be inferred that the
introduction of porosity in the bio implant grade alloy presents the possibility
of adjusting the mechanical properties to a desired level and enhancing the
compatibility of the interface between the alloy and the living tissues of
human body. Conversely, the excess presents of the porosity in the bio

implant grade alloy leads to destruction of the mechanical properties and
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making the alloy unsuitable for many applications. In general, there are
several techniques developed in order to introduce pores into metals and
alloy systems [120]. But one must select an appropriate technique to execute
the introduction of pores in bio implant research since the bio compatibility
of the pores generated alloy with human tissue is the major factor which
depends on the type of reagents and methods utilized for generation of pores
in the alloy [121].

Magnesium with appropriate pore morphology for bio implant applications is
fabricated by injection of argon gas to the molten metal during the casting
process [121]. In another technique, polyurethane foam is used in plaster
casting technique to introduce pores into Magnesium matrix [122], whereas
the same is possible through powder metallurgy technique by utilizing space-
holding particles [118], [123]. The powder metallurgy technique and plaster
casting give rise to the fabrication of the alloy with controllable and uniform
pore morphology. On the other hand, the foam injection method proved to be
in-efficient in controlling the pore morphology during manufacturing [124].
Many research groups have stated that the volume of the pores present in
the Magnesium alloy and the size of the pores can be directly correlated to
the mechanical properties of the alloy [118], [123]. To summarize the
mechanical property-porosity correlation, it can be said that the presence of
porosity to a desired level results in reduction of yield strength and modulus
of the bio implant grade Magnesium alloy falling near to the mechanical
properties of natural bone systems. In appropriate mentioning, the
introduction of predetermined level of the pores to the alloy, transforms it to
a bio implant grade alloy with tailor made properties especially meant for the
implant application. Also, the same is insisted in the design guidelines of the
bio implant research to the level of compromise to be achieved in mechanical
properties with pore introduction to the alloy matrix. In this regard, a research
publication reported that the magnesium with introduction of pores by foam
injection method resulted in 97% of porosity with pore radius of 2.25 mm.
This kind of material will not be useful in bio implant applications with modified
mechanical properties like yield strength equivalent to 0.1 MPa. Also the

specimens with 50% porosity and pore sizes of range nearly equivalent to
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200 or 300 mm are characterized with resulting compressive strength value
equivalent to 0.35 MPa [125]. Wen et.al reported that the yield strength and
young’s modulus of the alloy of porous nature observed to decrease with
decrease in pore volume and pore size. In the same research, it is stated that
the quantitative value of the porosity in the alloy with predetermined and
achieved pore size of 250 mm results in compressive strength value ranging
from 12 to 17 MPa [126].

In conclusion, selecting the right magnesium alloy-by-alloy design should be

summarized briefly. According to the literature review carried out, rare earth
elements added to magnesium alloys proved to be quite successful in bio
implant applications. But a systematic approach is needed to design the
magnesium alloy with appropriate percentage of rare earth elements with
respect to the needs of each type of applications. Also it is understood that
the rare earth elements effectively increase the corrosion resistance of the
alloy [127].

In recent decades many researchers have worked on Mg Al alloy for the bio
implant applications. Even though there are many advantages of Mg Al
systems, literature have not recommended the same due to its demerits. The
following flow chart is constructed in furnishing the steps involved in the
protocol of right selection of Magnesium alloy in bio implant applications (Fig
2.18).
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Figure 2. 27: Flow chart of Magnesium alloy selection protocol [55].
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2.12 Surface Modifications and Treatment Processes Mg Alloys in

Biomedical Applications

As the literature suggests clearly, the degradation behaviour of the
Magnesium based alloys used in implant applications can be altered by
means of proper design of alloy system with alloying elements. Also there is
another possibility in terms of surface modifications to achieve reduced
degradation behaviour of the Magnesium based alloys. The surface
treatment gives rise a coating over the alloy to resist the aggressive body
fluids as electrolyte in corrosion process. The design of the surface
modification techniques for the implant materials require many
considerations including the biocompatibility of the coating with the human
tissues in terms of not affecting the natural process of healing and
regeneration of tissues. This can be understood clearly by knowing the
stages of healing and regenerative process of tissues in human body. The
regenerative process begins with inflammation and proceeds with reparative
and remodelling processes. The first phase called inflammation happens at
the initial stages of recovery after the implantation and extends for few days
depending on the immune systems of every individual person. The reparative
process is second to inflammation and exists for three to four months with
integration of implant with human tissue by regeneration mechanism. The
final stage called remodelling may take several months of time and this varies
with respect to different patience [128].

In the case of Magnesium alloy to be used as successful implant material,
the basic requirement is the lower degradation rate so that the space for the
human tissues exists in order to regenerate and proceed with an integrity
along the contact of the alloy. This process requires a minimum period of
three months [129]. But the fact is the Magnesium alloy surface gets corroded
to a greater extend during this period and hence the mechanical properties
of the alloy is affected adversely. Further the interaction of the released ions
with the bodily fluids surroundings to the implant affect the regeneration
process of the tissues vice versa. This implies the importance of surface

modification technique to enhance the degradation resistance of the
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Magnesium based alloys in implant applications. Physical vapour deposition
methods, chemical vapour deposition techniques and chemical bath
techniques etc., are available to fabricate a corrosion resistant coating on the

implant components.

2.13 Biocompatibility and Biodegradability of Mg-based Alloys

2.13.1 Biodegradability of the Metal Based Alloys

The implant structures made of the biodegradable materials should not cause
any unusual sensations or chronic inflammatory discomforts. The Mg-based
alloys as implant materials does not cause toxic effects in human body. In
general Mg has the tendency to undergo rapid corrosion in chloride
containing environments, but in body fluids the corrosion occurs at a lower
rate due to less aggressiveness of the bodily fluids. In addition, the release
of magnesium ions has to be controlled within the acceptable limit even
though it is one of the trace elements exist in human body [130]. Actually,
investigations of Mg alloys for the medical applications started in the late of
19™ century and continued to the 20" century [131]. At first, it was difficult in
manufacturing pure magnesium which lead to higher corrosion rates of the
implant structures [131]. Then the research works were focusing on exploring
new techniques to manufacture pure and high-quality Mg alloys at the
beginning of 20th century. Now, the industry is successful in design and
manufacturing of suitable Mg implant structures, however, challenges
remains in controlling the corrosion rate in the human body environment. This
is attributed to the nature of human body and the amount of hydrogen gas
released around the implant regions of human body. Many techniques have
been suggested for controlling the Magnesium degradation by adding special
coatings [132]-[135] and modified manufacturing techniques [136]—-[139].
The design of biodegradable alloy should consider the control of dissolution
rate or delayed corrosion behaviour in body fluids. Many decades of research
indicates that adding suitable alloying elements can control the dissolution
rate in body fluids [140]. In-vitro corrosion tests are not always accurate in

predicting the in-vivo corrosion behaviour. There is a need for a more
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accurate method of corrosion tests [141]. Hence, new in vitro methods are

introduced, for example electrochemical methods and immersion techniques.

Different corrosion results cannot be easily compared because the different
parameters used, for example different solutions, temperature, buffer
selection and surface conditions etc. So extreme care is required when the
results of in vitro experiments are compared with that of in vivo experiments.
A research stated that the material was cut into small coupons of dimension
of 2 cm?3 and further subjected corrosion tests. Before the test, the specimens
were polished using emery papers of grade up to 1000 grit and then cleaned
in distilled water. The specimens are weighed in body fluids and the pH value
of the Hank solution used is also registered. After the removal from the
solution, the specimens were cleaned and brushed immediately followed by
the gravimetric analysis. In the case of AZ91D Magnesium research the alloy
coupons as well as the anodized specimens were analysed and compared
[67].

In another related work, ingots of pure Mg, Mg-0.8Ca, Mg-1Zn, Mg-1Mn, and
Mg-1.34Ca-3Zn (wt %) and AZ31 alloys in rectangular shapes were used in
experimentations. The rectangular specimens were prepared with
dimensions 12 mm x 4 mm x 3mm and then subjected to polishing using
polishing sheets of grade up to 1200 grit. After polishing the specimens were
cleaned in ultrasonic bath containing ethanol of 100%, mild detergent and
double distilled water. Further, the specimens were weighed separately
before subjecting them to sterilizing treatment using Gamma irradiation (25
kGy, Schering-Plough Animal Health). Procedural modifications were
employed by Yamamoto and Hiromoto [142] during in vitro testing of implant
material. Earle’s balanced salt solution (EBSS; Sigma-Aldrich), minimum
essential media (MEM; Invitrogen), and MEM containing 40 g/L bovine serum
albumin (MEMp; ICP Bio, New Zealand), (the constituents of the solutions
are furnished in table 2.1) are used as solutions in immersion method of
analysis. In this work, serum albumin of bovine system is prepared to match

the concentration of human plasma albumin concentration [143].
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The pH of all solutions used in this study were maintained to 7.1 and then
subjected to filter sterilizations at 0.22Im. This led to the change of pH from
the aforementioned value to 7.4. The solution of immersion volume is
maintained to be 30 mL by compensating additions every day. This is
adjusted in accordance with the urinary excretion system of human body
[144]. In view of considering the implant structures of real time applications,
the sample size and the solution volumes of the experiments were
predetermined. Sterilized T25 cell-culture flasks, one end with filter caps

were used in all experiments.

Table 2. 1: The constituents of the solutions of the in vitro immersion testing [145].

Elements Plasma | EBSS MEM MEMp

Na* 140 144 143 143
K* 5 5.4 5.4 5.4
Mg?* 1 0.4 0.4 0.4
Ca?* 2.5 1.8 1.8 1.8
Cl- 100 125 125 125
H2PO4 0.8 1.0 0.9 0.9
SO4* 0.5 0.4 0.4 0.4
HCOg3 22 - 30 26 26 26

Glucose 5 5.6 5.6 5.6
Phenol red - 0.03 0.03 0.03
Albumin 35-50 - - 40

Amino acids Variable - 0.95 0.95
Vitamins Variable - 8.1 8.1

Following table depicts the composition of the test solutions (Table 2.2)
containing either 26 mM sodium bicarbonate (NaHCOs), 25 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), or a combination of
the two. The solutions prepared in the experiments containing bicarbonate
were maintained at temperature namely 37°C and 5 percentile CO2. The
solution which contains only 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid was maintained at temperature 37°C under normal atmospheric
conditions. Compensating additions of the solutions were made after every
removal in 7 days, 14 days and 21 days. An orbital shaking platform was

used to maintain the solutions at required concentration and temperature. In
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order to maintain the pH value of the solution to match the physiological
range, the pH of the solutions is adjusted periodically. In negative control of
pH, three flasks of each solutions were employed. After the removal of the
specimens from the immersion solutions as well as the subcutaneous tissue,
they were transferred to a bath containing chromic acid solution (200 g/L
CrOsz and 10 g/L AgNO3) for 15 min. This procedure is employed to remove
the corrosion products formed on the specimen surfaces [88]. Further the
specimens were subjected to gravimetric analysis after the cleaning process
in distilled water and drying. The corrosion rate of the material is calculated

from the weight loss measurements using the following expression,

Corrosion Rate (CR) = % Equation 2. 9

Where CR is the corrosion rate (mm/year), K is the constant 8.76 x 104, W is
the mass loss (g), A is the surface area (cm?), T is the time of exposure (h),
and D is the density of the materials (g/cm?3). ASTM-G31-72 standard[146] is
followed in another immersion experiment to prepare the Hank’s solution.
The specimens for the degradation's tests were prepared in disc shape with
diameter of 10 mm and a thickness of 2 mm. The specimens were further
immersed in 50ml solutions kept in a temperature water bath of 37 °C. The
immersed specimens were removed from the Hank’s solution, washed in
distilled water, and dried in air. Environmental Scanning Electron Microscope
(ESEM; Quanta-200FEG) associated with an energy-dispersive
spectrometer is employed in analysing the topographical information’s of the
degraded specimens. Actually, the amount of hydrogen released during

these experiments were monitored and registered for further analysis [130].
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Chapter 3 Pulse magnetic field processing of an Al-20%Si

alloy and microstructure characterization

This chapter describes the experimental details of the electromagnetic pulse
magnetic field processing of an Al-20% Si alloy and the microstructure
characterization work. Specifically, the aim of this chapter is to investigate
the effect of pulse electromagnetic fields on the microstructural evolution and
hardness of an Al-20 percent Si alloy. The first part of the chapter describes
pulse magnetic field parameters used in the solidification process. The
second part describes the detailed microstructure analysis of the alloy using

optical microscopy and scanning electron microscopy.

3.1 Al- 20%Si alloy making.

The Al-20%Si alloy samples were cast by melting together pure Al (purity of
99.97 pct), and pure Si (purity of 99.97 pct) with the appropriate weight ratio
in an electrical resistance furnace. The metallic feedstock was dried in an
oven at 110 °C for 8 hours to remove the residual moisture. Prior to placing
of the sectioned metallic pieces of Al and Si into the crucible, the inner
surface of the crucible was coated with boron nitride spray and dried in 150
OC for 30 minutes. It created a uniform boron nitride film on the inner surface
of the crucible, protecting the crucible from being reacted with the molten

alloy.

The feedstock was then added into the crucible and the furnace temperature
was raised in steps of 150 °C until 750 °C. The temperature of the molten
liquid was monitored using a thermocouple. One hour holding time was used
to homogenise the melt. The oxide layer at the melt top surface was removed
carefully by means of a ceramic or a stainless-steel stick. The molten alloy
was sucked into a quartz tube by negative pressure (0.1 to 0.3 bar) via a

counter gravity casting device.
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Figure 3. 1: A counter-gravity casting apparatus a) a 3D CAD drawing of the
experiments set-up. b) Samples of the specimens can be produced in as cast
condition based on the quartz tube diameter [147]. ¢) A schematic diagram of

solidification process.
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Figure 3.1 illustrates the counter gravity casting apparatus used for making
the Al-20%Si alloy samples. The quartz tube is 130mm long and inner
diameter of 9 mm. The controlled negative pressure maintained in the
apparatus drew the liquid metal uphill (counter gravity direction), minimising

turbulence and bubble entrainment.

3.2 Pulse magnetic field processing of the Al-20%Si alloy

The virgin quartz tube prior to the insertion of the specimen during melting
process is subjected to the magnetic pulse generated by varying the voltages
namely 40, 80, 120, and 160 V. The discharge summary from the capacitor
bank are registered using a Gauss meter (Hirst Gauss Meter, model GM08)
at the P1 point furnished in figure 3.2 (a) and the corresponding plot is shown
in figure 3.2 (b). The registered magnetic flux density with respect to time as
the varying parameter in milliseconds, show similar pattern and increasing
tendency as the voltage increases. It infers that the peak magnetic pulse
registered increases with respect to increase in discharging voltage. The
full width at half maximum (FWHM) of the registered peaks are measured at
0.25, 0.45, 0.55, and 0.65 ms ( (c)), respectively. The critical observation is
that the generation of magnetic pulses happens to be well within one
millisecond of all varying discharging voltages. Figure 3.2 (d) clearly suggest
that the simulated results of magnetic flux densities at various discharging
voltages are in good agreement with the experimentally obtained results. A
small difference in the measured and simulated flux density peak values is
observed when the experiment is carried out with C=1 mF. The C parameter
specifies the capacitance of the capacitor bank in Farads (F), as explained
in section 2.1 of chapter 2, equation 2.1. This is because of the fact that there
is a possibility for energy loss in real time experiments due to heat generation

and dissipation in discharging circuit.
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Figure 3. 2: Calibration of magnetic pulse generation setup (a) Schematic

representation of the measurement points of the magnetic flux density (PI), induced

current and Lorentz force (P2) within the quartz tube (b) Correlation profile of the

measured and simulated (C = 1 mF) pulses of magnetic flux densities (c) Correlation

profile of the measured and simulated (C = 0.85 mF) pulses of magnetic flux

densities (d) Profile showing the variation of the peaks of the magnetic flux density

with respect to discharging voltages, (e) the simulated induced current fluxes inside

metal alloy, and (f) the simulated Lorentz forces.
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In addition, Close agreement is observed and registered for C = 0.85 mF
(figure 3.2 c and d). This indicates that the energy conversion is maximum in
the case of the experiment carried out at condition C = 0.85 mF. Another
intriguing observation is the exhibition of similar patterns of plots showing
the variation of induced current with time and the Lorentz force with the time
( figure 3.2 e and f). These results of calibration of electromagnetic pulse
generation unit are effectively utilized in setting up the parameters in

magnetic pulse generation during the solidification of the Al-% 20 Si alloy.

The bar specimen cast inside the quartz tubes were removed carefully by
breaking the quartz tube. The surface of the bars was ground to allow them
to fit into the new quartz tube of 130-mm long and inner diameter of 9 mm for
pulse magnetic field solidification experiments. An adopter was used to seal
one end of the quartz tube with ceramic paste. To measure temperature
during the experiment a thermocouple was attached to the bar from the other
open end. Such sample assembly was heated in an oven for 24 hours at 110
°C to dry up before set them up inside the furnace with a pulse magnetic coil
surrounded. The thermal blanket was used to cover the furnace top to
minimise thermal variation. The furnace was switched on by setting up the
first target temperature to 200 °C, at this temperature, the pulsed
electromagnetic set up is switched on (see figure 3.3). It was then raised in
steps of 150 °C until 750 °C. A holding time of one hour at this temperature
ensures the homogenisation of the alloy. As soon as the sample cooled down
and reached a solidification temperature of 500C, the magnetic field was
turned off. The voltage discharged from the capacitor controlled the flux
intensity of the magnetic field acting onto the solidifying alloy melt. In this
work, the discharge voltage used were 0V, 40 V, 80V, 100V, 120V, and 160V.
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Figure 3. 3: The measured temperature profile recorded by a data logger (TC-08)

during the pulse magnetic field experiment with the discharge voltage of a) 0V b) 40
v )80V d) 100V e) 120 V and f) 160 V.



3.3 Specimen preparation for metallographic analysis.

After casting, the specimens were removed from the quartz tube and cut in
half along the longitudinal direction by hacksaw. The sectioned specimens
were mounted on a rotating disk specimen holder which then was mounted
onto a grinding and polishing machine for grinding and polishing. Different
grit size papers, i.e. 80, 120 ,220. 320, 600, 800 and 1000 were used. The
pressure was maintained at 15 Ibf and the rotating speed was 200 rpm. Water
was applied continuously during grinding and polishing to cool and lubricate
the samples. The polishing was made by using diamond paste, 9 pm, 3 um
and 1 um. During the fine polishing stage, the rotating speed was set at 150
with a pressure of 10 Ibf. The kemet blue liquid was used as the lubricant.
The last step of polishing was the use of colloidal silica suspension. Keller’s
reagent with concentration of 3% nitric acid, 1% hydrochloric acid and 1%
Hydro fluoric acid was used for etching the specimen surface if necessary.

3.4 Microstructure analysis of the processed Al- 20%Si alloys.

To understand the effect of pulse magnetic field on the structure refinement
of the alloy samples. Optical microscopy and SEM with Energy Dispersive X-
Ray Analysis (EDAX) were used to characterise microstructures. (SEM) and
(EDAX) tools (Carl Zeiss EVO-60) were used at the University of Hull to
determine the actual composition of the cast alloys, and the results are listed
in the following table (Table 3. 1: Chemical composition of three different Al-
Si alloys and the details are shown in appendix B:

Table 3. 1: Chemical composition of three different Al-Si alloys

Chemical Composition
Sample
Si Si Al
(Wt%) | (At%)
1 (top) 19.35 16.84 Balance
2 (Mid) 20.01 17.19 Balance
3 (Bottom) 24.42 21.31 Balance
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34.1 Microstructures

It is essential to fully characterise of the solidified microstructures at different
regions of the sample length, and three regions were identified as “bottom
part”, “middle part” and “top part”. Figure 3.4 illustrates the SEM back
scattered electron images for the bottom part of the Al-20%Si alloy at 20x
magnification made by using different discharge voltages. The Figure 3.4a is
that for 0 V. It exhibits long and thick plate like primary Si phases, randomly
distributed throughout the Al matrix. Figure 3.4b shows the microstructures
for 40 V case. There are less number of the very long plate like primary Si,
but more of the short primary Si phases. This indicates that there is a change
in the primary silicon size and shapes in the matrix. Figure 3.4c illustrates the
microstructure for the 80 V. Interesting observation is that the long, thick, and
continuous primary Si phases started to disappear. More short primary Si
plates are present and uniformly distributed in the matrix. The thickness of
the primary Si decreases when compared to that of the 40 V case. When the
discharge voltage was increased to 100V, the corresponding microstructure
(Figure 3.4d) exhibits the presence of shorter and smaller (in thickness)
primary Silicon plates. Increase in discharging voltage to 120 and 160 V, has
greater influence on the microstructure of the solidified Al-20%Si alloy. Figure
3.4e and f show that some of the shorter primary silicon plates have
transformed into small primary silicon islands. This in turn increases the
uniformity of the distribution of secondary phase Silicon in the matrix of
Aluminium and eutectic mixture. Figure 3.4 show the SEM graphs of the
bottom part at 100 X magnification. Figure 3.4a is the case for OV that clearly
shows the presence of only thicker primary Si in all directions. There are no
smaller Si plates or Si islands, just the big thicker primary Si plate like

structures.
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Figure 3.4: The SEM micrographs of the bottom part of the Al- 20%Si samples
subjected to discharge voltages of a) 0V b) 40 V ¢) 80 V d) 100 V ¢e) 120 V and f)
160 V at 20 X magnification.
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Figure 3.4 illustrates the back scattered electron beam scanning electron
microscope images of bottom portion of electromagnetic pulse assisted
solidified Al- 20% Si alloy at 20 X magnification with various discharge
voltages. The Figure 3.4a is corresponding to zero discharge voltage and
solidification of the alloy without the influence of magnetic field. It exhibits the
presents of long and thick plate like primary Silicon structures. These plate
like Silicon structures are present throughout the microstructure and they are
oriented in almost all directions. It is noticeable that there is quantitatively
minimum short primary silicon plate like structures observed. Figure 3.4b
shows the microstructure corresponding to 40 discharging voltage. Hence,
the solidification has taken place under the influence of magnetic field of
smaller intensity. The interesting features are the presence of very few long
plates like primary Silicon structures and increased amount of short primary
silicon plates. This indicates that there is a change in the primary silicon size
and shapes embedded in the eutectic matrix. Figure 3.4c illustrates the
microstructure corresponding to 80 discharging voltage. Interesting
observation is the absence of long thick and continuous primary Silicon plate
like structures. Only short primary silicon plates are visible. In addition, the
uniformity in the distribution of the short primary Silicon plates are improved.
Thickness of the primary Silicon plate like structures has decreased when
compared to that of the microstructure corresponding to 40 V. When the
discharge voltage is increased to 100V, the corresponding microstructure
(Figure 3.4d) exhibits the presence of shorter and smaller (in thickness)
primary Silicon plates. Increase in discharging voltage to 120 and 160 V, has
greater influence on the microstructure of the solidified Al-20%Si alloy. Figure
3.4e and f show that some of the shorter primary silicon plates have
transformed into small primary silicon islands. This in turn increases the
uniformity of the distribution of secondary phase Silicon in the matrix of

Aluminium and eutectic mixture.

Figure 3. 5 represents the SEM microstructures of bottom portion of
electromagnetic pulse assisted solidified Al- 20 % Si alloy at 100 X
magnification. Figure 3.4a corresponds to solidified alloy specimen without

the application magnetic field (Zero discharging voltage). It clearly shows the
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presence of only thicker primary silicon plates ordinated in all directions.
When Silicon precipitation happens to be thicker and region concentrated
then depletion in Silicon atoms arises in other regions of matrix. Hence, there
are no smaller Silicon plates or Silicon islands are observed other than

massive thicker primary Silicon plate like structures.
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Figure 3. 5: The SEM micrographs of the bottom part of the Al- 20%Si samples

subjected to discharge voltages of a) 0V b) 40 V ¢) 80 V d) 100 V ¢e) 120 V and f)
160 V at 100 X magnification.
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Figure 3. 6: The SEM micrographs of the bottom part of the Al- 20%Si samples
subjected to discharge voltages of a) 0V b) 40 V ¢) 80 V d) 100 V e) 120 V and
f) 160 V at 400 X magnification
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Figure 3. 5b represents the microstructure of the pulsed electromagnetic field
assisted solidified alloy at discharging voltage as 40 V. It differs with the
former microstructure by showing the presence of thinner primary Silicon
plates and smaller Silicon islands along with the thicker primary Silicon
plates. Moreover, the quantitative increase in eutectic lamellar or acicular
structures of Al and Si embedded in a phase is clearly visible. As the
micrographs of increased discharge voltages (Figure 3.4 c to f) are analysed,
the inference is that the quantitative presence of thicker primary Silicon plates
Is decreasing and the formation of thinner Silicon plates as well as smaller
Silicon islands are increasing. Another intriguing fact to be noted is that the
increase in discharge voltage leads to quantitative increase in the formation
and growth of lamellar Al + Si eutectic colonies. As the formation of massive
primary Silicon plates are affected adversely by means of the presence of
magnetic field, the uniformity of the secondary phase Silicon distribution in
the matrix increases and it can be shown by the presence of many lamellar
Al + Si eutectic colonies. The primary Silicon growth is restricted as the
discharging voltage increases leading to minimisation of Silicon depletion in
the matrix. This trend is re-observed when the micrographs of the bottom
portion of solidified alloys at higher magnifications are examined (Figure 3. 6
a — f). The Figure 3. 6 a is the micrograph corresponding to zero influence
magnetic field on the solidification of the Al-20% Si. It reveals the formation
of coarse acicular or lamellar eutectic Silicon in the matrix. When the careful
microstructural survey is carried out from Figure 3. 6 a to Figure 3. 6 f, it is
apparent that the coarse lamellar eutectic silicon is gradually transforming
into finer lamellar eutectic structures. The finer lamellar structure further
observed to transfigure into finest acicular structures at some regions of the
microstructures. As the fine nature of the acicular structure of the primary
Silicon takes place with increase in magnetic field intensity, the uniformity in
the distribution of the Silicon in the matrix improves markedly. Later portion
of the Figure 3. 6 exhibit the presence of virgin eutectic Al+ Si colonies with
very fine acicular nature. This could be correlated to the minimisation of the
Silicon depletion of the matrix, by the application magnetic field. The
concerning heat treatment history of the analysed specimen relates to the
solidification pattern of the bottom portion of the aforementioned alloy. The
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possibility of variable Silicon percentage due to gravity assisted diffusion of
the Silicon embryos during solidification can be analysed by means of careful
reading of the microstructures of middle and top portions of the solidified

alloy.

78



(a) At OV

—— m — i

"' Fine Primary Silicon Islands’

(€) At 100V

P 1lmm

 _ Fine ?fflma_w Silicon Islands

' Fine I"rim_arry_'Sil_i_:con' Islands

(e) At 120V (f) At 160V
Figure 3. 7: The SEM micrographs of the middle part of the Al- 20%Si samples

subjected to discharge voltages of a) 0V b) 40 VV ¢) 80 V d) 100 V e) 120 V and f)
160 V at 20 X magnification.
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Figure 3. 8: The SEM micrographs of the middle part of the Al- 20%Si samples
subjected to discharge voltages of a) 0V b) 40 VV ¢) 80 V d) 100 V e) 120 V and f)
160 V at 100 X magnification.
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Figure 3. 9: The SEM micrographs of the middle part of the Al- 20%Si samples
subjected to discharge voltages of a) OV b) 40 V ¢) 80 VV d) 100 V e) 120 V and f)
160 V at 400 X magnification.
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Figure 3. 7 furnishes the SEM microstructures of middle portion of
electromagnetic pulse assisted solidified Al- 20 Si alloy at 20 X magnification
with aforementioned discharge voltage range. Figure 3. 6a shows the
microstructure of the alloy corresponding to zero magnetic field influence on
the solidification. It shows the presence of coarse primary silicon islands
along with few short Silicon plate like structures. The proceeding
microstructure Figure 3. 6b corresponding to the 40-discharging voltage,
exhibits the presence of coarse primary Silicon islands as well as fine primary
Silicon Island. Moreover, it does not contain the short primary Silicon plates
indicating the transformation of plate like structures into small primary Silicon
islands upon exposure to pulsed magnetic field during solidification. Further
following micrographs (Figure 3. 6b-f) corresponding to increased
discharging voltages (higher magnetic field intensity), reveal the gradual
change in primary Silicon islands morphology into finer and finer leading to
formation of refined primary Silicon islands as mini and micro islands. This
clearly describes the refinement of primary Silicon islands into various
structural morphologies like fine, finer, mini and micro islands. Again, this
phenomenon of primary Silicon particles refinement can be attributed to the

increase in the intensity of pulsed magnetic field.

Figure 3. 8 represents the SEM microstructures of middle portion of
electromagnetic pulse assisted solidified Al- 20 Si alloy at 100 X
magnification with various discharge voltages. Figure 3. 8 (a) is the
microstructure of the alloy solidified without the influence of magnetic field,
showing coarse primary Silicon islands as well as coarse lamellar eutectic
Silicon. The following microstructures corresponding to increased
discharging voltages show the presence of coarse primary Silicon islands
and fine lamellar eutectic Silicon (Figure 3. 8 b, ¢ and d). Further, the
microstructures of higher discharging voltage reveal the presence of fine
primary Silicon Island and fine lamellar eutectic Silicon (Figure 3. 8 e and f).
This indicates one of the important inferences of this study, exhibiting the
refinement in the case primary Silicon particles as well as the eutectic Al + Si
acicular structures. In turn, the Silicon distribution in the matrix is greatly

improved by the application of pulsed magnetic field. This observation is well
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supported by Figure 3.8 illustrating the SEM microstructures of middle portion
of electromagnetic pulse assisted solidified Al- 20 Si alloy at 400 X
magnification. Careful observation (figure 3.8a-f) show that the interlamellar
distance of eutectic Silicon decreases with increase in magnetic field
intensity, stating that the magnetic field application led to the refinement of
lamellar structure of eutectic Silicon.
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Figure 3. 10: The SEM micrographs of the top part of the Al- 20%Si samples
subjected to discharge voltages of a) 0V b) 40 VV ¢) 80 V d) 100 V e) 120 V and f)
160 V at 20 X magnification.
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Figure 3. 11: The SEM micrographs of the top part of the Al- 20%Si samples
subjected to discharge voltages of a) 0V b) 40 VV ¢) 80 V d) 100 V e) 120 V and f)

160 V at 100 X magnification.
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Figure 3. 12: The SEM micrographs of the top part of the Al- 20%Si samples
subjected to discharge voltages of a) 0V b) 40 VV ¢) 80 V d) 100 V e) 120 V and f)
160 V at 400 X magnification.
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Figure 3. 10, Figure 3. 11 and Figure 3. 12 demonstrate the SEM
microstructures of top portion of electromagnetic pulse assisted solidified Al-
20% Si alloy at various magnifications with variation in discharge voltages.
The analysis of these microstructures show that there is a similarity of
microstructural changes with respect to variation in pulsed magnetic field
intensity between the middle portion and the top portion of the solidified alloy.
The microstructural evaluations of top portion of the solidified alloy also
reveal the refinement in the case of primary Silicon islands and lamellar
eutectic Silicon structures. The coarse primary Silicon islands transform into
fine, finer, mini and micro islands due to the increase in magnetic field
intensity. Similarly, the decrease in interlamellar spacing of eutectic Silicon
structures are observed as the discharging voltage increases. A study
reported that the high magnetic field intensities can promote the reduction in
the secondary dendrite arm spacing (SDAS) of the primary Al dendrites and
the inter lamellar spacing (ILS) of the eutectic phase [148]. Moreover, the
spotting of lamellar eutectic Silicon colonies of very fine nature give rise to
following statements; The application of magnetic field directly influences the
solidification pattern of the alloy by restricting the formation of massive
primary Silicon plate like structures and coarser Primary Silicon islands.
Hence the enrichment of Silicon atoms in the molten liquid further results in
increase of quantitative nature of the eutectic Al+ Si acicular structures in the
matrix. This in turn increase the uniform distribution of Silicon in the alloy

matrix.

A similar research reported that the details of influence of magnetic field
application on the microstructural features; the grain refinement takes place
in primary a and in the eutectic Al + Si phase. In addition, it develops an
adverse effect on the growth of eutectic a and its epitaxial growth, promoting
the finer primary a phase formation. The segregation of Si in solid front is
suppressed by the presence of magnetic field. The size of the eutectic phase
colonies is attributed to the intensity of magnetic field. The inter-dendritic
segregation is restricted and interlamellar Silicon segregation is promoted
[149], [150]. In comparative study, the microstructures of the bottom portion

of the alloy contains additional features as massive primary Silicon plate like
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structures besides from the coarse primary Silicon islands and eutectic
lamellar structures observed in the middle and top portions of the pulsed
magnetic field assisted solidified alloy. The EDAX spectrum of the pulsed
magnetic field aided solidified alloy at the aluminium matrix and bulk locations
are depicted in Figure 3. 13. Figure 3.12a shows the only peak corresponding
to Aluminium in primary a phase surrounded by the primary Silicon as well
as the eutectic phase. Figure 3.12b shows the peaks of both Aluminium and
Silicon with appropriate lengths according to the mass fractions of the
designed alloy. The bulk analysis indicates the uniformity in the Silicon

distribution well within the matrix.

Figure 3. 14 represents the EDAX spectrums of the pulsed magnetic field
assisted solidified alloy at a) 40 V b) 160 V. The eutectic regions of the alloys
solidified at different discharging voltages are chosen for the elemental
analysis. The corresponding peaks observation reveal that the application of
the magnetic field leads to the refinement in the eutectic lamellar or acicular

Al + Si structure.
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Figure 3. 13: represents the EDAX spectrums of the Pulsed magnetic field assisted
solidified alloy analysed at regions namely a) Aluminium matrix b) Bulk region
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Figure 3. 14: represents the EDAX spectrums of the Pulsed magnetic field
assisted solidified alloy analysed at a) 40 V b) 160 V.
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Figure 3. 15: represents the EDAX spectrums of the Pulsed magnetic field assisted

solidified alloy analysed at primary Silicon region.

3.5 Particle size measurements

Average grain size by area [151] is one of the standard methods for grain
size measurements. In this work, average grain size (i.e. area) from the SEM
images is calculated. Along a straight region of the micrograph, 10 to 20
adjacent grains are isolated one by one and the area calculation is carried
out. Extreme care is taken into consideration while isolation of each grain by

boundary marking.

Figure 3.15 and figure 3.16 show the images for grain size measurement. At
first, selected grains were isolated with a hand delineation tool. Then the
isolated area was measured by the area counting function. Such
measurement was applied to 10 to 20 adjacent grains of the selected.
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Figure 3. 17: The measurements of the primary Si particles areas
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Figure 3. 18: The relationship between the primary Si particles size (Area) and the

magnetic flux density

Figure 3. 18 show the variation of grain size with magnetic field intensity. The
initial observation show that the average grain size measured of the alloy that
was solidified without the influence of any magnetic field is relatively larger
when compared to that of the average grain size of magnetic field induced
solidified alloys. As the magnetic field is introduced during the solidification
process, the grain size happens to be refined gradually with increase in
magnetic field intensity. The approximate percentage reduction in grain size
at 0.3 Tesla is 10%, at 0.7 Tesla, the same is increased to 48 %, at 0.85
Tesla and 1Tesla, the size reduction in Si grains are observed to be 55 %
and maximum of 82 % reduction is noticed at 1.4 Tesla. Figure 3. 19 show
the clear transformation of microstructural morphologies with respect to

magnetic field intensity variation.
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Figure 3. 19: The relative change of primary Si particle size as a function of magnetic
flux density.

From figure 3.12 to figure 3.14, the EDAX spectrum of micrographs of pulsed
magnetic field assisted solidified alloys revealed that the uniformity in the
distribution of Silicon atoms in the morphology of Aluminium matrix is
improved to a greater level as the intensity of the magnetic field is raised.
The larger primary Silicon grains present in the solidified Al- Si alloy without
the influence of magnetic field, gradually transform into macro, mini, micro
primary Silicon Islands as the solidifying alloys are exposed to pulsed
magnetic field. It is registered that at 1.4 Tesla, the pulsed magnetic field
intensity is high and leads to maximum grain refinement in primary Silicon
islands. In addition, figure 3.26 show the gradual transformations in
microstructural features of the alloy during solidification with respect to

varying pulsed magnetic field intensity.
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3.6 Micro hardness measurements

Vickers micro hardness measurements were carried out using Vickers
hardness testing machine (Leitz Wetzlar Germany, Model-8295). In general,
the micro hardness measurement involves making an indentation mark on
the alloy surface of examination by means of a diamond indenter or Knoop
indenter resulting in an indentation having two diagonals x and y as shown
in Figure 3. 20.
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\
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Figure 3. 20: The indentation mark with two diagonals x and y.

Figure 3.28 to figure 3.33 show the indentations performed and captured on
the alloy specimens solidified with and without the influence of pulsed
magnetic field. The corresponding Vickers hardness data are registered and
furnished in Table 3. 2 to Table 3.13
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Figure 3. 21: The indentation picture on the Al-20% Si solidified without the

exposure to pulsed magnetic field, a) at higher b) at lower magnifications.
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Figure 3. 22: The indentation picture on the Al-20% Si solidified with the exposure

to pulsed magnetic field at 0.3 Tesla, a) at higher b) at lower magnifications.
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Figure 3. 23: The indentation picture on the Al-20% Si solidified with the exposure

to pulsed magnetic field at 0.7 Tesla, a) at higher b) at lower magnifications
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Figure 3. 24: The indentation picture on the Al-20% Si solidified with the exposure

to pulsed magnetic field at 0.85 Tesla, a) at lower b) at higher magnifications.
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Figure 3. 25 : The indentation picture on the Al-20% Si solidified with the exposure

to pulsed magnetic field at 1 Tesla, a) at higher b) at lower magnifications.
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Figure 3. 26: The indentation picture on the Al-20% Si solidified with the exposure

to pulsed magnetic field at 1.4 Tesla, a) at higher b) at lower magnifications.




Table 3. 2: The indentation data and hardness of Al-20 Si alloy solidified with 0

Tesla (Load = 0.3kgf and Dwell time of 15 seconds)

S.No Diagonal Diagonal Mean Hardness
Length X Length Y diagonal Vickers
(um) (um) Length d (VHN)
(Lm)
1 95 92 93.5 63.7
2 100 98 99 56.2
3 101 102 101.5 54
4 103 100 101.5 54
5 107 105 106 49.5
6 93 96 94.5 62.3
7 101.5 97.5 99.5 56.2
8 94 89 91.5 66.5
9 67 67 67 124
10 95 97 96 60.4
Average 64.68

Table 3. 3: The indentation data and hardness of Al-20 Si alloy solidified with the
exposure of pulsed magnetic field at 0.3 Tesla (Load = 0.3kgf and Dwell time of 15

seconds)
S.No Diagonal Diagonal Mean Hardness
Length X Length Y diagonal Vickers
(um) (um) Length d (VHN)
(um)
1 120 100 110 46
2 100 98 99 56.8
3 96 100 98 57.9
4 95 103 99 56.8
5 93 95 94 63
6 104 101.5 102.75 52.9
7 76 69 72.5 106
8 64 72 68 120
9 99 93 96 60.4
10 98 99 97 57.1
Average 67.69

102




Table 3. 4: The indentation data and hardness of Al-20 Si alloy solidified with the

exposure of pulsed magnetic field at 0.7 Tesla (Load = 0.3kgf and Dwell time of 15

seconds)
S.No Diagonal Diagonal Mean Hardness
Length X Length Y diagonal Vickers
(um) (um) Length d (VHN)
(pm)
1 90 88 89 70.2
2 108 110 109 46.8
3 66 84 75 98.9
4 80 77 78.5 90.4
5 93 98 95.5 61.1
6 80 80 80 86.9
7 88 82 85 77

8 90 86 88 71.1
9 88 84 86 75.2
10 89 89 89 70.2
Average 74.78

Table 3. 5: The indentation data and hardness of Al-20 Si alloy solidified with the
exposure of pulsed magnetic field at 0.85 Tesla (Load = 0.3kgf and Dwell time of

15 seconds)

S.No Diagonal Diagonal Mean Hardness
Length X Length Y diagonal Vickers
(um) (um) Length d (VHN)
(Lm)

1 94 95 64.5 62.3
2 86 71 69.5 115
3 89 95 92 65.7
4 93 100 96.5 59.8
5 75 79 77 93.8
6 78 75 76.5 63.4
7 80 70 75 65.9
8 72 76 74 67.7
9 76 68 72 71.5
10 94 95 64.5 62.3
Average 73.9
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Table 3. 6: The indentation data and hardness of Al-20 Si alloy solidified with the
exposure of pulsed magnetic field at 1 Tesla (Load = 0.3kgf and Dwell time of 15

seconds)
S.No Diagonal Diagonal Mean diagonal Hardness
Length X Length Y Length d Vickers
(um) (um) (Lm) (VHN)
1 121.5 118 120 64
2 95 90.2 92.5 65.1
3 100.5 102.5 101.5 54
4 103 110 106 49.1
5 105 98.5 101.75 53.75
6 100.5 99.5 100 55.6
7 86 82 84 78.8
8 71 68 69.5 115
9 65.5 67.5 66.5 126
Average 73.48333

Table 3. 7: The indentation data and hardness of Al-20 Si alloy solidified with the

exposure of pulsed magnetic field at 1.4 Tesla (Load = 0.3kgf and Dwell time of 15

seconds)
S.No Diagonal Diagonal Mean diagonal Hardness

Length X Length Y Length d Vickers

(um) (um) (Lm) (VHN)
1 76 72 74 67.7
2 72 68 70 75.7
3 80 81 80.5 57.2
4 71 73 72 71.5
5 56 60 58 110
6 70 74 72 715
7 68 64 66 85.1
8 70 65 67.5 81.2
9 72 66 69 77.9
11 82 85 83.5 53.2
AVERAGE 75.1
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Figure 3. 27: The hardness values as a function of magnetic flux density.
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Figure 3. 28: The relationship between hardness/ particle size and the magnetic flux

density.

In Figure 3. 28, the grain refinement versus hardness variation graph clearly
show the two stage variation (Sharp and Gradual) of the hardness and the
grain refinement with voltage of pulsed magnetic field. This can be inferred
further as the restriction of larger primary Silicon phase happens
predominantly in the first stage (0 — 0.7 Tesla) where as in the second stage
(0.7 Tesla -1.4 Tesla), the genesis of finer eutectic Al-Si lamellar structure

governs gradually.
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3.7 Summary

Electromagnetic pulse assisted (Al-20% Si) alloy making is carried out and
further subjected to microstructure and hardness characterizations. Al-20%
Si alloys are casted by melting together pure Al (purity of 99.97%), and pure
Si (purity of 99.97 %) with the appropriate weight ratio in a simple tube
furnace. In this process, prior to electromagnetic pulse assisted solidification
of aforementioned alloy, the billets of the alloy are made by controlled meting
and casting. To understand the effect of the pulsed magnetic field on the
grain refinement of the master alloys during solidification, metallographic
study performed using optical and scanning electron microscopy.
Microstructures results at lower magnifications can be summarised as the

following:

Microstructures processed at OV display lengthy and thick plate shaped
primary Si structures, nearly oriented in all directions. Moreover, few short

primary silicon plate-like formations are observed.

Microstructures processed at 40V reveals the presence of very few long
plates like primary Silicon structures and increased amount of short primary
silicon plates. This indicates that there is a change in the primary silicon size

and shapes embedded in the eutectic matrix.

At 80 V, the morphologies are characterized by only short primary Si plate
shaped, which became more homogenous and thinner than the
microstructures related 40V. Increasing the discharge voltage to 100V utilize

shorter and thinner primary Si plates.

Increased discharge voltage to 120 and to 160 volts has a greater effect on
the microstructure of solidified Al-20% Si alloy. Importantly, the micrographs
of the alloy solidified at 160 V demonstrate the transformation of several of
the shorter primary Si plates into small primary Si islands. As a result, the
distribution secondary phase Silicon in the matrix of Aluminium and eutectic
mixture became much more uniform. At higher magnifications, the
microstructures corresponding to 0 V reveals the presence of coarse lamellar

eutectic Si in the matrix that gradually transform into finer lamellar eutectic
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structures. Finer lamellar eutectic structures gradually evolve into finest
acicular structures at some spots. The microstructures corresponding to 40
V has thicker primary Si plates and smaller Si islands around it. The
guantitative increase in Al and Si eutectic lamellar or acicular structures
imbedded in phase is also observed. Increased discharge voltage leads to
decreasing in the quantitative of the thicker primary Si plates and increasing
of the thinner Si plates and smaller Si islands. Furthermore, the number of
lameller Al + Si eutectic colonies has increased, which suggests increasing
the uniformity of the secondary phase Si distribution. The micrographs of the
bottom part reveal restriction of primary silicon development leading to

reducing silicon depletion in the matrix.

The systematic microstructural results interpret the following microstructural

changes with respect to increase magnetic field intensity:

A magnetic field of 0.3 to 0.85 Tesla modified the enormous longer plate like
primary Silicon structures and coarse Silicon islands into shorter plate like
primary Silicon precipitates and Silicon islands. With increasing magnetic
field intensity (1.0-1.4 Tesla), shorter plate-like silicon structures become
primary silicon islands, and primary silicon islands become mini, micro, and

fine silicon islands.

Because the large primary Silicon structures cannot develop, the solution
becomes silicon-rich and new Si+ Al colonies form. When the amount of
virgin eutectic Al+ Si colonies increases, it is clear that the lamellar structure

is being refined by an increasing magnetic field.

Hardness measurements results show that the Vickers harness number
increases abruptly up to 0.7 Tesla and then gradually increases up to 1.4
Tesla. The microstructural association with hardness demonstrates that the
bigger sized primary Silicon plate-like structures found in the microstructures
of zero magnetic field-solidified alloys exhibit a significant change into smaller

longitudinal thin primary Silicon plates up to 0.7 Tesla.
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Chapter 4 Correlations of three Mg-Gd based alloys

Mg based alloys are the materials of choices for bio-medical implant
applications because they have similar mechanical strength to the human
skeletal systems and the bio-degradable nature and biocompatibility with
human body. To tailor their properties, some rare earth alloying elements with
anti-carcinogenic properties are added to Mg alloys. Mg-Gd alloy system is
one of those promising alloy systems, which have good combinations of
mechanical strength and acceptable biocompatibility as well as reasonable
degradation behaviour. Gd also has higher solid solubility in Mg. Other
elements like Neodymium (Nd), Zirconium (Zr), Calcium (Ca), Silver (Ag)
etc., are also added to these alloys to further tailor their properties for bio-
medical applications [66], [86], [109], [152]-[154]. In this chapter, three alloys
were studied and they are (1) Mg-10wt%Gd, (2) Mg-10wt%Gd-0.4wt%Zr,
and (3) Mg-5wt%Gd-5wt%Nd-0.4wt%Zr.

4.1 Alloy making

The alloys were made by melting the Mg—20 wt.% Nd, Mg—21.6 wt.%Gd, Mg—
33 wt.% Zr master alloy and pure Mg with the correct weight ratio. The
feedstock ingots were melted in an electric resistance furnace protected with
atmosphere of CO2 and SFs (a ratio of 100:1). The CléC2 was used for
degassing. The melt was held at 780 °C for 30 minutes before poured into
pre heated steal die mould. The exact composition of the cast alloys was
analysed by atomic emission spectrum (AES) instrument and listed in Table
4. 1. The microstructures of these alloys determine their mechanical and bio
chemical properties (Degradation behaviour). This chapter describes the

microstructural analysis and micro hardness testing of the alloys.
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Table 4. 1 Chemical composition of the Mg alloys

Chemical Composition Percentage
ALLOY
Gd Gd Nd Nd Zr Zr Mg
(Wt%) | (At%) | (Wt%) | (At%) | (Wt%) | (At%)
1 10 1.69 0 0 0 0 Balance
2 9.65 1.61 0 0 0.44 0.13 Balance
3 4.69 0.79 4.39 0.79 0.38 0.11 Balance

4.2 Specimen preparation

The grinding and polishing procedure of the specimen are similar to that used
in the Al-20%Si alloy. After polishing, specimens’ surfaces were etched by
immersing into 1 % NITOL (1% Nitric acid and 99 % Ethanol) for 15 seconds,
removed and cleaned in running water by cotton wiper. Immediately after the

etching and cleaning, the specimen surface was dried using air drier.

4.3 Optical microscopy analysis of the Mg alloys

The optical micrographs of the etched alloy specimens are shown in Figure
4. 1, Figure 4. 2, Figure 4. 3, and Figure 4. 4 (showing the grains, grain
boundaries and intermetallic precipitates and agglomerations). Figure 4. 1
and Figure 4. 2 show the microstructures at 100x and 200x magnifications.
In the Mg-10Gd alloy, the grains are bigger and the intermetallic phase
MgsGd are present uniformly throughout the Mg matrix. This means that the
precipitation of the MgsGd phase took place inside the grains as well as along
the grain boundary regions. In the solution treated Mg—5Gd-5Nd-0.4Zr alloy,
the XRD patterns and EDS analysis results indicated that the particles in the
alloy were Mg5Gd phase containing Nd elements [155]. The Mg—Gd-Sm-Zr
alloy system produced comparable outcomes. The solid solution-treated Mg—
6Gd-6Sm-0.4Zr alloy contained a large amount of eutectic phases
containing some Sm element, which exceeded the maximum solubility of Sm
in solid Mg [156].
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Figure 4. 1 Topographical features of alloy categories a) Mg-10wt%Gd b) Mg-

10wt%Gd-0.4wt%Zr c¢) Mg-5wt%Gd-5wt%Nd-0.4wt%Zr obtained by optical

microscope analysis at 100 X.
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Figure 4. 2 Topographical features of alloy categories a) Mg-10wt%Gd b) Mg-
10wt%Gd-0.4wt%Zr c) Mg-5wt%Gd-5wt%Nd-0.4wt%Zr obtained by optical
microscope analysis at 200 X.
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Figure 4. 3 Topographical features of alloy categories a) Mg-10wt%Gd b) Mg-
10wt%Gd-0.4wt%Zr c) Mg-5wt%Gd-5wt%Nd-0.4wt%Zr obtained by optical
microscope analysis at 400 X.
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Figure 4. 4 Topographical features of alloy categories a) Mg-10wt%Gd b) Mg-
10wt%Gd-0.4wt%Zr c) Mg-5wt%Gd-5wt%Nd-0.4wt%Zr obtained by optical
microscope analysis at 1000 X.
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In the Mg-10Gd-0.4Zr alloy, the grains are smaller, indicating that grain
refinement took place because of adding Zr. Another notable difference in
this alloy is that more MgsGd phases are present along the grain boundaries
than in Mg matrix. In addition, the grain boundaries look a bit wider. In the
Mg 5Gd-5Nd-0.4Zr alloy, Mgi2Nd phases are present inside the grains and
in the grain boundary. In Mg alloys containing Nd, the needle-shaped phase
was Mgl2Nd precipitates having a tetragonal structure. It has been
extensively reported that the needle-shaped phase in magnesium alloys
containing Nd was Mg12Nd precipitates with a tetragonal structure, which
was thought to be generated from Nd supersaturated solid and precipitated
during slow cooling procedures, such as those used in sand mould
casting[157][158]. The Mgi12Nd are small needle-shaped phases oriented in
all directions, indicating that there is no specific directional orientations for
the Mg12Nd intermetallic phases. Again, smaller grains are observed in this
alloy. MgsGd phases are also present along the grain boundaries. Figure 4.
3 and Figure 4. 4 show the microstructures at 400 x and 1000 x
magnifications. The presence of Gd cuboids were observed in the Mg-10Gd
alloy and the Mg-10Gd-0.4Zr alloy. In the Mg-10Gd alloy, the cuboids are
present in the grain and grain boundary regions; but in the Mg-10Gd-0.4Zr
alloy, the cuboids are present along grain boundaries preferentially. In both
cases, the size of the cuboids varies. At higher magnifications and in alloy
Mg-10wt%Gd, the flake like MgsGd precipitates present in the grain regions,
but in alloy Mg-10wt%Gd-0.4wt, the same phase exhibits a preferential
presence along grain boundaries. In addition, Mg matrix that are free of any
intermetallic phases were found in microstructures of alloy Mg-10wt%Gd and
Mg-10wt%Gd-0.4wt. Also, Zr agglomerations around the grain boundary

regions.

4.4 Scanning electron microscopy analysis of the Mg based alloys

The following figures (Figure 4. 5, Figure 4. 6, Figure 4. 7 and Figure 4. 8)
show the microstructures of the Mg alloys taken by scanning electron
microscopy (SEM). Both secondary electron and back scattered electron

images were taken. The back scattered electron images exhibit bright
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contrast for the heavier elements; while the secondary electron images are
better in capturing the topographical features.

116



Back scattered electron images Secondary electron images

—————— 200u= ——— 200un

e Mg‘_T\/Ié'!trl’ic"~ :

'.-"D‘

F——— 200un

Os
Mg Matrix,

0 Mg Matrix -

Figure 4. 5. SEM micrographs of the Mg alloys: a) Mg-10wt%Gd, b) Mg-
10wt%Gd, ¢) Mg-10wt%Gd-0.4wt%Zr, d) Mg-10wt%Gd-0.4wt%Zr, e) Mg-
5wt%Gd-5wt%Nd-0.4wt%Zr and f) Mg-5wt%Gd-5wt%Nd-0.4wt%Zr at 100X.
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Figure 4. 6 SEM micrographs of the Mg alloys: a) Mg-10wt%Gd, b) Mg-
10wt%Gd, ¢) Mg-10wt%Gd-0.4wt%Zr, d) Mg-10wt%Gd-0.4wt%Zr, €) Mg-
5wt%Gd-5wt%Nd-0.4wt%Zr and f) Mg-5wt%Gd-5wt%Nd-0.4wt%Zr at 200X.
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Back scattered electron images

Secondary electron images
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Figure 4. 7 SEM micrographs of the Mg alloys: a) Mg-10wt%Gd, b) Mg-
10wt%Gd, ¢) Mg-10wt%Gd-0.4wt%Zr, d) Mg-10wt%Gd-0.4wt%Zr, e) Mg-
5wt%Gd-5wt%Nd-0.4wt%Zr and f) Mg-5wt%Gd-5wt%Nd-0.4wt%Zr at 400X.
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Back scattered electron images Secondary electron images
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Figure 4. 8 SEM micrographs of the Mg alloys: a) Mg-10wt%Gd, b) Mg-
10wt%Gd, ¢) Mg-10wt%Gd-0.4wt%Zr, d) Mg-10wt%Gd-0.4wt%Zr, €) Mg-
5wt%Gd-5wt%Nd-0.4wt%Zr and f) Mg-5wt%Gd-5wt%Nd-0.4wt%Zr at
1000X.

Figure 4. 6 and Figure 4. 7 shows the microstructures at 100 X and 200 X
respectively. The grain boundary regions are clearly revealed by back
scattered electron images with MgsGd along the grain boundaries because
the Gd atoms is heavier than that of Mg matrix. In the micrographs of alloy
Mg-10wt%Gd and Mg-10wt%Gd-0.4wt%Zr the presence of Gd cuboids,
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MgsGd flake like structures and Mg matrix are observed. The MgsGd
distributed preferentially along the grain boundaries in alloy Mg-10wt%Gd-
0.4wt%Zr, compared to that of alloy Mg-10wt%Gd. Micrographs of alloy Mg-
5wt%Gd-5wt%Nd-0.4wt%Zr have different microstructural features including
the Mgi2Nd phase and Zr agglomerations. Figure 4. 7 and Figure 4. 8
illustrate the structures of the alloys at 400 X and 1000 X respectively. At
higher magnifications, the Gd cuboids in alloy Mg-10wt%Gd and Mg-
10wt%Gd-0.4wt%Zr are clearly observable. Another interesting feature is the
size of the Gd cuboids in the alloy Mg-10wt%Gd and Mg-10wt%Gd-
0.4wt%Zr. In both cases, the Gd cuboid’s size vary. In alloy Mg-10wt%Gd,
bigger size cuboids are observed (about 17.5 pm?) compared to those in alloy
Mg-10wt%Gd-0.4wt%Zr (about 6.1 pm?2). In alloy Mg-5wt%Gd-5wt%Nd-
0.4wt%Zr, the Gd cuboids are hardly found. This gives the clear evidence of
Gd agglomerations slowly transformed into MgsGd precipitations in alloy Mg-
10wt%Gd-0.4wt%Zr and Mg-5wt%Gd-5wt%Nd-0.4wt%Zr. Back scattered
electron images of Figure 4. 7 and Figure 4. 8 clearly show that the MgsGd
flake like structures are present along the grain boundaries in alloy Mg-
10wt%Gd-0.4wt. They uniformly distributed in grain and grain boundaries
regions in alloy Mg-10wt%Gd-0.4wt%Zr. They uniformly distributed in grain
and grain boundaries regions in alloy Mg-10wt%Gd. In addition, the presence
of Zr particles as agglomerations in and around the grain boundary regions
are clearly exhibited by these microstructures (Figure 4. 7 and Figure 4. 8) at
higher magnifications. The secondary electron images at higher
magnifications show the presence of Mgi2Nd needle like structures in the

grain regions.

4.5 Energy Dispersive X-Ray Analysis of the Mg based alloys

Figure 4.9 to Figure 4. 15 show the EDAX spectrum of the alloys 1, 2 and 3.
Figure 4. 9a show the EDAX spectrum of bulk analysis of alloy 1 with peaks
of Mg and Gd. It proves that the composition of alloy 1 is consisting of
Magnesium and Gadolinium. Figure 4. 9b shows the EDAX spectrum of Gd
cuboid phase of alloy 1 with peaks of only Gd. This reveals that the cuboids

consist of only Gd element. Figure 4. 10 a show the EDAX spectrum of
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Magnesium matrix of alloy 1 (Mg-10Gd) with peaks of only Mg. Hence the
Magnesium matrix regions free of any precipitates are existing in alloy 1.
Figure 4. 10 b shows the EDAX spectrum of MgsGd intermetallic precipitates
of alloy 1 with peaks of only Mg and Gd. This proves the presents of MgsGd
flake like structures in alloy 1. Small peaks of oxygen represents the oxide

scale and carbon represents the very meagre amount of contaminations.

Figure 4. 12 a show the EDAX spectrum of bulk analysis of alloy Mg-
10wt%Gd-0.4wt with peaks of Mg, Gd and Zr. Comparatively smaller peak of
Zr represents nearly quantity of Zr in alloy 2. Figure 4.12b show the EDAX
spectrum of Magnesium matrix of alloy 2 with peaks of Mg. Very small peaks
of Gd are observed when compared to that of large Mg peaks. Figure 4. 13a
show the EDAX spectrum of MgsGd phase of alloy 2 with peaks of Mg and
Gd. Figure 4. 13 b shows the EDAX spectrum of Zr agglomerations of alloy
2 with peaks of Zr only. This proves the presents of Zirconium as

agglomerations in and around the grain boundaries.

122



Cuboid Phase

Figure 4. 9 EDAX Spectrum of Mg-10wt%Gd alloy; a) Bulk analysis and b) Gd

Cuboid.
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Mg-10%

Figure 4. 10 EDAX Spectrum of Mg-10wt%Gd alloy; a) Magnesium Matrix and b)
Mg5Gd Phase
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Mg-10%Gd 0.4%Zr Bulk Analysis

Mg-10%Gd 0.4%Zr-Matrix

Figure 4. 11 EDAX Spectrum of alloy Mg-10wt%Gd-0.4wt%Zr ; a) Bulk analysis

and b) Magnesium matrix

125



Figure 4. 12 EDAX Spectrum of Mg-10wt%Gd-0.4wt%Zr alloy; a) MgsGd phase
and b) Zr agglomerations
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Figure 4. 13 EDAX Spectrum of Mg-5wt%Gd-5wt%Nd-0.4wt%Zr alloy; a) Grain
boundary region and b) Mg matrix
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Figure 4. 14 EDAX Spectrum of Mg-5wt%Gd-5wt%Nd-0.4wt%Zr alloy; a) Zr
Phase and b) Bulk Analysis
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Figure 4. 15 EDAX Spectrum of Mg-5wt%Gd-5wt%Nd-0.4wt%Zr alloy; Mgi2Nd

Phase

Figure 4. 14a shows the EDAX spectrum of Zirconium agglomerations of
alloy Mg-5wt%Gd-5wt%Nd-0.4wt%Zr with peaks of Zirconium and Mg only.
This indicates that the presence of Zirconium particles agglomeration in

Magnesium matrix.

Figure 4. 14b shows the EDAX spectrum of bulk analysis of alloy Mg-
5wt%Gd-5wt%Nd-0.4wt%Zr with peaks of Gd, Mg, Nd and Zr. This proves
the alloy Mg-5wt%Gd-5wt%Nd-0.4wt%Zr composition is consisting of
Magnesium, Gadolinium, Neodymium and Zirconium. Figure 4. 15 shows the
EDAX spectrum of Mgl12Nd needle like structure of alloy Mg-5wt%Gd-
5wt%Nd-0.4wt%Zr with peaks of Mg and Nd that confirms the presents of
Mg12Nd phase in alloy Mg-5wt%Gd-5wt%Nd-0.4wt%Zr.
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4.6 Measurement of the hardness of the Mg based alloys

4.6.1 Vickers micro hardness measurements

Micro harness measurements were carried out using Leitz Wetzlar Germany
(Model- 8295) Vickers micro hardness tester. Specimens of size 2cm x 2cm
X 2cm were prepared, polished, cleaned and etched before subjecting them
to hardness measurements. The procedures of specimen preparations are
clearly described in the earlier section of microstructural analysis of the
Magnesium based alloy. The governing expression used in Vickers hardness

calculations is shown below [159];

Vickers micro hardness number (VHN)

F
=1854X 5~~~ — =~~~ (3.1)

where F is the load in kgf and d represents the arithmetic mean of the two

diagonals, di and d2 measured in mm.

|

Figure 4. 16 The pictorial representation of diagonal parameters X and Y of the

indentation in Vickers hardness measurements.
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Table 4. 2 The indentation parameters Vickers hardness measurements of

Mg-10wt%Gd

S.No Diagonal Diagonal | Mean diagonal Hardness
Length X Length Length d Vickers
(Hm) Y (Hm) (VHN)
(Lm)

1 51.6 46.6 49.1 76.9
2 47 51 49 77.2
3 51.8 50.15 50.98 91.9
4 54.25 54 54.1 63.3
5 49.5 46.5 48 80.5
6 49.2 48.6 48.9 77.6
7 50.4 50.0 50.2 73.9
8 48.6 49.8 49.2 76.6
9 49.8 48.8 49.3 76.3
10 49.6 48.0 48.8 77.9
11 52.6 47.2 49.9 74.5
12 49.7 49.8 49.75 74.8

Average 76.7833

Table 4. 3 The indentation parameters Vickers hardness measurements of Mg-
10wt%Gd-0.4wt%Zr alloy

S.No Diagonal Diagonal | Mean diagonal Hardness
Length X Length Length d Vickers
(um) Y (Hm) (VHN)
(Lm)

1 48.0 47.8 47.9 80.8
2 50.0 49.9 50.0 74.2
3 51 48 49.5 75.7
4 49 51.7 50.3 73.3
5 53 52.3 52.7 66.8
6 51.8 54.0 52.9 66.3
7 50.5 51.0 50.25 73.3
8 47.6 46.6 47.1 83.6
9 48.6 49.3 48.95 77.2
10 51.6 52.2 51.9 68.6
11 52.1 48.8 50.55 72.7
12 48.0 47.8 47.9 80.8

Average 74.4416

Figure 4. 16 shows the X and Y parameters of the indentation in Vickers

hardness measurements. Table 4. 2, Table 4.3 and Table 4.4 show the

indentation parameters of the Mg based alloys Mg-10wt%Gd, Mg-10wt%Gd-
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0.4wt%Zr and Mg-5wt%Gd-5wt%Nd-0.4wt%Zr . A load of 0.1-kilogram force
(kgf) is used in all micro hardness tests and a dwell time of 15 seconds is

allowed for each test indentation.

Table 4. 4 The indentation parameters Vickers hardness measurements of alloy
Mg-5wt%Gd-5wt%Nd-0.4wt%Zr.

S.No Diagonal Diagonal Mean Hardness
Length X Length diagonal Vickers
(um) Y Length d (VHN)
(Lm) (Lm)
1 48.7 47.1 47.9 80.8
2 44.8 45.7 45.3 90.8
3 47.6 45.4 46.5 85
4 47.5 48.5 48.0 80.5
5 48.7 48.6 48.65 78.2
6 47.7 46.8 47.25 82.9
7 46.8 47.2 47.0 83.9
8 47.8 48.3 48.05 80.2
9 44.6 45.2 44.9 92.0
10 47.4 48.2 47.8 81.2
11 47.0 45.7 46.35 86.1
12 48.8 45.8 47.3 82.9
AVERAGE 83.708
100
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Figure 4. 17: The bar chart of hardness profile of Mg based alloys

It will be very appropriate to carry out nano hardness measurements in order
to explore the exact hardness property of each phase regions of the alloys
Mg-10wt%Gd, Mg-10wt%Gd-0.4wt%Zr, and  Mg-5wt%Gd-5wt%Nd-
0.4wt%Zr.

46.2 Nano Indentation measurements

In this work, the Nano-indentation experiments are carried out in order to
obtain the hardness information for the different phases. The CSM
Instruments, Switzerland available at the University of Hull is employed in

Nano-indentation experiment.

134



Figure 4. 18: Nano-indentation instrumentation including the indentor, the
sample holder and the optical lenses.
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Figure 4. 19: Holding the tested samples during the experiments (with the Bakelite).

The specimen to be tested is mounted on conductive Bakelite. An array of
indentations was made on each specimen in order to collect sufficient data
for the hardness analysis. After the indentation test, the depth of the

indentation was viewed using SEM.
The following expressions are representing the equations to calculate the
Nano hardness and Young’s modulus of the alloy.

P max

Ac

Nano hardness (H;p) =

Youngs modulus (E) = g x——

Jac

Where Ac is the contact area, calibrated using a silica block, the Pmax and S

is obtained from the nano-indentation graph as illustrated in Figure 4. 20. The
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Nano-indentation parameters and specimens that were used in the

experiments are presented in the following table (table 4.5)

F'y
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Figure 4. 20: Graph between the load and depth of indentation.

Table 4. 5: Nano-indentation parameters and specimens (alloy Mg-10wt%Gd ,
alloy Mg-10wt%Gd-0.4wt%Zr and alloy Mg-5wt%Gd-5wt%Nd-0.4wt%Zr ).

Sample (1):
Mg-10%Gd

Sample (2):
Mg-10%Gd-0.4%Zr
Sample (3):
Mg-5%Gd-5%Nd-
0.4%Zr

Control Mode Load
Maximum Load 100 mN
Loading Rate 200 mN/min
Unloading Rate 200 mN/min
No. of Indentations 30
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Figure 4. 21: The Nano indentations captured on the surface of a) alloy Mg-
10wt%Gd, b) alloy Mg-10wt%Gd-0.4wt%Zr, c¢) alloy Mg-5wt%Gd-5wt%Nd-
0.4Wt%Zr.
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Table 4. 6: The 30 Indentation that were applied to the three specimens (alloys Mg-
10wt%Gd, Mg-10wt%Gd-0.4wt%Zr and Mg-5wt%Gd-5wt%Nd-0.4wt%Zr).

Nano Hardness (Vickers Hardness)
Mg-5wt%Gd-
Numberof | Mg-10wtoeGd, | "9 1OWI%Gd- BwooNd.
indentations 0.4wtdozr 0.4wt%Zr
1 79.616 94.475 118.214
2 94.266 72.073 101.124
3 98.268 88.633 100.277
4 102.458 85.577 95.918
5 96.381 69.218 84.101
6 99.103 76.962 96.348
7 87.772 75.025 88.475
8 107.409 62.724 90.631
9 92.899 88.654 92.56
10 90.283 71.815 105.667
11 77.702 69.428 86.013
12 96.427 81.505 87.386
13 100.302 84.754 96.527
14 76.558 97.464 99.065
15 92.502 74.376 100.767
16 84.032 68.901 99.069
17 82.97 67.12 93.934
18 81.043 85.885 85.264
19 78.972 89.005 87.16
20 86.854 83.476 93.73
21 93.842 72.299 86.267
22 106.038 76.426 94.858
23 88.765 88.425 100.611
24 79.829 76.662 92.552
25 68.837 92.678
26 77.05 94.477
27 56.703 104.44
28 93.219 99.557
29 88.145 102.37
30 85.157 94.369
Average 90.59546 78.99977 95.4803

Further nano-indentation experiments have been carried out for the three

alloys (samples A, B and C) in order to make trial to examine a specific phase
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such as MgsGdiz2. The used parameters are the same as the listed in Table

4.5, the only difference here is number of indentations.

Table 4. 7: The recent nano Indentation that were applied to the three specimens
(Mg-10wt%Gd, Mg-10wt%Gd-0.4wt%Zr and Mg-5wt%Gd-5wt%Nd-0.4wt%Zr )

in order to hit on a specific phases.

Nano Hardness (Vickers Hardness)
i':g;“n?:[igg 10'\\:'”%2)6 Mg-10Wt%Gd- | Mg-5wt%Gd-5wto6Nd-
s d 0.4wt%Zr 0.4wt%Zr
1 79.616 52.153 97.646
2 94.266 85.43 67.669
3 98.268 87.356 88.019
4 102.458 71.375 08.864
5 96.381 76.162 81.758
6 99.103 50.854 89.765
7 87.772 91.194 84.334
8 81.043 83.14 88.129
9 92.899 71.052 92.371
10 90.283 100.419
11 77.702 88.234
12 96.427 127.196
Average 91.3515 74.302 92.037

The above table, Table 4. 7 , (the recent Nano-indentation experiments) are

in similar behaviour and following the same pattern with the values obtained

from the former experiment. The new finding here is that the indentation

number 12 of sample 3 was hit on a specific phase (see Figure 4. 22 and

Figure 4. 23).
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(a) (b)

Figure 4. 22: The optical microscope images of the indentation number 12: a)

at 400X magnification and b) at 1000 X magnification.
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Figure 4. 23: The SEM images of the indentation number 12: a) at 500X

magnification and b) at 2000 X magnification.
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4.7 Electrochemical corrosion tests

In electrochemical testing, Potentio-dynamic polarisation testing involves
scanning the corrosion current variation of the specimen in the specified
electrolyte over a range of potential. The range of potential over which the
test is carried out depends on the open circuit potential (OCP) measured at
the beginning of the experiment. The variation of the current versus the

potential is drawn as a curve and it is known as “TAFEL PLOT".

0.3
Extrapolated
cathodic current
0.21
Intersect at
N e
0 Ecorr’ Ioorr
S ol
(S N]
0.1+
—0.21 Extrapolated
anodic current /
0.3 A

10° 103 107 103 102 107
Absolute current (A)

Figure 4. 24: TAFEL plot between the measured potential and the current [160].

Figure 4. 24 shows the typical TAFEL PLOT in potentiodynamic polarisation
measurement. This consists of cathodic and anodic curves as shown in
figure. The extrapolated cathodic current is represented by the slope drawn
on the cathodic curve and the extrapolated anodic current is represented by
the slope drawn on the anodic curve. The intersection of the both slopes at a
point give rise to the corrosion current (Icorr). The point on the y axis at which
the potential values are common over a current range towards zero current

value is known as corrosion potential or zero charge potential (ZCP).
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From the TAFEL PLOT the cathodic slope and anodic slopes are
measured and substituted in equation 2. Further the corrosion rate of the
specimen in the electrolyte is calculated by substituting the corrosion current

density in equation 1.
The corrosion rate can be estimated using the following formula [18]

0.129x I-orr XEq. W't

CR(mpy) = - D

Where, lcorr = Corrosion current density in pA/cm?.

Eq. Wt = Equivalent weight of the corroding specimen in

gm.
D = Density of the corroding species in g/cm?

Dividing the icorr by the specimen area exposed to electrolyte give rise to the

corrosion current density lcorr.

Icorr = ﬁ (%) ————————— (2)

where R is polarisation resistance (kQ/cm?), Ba is anodic slope
(Volts/Decade) and Bcis cathodic slope (Volts/Decade). 1 millimetre per year

(mmpy) is equal to 39.4 milli inches per year(mpy)

In corrosion measurements of present work, the Magnesium alloy samples
of dimensions 2 cm width and 1.5 cm breadth (0.0003 m? area) are polished
using polishing sheets of SiC grade emery papers and then wet polished
using diamond paste of 1 um size. After the polishing the specimens are
subjected to corrosion measurements in 3.5 N NaCl solution and Hank’s
solution. 600 mL of electrolyte volume is maintained in all electrochemical
tests. The potentiodynamic polarisation tests were carried out using
corrosion measurement instrument. The method of obtaining the polarization
values and R values is the software control of the machine. The time required
for the equilibrium curve is three to five minutes. Open circuit potential

findings are performed that takes 3 to 5 minutes to achieve equilibrium. The
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used software for the experiment is EC-Lab software (version 10.32) and the
linear fitting is executed by means of drawing the slopes of anodic and

cathodic curves.

Figure 4. 26 shows the three Magnesium alloy specimens just before the
test. A three-electrode cell is used to conduct the experiment where the
working electrode is the specimen to which the corrosion measurement is
carried out, the reference electrode is the calomel electrode and the counter
electrode is made of stainless steel. The three-electrode cell is connected to

the corrosion-measuring instrument.

Work to Potentiostat

electrode to Potentiostat
Reference to Potentiostat
/ Electrodes Holder

L

[ 71

The specimen

- —
—

— The Processed Surface

3.9 Nacl OR Hank: s Solution

Figure 4. 25: Schematic diagram of electrochemical testing electrode.

145



Figure 4. 26: Magnesium alloy specimens namely Mg-10wt%Gd, Mg-10wt%Gd-
0.4wt%Zr and Mg-5wt%Gd-5wt%Nd-0.4wt%Zr categories before corrosion test.
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Table 4. 8: shows the composition of the Hank’s solution used in the

experimentations.

Number Constituents Weight
1 NaCl (mw: 58.44 g/mol) 8¢

2 KCI (mw: 74.55 g/mol) 400 mg
3 CaCl, (mw: 110.98 g/mol) 140 mg
4 MgS0O4-7H20 (mw: 246.47 g/mol) 100 mg
5 MgCl>-6H20 (mw: 203.303 g/mol) 100 mg
6 NazHPO4-2H20 (mw: 177.99 g/mol) 60 mg

7 KH2PO4 (mw: 136.086 g/mol) 60 mg

8 D-Glucose (Dextrose) (mw: 180.156 g/mol) 19

9 NaHCO3; (mw: 84.01 g/mol) 350 mg

The scanning in polarization of electrochemical test are started from -
1800 mV and carried out further up to nearly -1200 mV, after determining the
open-circuit corrosion potential for each immersion. The corrosion rates were
calculated using the polarization plots registered over the range — 1800 to -
1200 to mV. The scan rate in the electrochemical tests were maintained at
0.3 mV/s. In the experiments, the corrosion potentials are referenced to the
saturated calomel electrode reference. The corrosion current measurements

are carried out in the electrochemical tests.

Log Current (mA)

| [— Mg-10Gd in HANK
—— Mg-10Gd-.42r in HANK
—— Mg-5Gd-5Nd-.4Zr in HANK|

_5 T T T T T T T T T T T T T T
-1.7 -1.65 -1.6 -1.55 -1.5 -1.45 -1.4 -1.35 -1.3

Potential (V)

Figure 4. 27: The potentiodynamic polarisation curves of Magnesium alloys in

Hank’s solution.
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Figure 4. 27 show the potentiodynamic polarisation curves of the alloys in
Hank’s solution. The initial observation shows that the Tafel curve of Alloy
Mg-10wt%Gd exists at lower current region when compared to that of other
Tafel plots of alloy Mg-10wt%Gd-0.4wt%Zr and Mg-5wt%Gd-5wt%Nd-
0.4wt%Zr. This proves that the corrosion current (lcorr) of alloy Mg-
10wt%Gd happens to be at lower end when compared to that of the alloy
Mg-10wt%Gd-0.4wt%Zr and Mg-5wt%Gd-5wt%Nd-0.4wt%Zr. Similarly, the
Tafel plot of alloy Mg-5wt%Gd-5wt%Nd-0.4wt%Zr is at higher current range
when compared to that of alloy Mg-10wt%Gd and 10wt%Gd-0.4wt%Zr. This
implies that the corrosion current of alloy Mg-5wt%Gd-5wt%Nd-0.4wt%Zr is
greater than that of the other groups. The following observation holds good

for the magnesium alloys in Hanks solution;

Icorr Of alloy Mg-10wt%Gd < Icorr Of alloy Mg-10wt%Gd-0.4wt%Zr < lcorr
of alloy Mg-5wt%Gd-5wt%Nd-0.4wt%Zr.

Hence, it can be stated that the alloy Mg-10wt%Gd has lower corrosion rate
than that of alloy Mg-10wt%Gd-0.4wt%Zr. The alloy Mg-5wt%Gd-5wt%Nd-
0.4wt%Zr has higher corrosion rate in Hank’s solution when compared to that
of alloy Mg-10wt%Gd and Mg-10wt%Gd-0.4wt%Zr.

4.7.1 Corrosion Rate Calculations

The Tafel plots of the potentiodynamic polarisations analysis give rise to the
opportunity to calculate the corrosion rates of the alloy specimens in Hank’s
solution. This is carried out by drawing the anodic slope and cathodic slope
on the Tafel plot of each alloy. A straight line is drawn from the intersection
point of the slopes to meet the x axis. The point on x axis where the
extrapolated line meets, represents the corrosion current (icorr). The corrosion
current density (I corr) is determined when the corrosion current divided by
means of the area of specimen exposed to the electrolyte. Following are the

corrosion rate calculation figures of the magnesium alloy groups namely Mg-
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10wt%Gd, Mg-10wt%Gd-0.4wt%Zr and Mg-5wt%Gd-5wt%Nd-0.4wt%Zr in
Hank’s solution (Figure 4. 28, Figure 4.29 and Figure 4.30).
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Figure 4. 28: Corrosion rate calculation for the alloy Mg-10wt%Gd in Hank’s

solution.
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Figure 4. 29: Corrosion rate calculation for the alloy Mg-10wt%Gd-0.4wt%Zr in

Hank’s solution.
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Figure 4. 30: Corrosion rate calculation for the alloy Mg-5wt%Gd-5wt%Nd-

0.4wt%Zr in Hank’s solution.

Table 4. 9: Corrosion characteristics of the Magnesium alloy groups in Hank’s

solution
’ C.R
Allo
y (mmpy)
Mg-10Gd 0.17661
Mg-10Gd-0.4Zr 0.684213
Mg-5Gd-5Nd-0.4Zr 1.40826

mmpy — millimetre per year
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Figure 4. 31 Corrosion rate bar chart for the magnesium alloys in Hank’s solution

Table 4. 9 shows the corrosion rates of the magnesium alloys in Hank’s
solution. The first observation shows that the alloy Mg-10wt%Gd is having
lower corrosion rate than alloy Mg-10wt%Gd-0.4wt and Mg-5wt%Gd-
5wt%Nd-0.4wt%Zr (Figure 4. 31). The Tafel plot analysis clearly indicates
that the corrosion current for alloy is lower than corrosion current of alloy Mg-
10wt%Gd-0.4wt. Similarly, the corrosion current of alloy Mg-10wt%Gd-0.4wt
is lower than the corrosion current of alloy Mg-5wt%Gd-5wt%Nd-0.4wt%Zr.
Hence, this can be directly related to the addition of alloying elements to the
Magnesium Gadolinium alloy. Alloy Mg-10wt%Gd contains Magnesium as
matrix and Gadolinium as alloying element. Even though the Gadolinium is a
rare earth element the intermetallic phases formed by Magnesium and
Gadolinium are more noble compare to the matrix. Hence this dissimilarity
leads to corrosion of the alloy in Hank’s solution [34], [161]. Addition of Nd to

the Mg-Gd alloy further leads to grain refinement to the master alloys.
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When grain refinement takes place, it leads to improvement in strength of the
alloy and it imparts an adverse effect on the corrosion behaviour of the alloy.
Generally, grain refinement give rise to quantitative increase in grain
boundaries. The grain boundaries are in general, represents the higher
energy regions of an alloy matrix. The higher energy region is prone to
corrosion in electrolytes when exposed. The grain refinement leads to higher
corrosion rate. In addition, the intermetallic precipitates formed in the matrix
of the alloy due to addition of Gd and Nd into the Mg matrix are noble by
potential than the matrix itself. Hence, this factor can also influence galvanic
corrosion of the alloy when exposed to Hank’s solution [162], [163].

Addition of Zr further improves the grain refinement to a greater extent
leading to much more increase in quantitative nature of the grain boundaries.
Hence corrosion rate of alloy Mg-5wt%Gd-5wt%Nd-0.4wt%Zr is more when
compared to that of alloy A and B since the combined effect of high level
grain refinement and noble nature of intermetallic phases formed by addition
of Nd and Zr to the master alloy [164], [165]. Further characterisations like
SEM microstructures and EDAX results will explain the corrosion behaviour

of the alloys in Hank’s solution.

47.1.1 Microstructure after electrochemical tests

Figure 4. 32 show the corroded surfaces of magnesium-based alloy groups
namely 1, 2 and 3. Fig 10 a, ¢ and e represents the full image of the
magnesium alloy specimens 1, 2 and 3 respectively, immersed in Hank’s
solution for 10 minutes time period. Upon removal, the specimens were dried

in air for further investigations.
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Figure 4. 32: Corroded surfaces after the immersion corrosion test in Hanks solution
a) Full specimen of specimen A, b) at higher magnification of specimen A, c) Full
specimen of specimen B d) at higher magnification of specimen B, €) Full specimen

of specimen C b) at higher magnification of specimen C.
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4.7.2 Energy Dispersive X-ray Analysis after the electrochemical
Testing

The following figures show the EDAX spectrums of the three samples
(sample A, sample B and sample C) after conducting the corrosion behaviour

testing (electrochemical).

Figures 4.38, 4.37 and 4.36 show the EDAX spectrum of magnesium alloys
A, B and C respectively. All the spectrums show the peaks of oxygen, chlorin,
Magnesium, Calcium, Sodium and Potassium revealing that the corrosion
has taken place when the alloy A, B and C are immersed in the Hank’s

solution.

Sample A-Flat Oxide Layer

Figure 4. 33: The EDAX spectrum of specimen A after corrosion test in Hank’s

solution.
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Sample B-Heavier oxidation

Figure 4. 34: The EDAX spectrum of specimen B after corrosion test in Hank’s

solution

Sample C-Mg Gd Nd Zr-Surface Exposed To Corrosion Test

Figure 4. 35: The EDAX spectrum of specimen C after corrosion test in Hank’s

solution
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4.7.3 Summary

Biocompatible grade Magnesium based alloys with alloying elements namely
Gadolinium (Gd), Neodymium (Nd) and Zirconium (Zr) are prepared using
resistance heating furnace associated with an atmosphere containing both
CO2 and SF6. The ratio of CO2 and SF6 gas combinations is maintained as
100:1 respectively. The gas phase CI6C2 is used for the refining treatment
and further the alloy is held at 780 OC for 30 minutes. This leads to melting of
the alloy and the molten liquid is poured into pre heated steal die maintained
at 740 OC. The prepared alloys groups are named as follows: Category A: Mg-
10 wt. % Gd; Category B: Mg-10 wt. % Gd-0.4 wt. % Zr ; Category C: Mg-5 wt.
% Gd-5 wt. % Nd-0.4 wt. % Zr.

The initial observation clearly shows the presence of grains and grain
boundaries along with the intermetallic precipitates and agglomerations. In the
microstructures alloy A, the grains are bigger in size and the intermetallic
precipitates namely Mg5Gd are observable uniformly throughout the
Magnesium matrix. Intriguing observation of microstructures of Alloy Mg-
10wt%Gd-0.4wt reveals the presence of smaller grains. This shows that the
grain refinement has taken place to a greater level since the alloy Mg-
10wt%Gd-0.4wt has very small grains in comparison with that of alloy A.
Another notable difference in alloy Mg-10wt%Gd-0.4wt microstructure is the
intermetallic precipitations of Mg5Gd happen to be present more along the
grain boundaries than in Magnesium matrix grains. In addition, grain
boundaries of thicker nature are observed in alloy Mg-10wt%Gd-0.4wt. The
microstructures of alloy Mg-5wt%Gd-5wt%Nd-0.4wt%Zr show that there exists
a clear difference in microstructural features in terms of the presence of
Mg12Nd phase in the grain regions and as well as in grain boundary regions
of the microstructure. The Mg12Nd phase present as small needles oriented
in all directions of the grains revealing that there are no specific directional
orientations of the needle like structures of Mg12Nd intermetallic phase. The
comparative analysis show that in alloy A, the cuboids are present in the grain
and grain boundary regions but whereas in alloy Mg-10wt%Gd-0.4wt the
cuboids are present along grain boundaries preferentially. These
microstructures at higher magnifications prove that in alloy A, the flake like
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Mg5Gd precipitates present in the grain regions and where as in alloy Mg-
10wt%Gd-0.4wt the same phase exhibit a preferential presence along grain
boundaries. The 360 orientations of the Mgl2Nd needles are clearly
observable in category Mg-5wt%Gd-5wt%Nd-0.4wt%Zr microstructures. At
higher magnifications, the presence of Gd cuboids in alloy A and B are clearly
observable. In both cases the Gd cuboids are existing in variable sizes. But
especially in alloy A, bigger sized cuboids are observed when compared to
that of the alloy Mg-10wt%Gd-0.4wt. As one moves on to the alloy Mg-
5wt%Gd-5wt%Nd-0.4wt%Zr microstructure, the Gd cuboids are hardly
observable. This gives the clear evidence of Gd agglomerations are slowly
transforming into Mg5Gd precipitations in alloy Mg-10wt%Gd-0.4wt and Mg-
5wt%Gd-5wt%Nd-0.4wt%Zr. The compositional studies by EDAX analysis,
reveal that the bulk analysis of alloy A with peaks of Mg and Gd. It proves that
the composition of alloy A is consisting of Magnesium and Gadolinium. The
EDAX spectrum of Gd cuboid phase of alloy A with peaks of only Gd. This
reveals that the cuboids consist of only Gd element. The EDAX spectrum of
Magnesium matrix of alloy A with peaks of only Mg. The EDAX spectrum of
Mg5Gd intermetallic precipitates of alloy A with peaks of only Mg and Gd. The
EDAX spectrum of bulk analysis of alloy Mg-10wt%Gd-0.4wt with peaks of Mg,
Gd and Zr. Comparatively smaller peak of Zr represents nearly lower quantity
of Zr in alloy Mg-10wt%Gd-0.4wt. The EDAX spectrum of Magnesium matrix
of alloy Mg-10wt%Gd-0.4wt with peaks of Mg. Very small peaks of Gd are
observed when compared to that of large Mg peaks. The EDAX spectrum of
grain boundary region of alloy Mg-5wt%Gd-5wt%Nd-0.4wt%Zr with peaks of
Mg, Gd and Nd only. The EDAX spectrum of Zirconium agglomerations of alloy
Mg-5wt%Gd-5wt%Nd-0.4wt%Zr with peaks of Zirconium and Mg only. This
indicates that the presence of Zirconium particles agglomeration in
Magnesium matrix. The EDAX spectrum of Mg12Nd needle like structure of
alloy Mg-5wt%Gd-5wt%Nd-0.4wt%Zr with peaks of Mg and Nd. This confirms
the presents of Mg12Nd phase in alloy Mg-5wt%Gd-5wt%Nd-0.4wt%Zr.

Further the alloy groups are subjected to hardness measurements. In
comparison, alloys A and Mg-10wt%Gd-0.4wt exhibit nearly equivalent

resistance to indentation (Hardness) whereas the Vickers hardness value of
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alloy Mg-5wt%Gd-5wt%Nd-0.4wt%Zr is greater than that of A and B. This is
another supporting result proving the synergic effect of presence of Gd and
Nd promoting the precipitation formation due to reduced solid solubility of each
element in Magnesium. The higher hardiness value of the alloy Mg-5wt%Gd-
5wt%Nd-0.4wt%Zr proves that the precipitation hardening and grain boundary
strengthening of the master alloy (Mg — 10 wt.% Gd) when added with 5 wt.
% Nd and 0.4 wt.% Zr.

The corrosion mechanism involves metal atoms reacting to Hank’s solution
containing chlorides, sulphates of Potassium, Magnesium and sodium
elements etc. At initial stages, the reactions are confined to few islands
expanding in region size and as the time progresses the number and size of
islands of corrosion reactions are increasing. This leads to hydrates and
hydroxide products on the surface of the exposed alloys for example Cl, K, Na,
S and Mg containing hydrates and hydroxides. Upon drying, they transform
into oxides and salts layers on the corroded surface of the alloys.
Corresponding EDAX analysis show that the surface morphology of the
corroded specimen in terms of wide-open oxide scales, stained regions,
uniformity and quantitative nature of the settled islands separated by cracks
and spallation’s clearly indicate that the alloying additions like Nd and Zr to the
master alloy leads to increased corrosion activities in Hank’s solution.The
segregation of Gd cuboids gradually decrease in size as the addition of Nd
and Zr are employed to the master alloy A . As the microstructure of the alloys
solidified with increasing intensities of magnetic fields were analysed
gradually, It can be stated that the synergic effect of Gd and Nd promoting the
intermetallic precipitate formation rather than segregation of Gd as cuboids in

the Magnesium matrix.

The microstructural features show that the preferential existence of Gd
cuboids and MgsGd intermetallic along the grain boundaries. This is very well
supported by the EDAX spectrum of grain boundaries of alloy Mg-5wt%Gd-
5wt%Nd-0.4wt%Zr showing the peaks of Mg, Gd and Nd. The Higher Gd
content in Magnesium alloys, leads to grain refinement as well as solid
solution strengthening due to the complete dissolution of Gd in to

Magnesium. Addition of Zirconium to the Mg-Gd and Mg-Gd-Nd system,
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leads to effective grain refinement by means of pinning the grain boundaries
to hinder the further growth of grains. In fact, the presence of Zr particles
along the grain boundaries, impede the dislocation motion during the

deformation process.
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Chapter 5 Discussion of Al-20%Si

In recent years, numerous methodologies including the pulse magnetic field
method has been used in grain refinement of Al based alloys. In this research
the Al-20%Si alloy was chosen to investigate the effect of pulse magnetic
field on the control of the primary Si and the eutectic Si phases. The following
section discuss the mechanism of how pulse magnetic field is able to refine

the primary Si and the eutectic Si phases.

5.1 The effect of Pulse Magnetic Field on the microstructure of Al — 20%Si

The results of microstructural analysis reveal that the plate like coarser Si
phases found in bottom portion of the solidified alloy have undergone several
phase changes with respect to the increase in magnetic field intensity.
Actually, Si phases are smaller in size and having different shapes like
spheroidal and thin plate structures when subjected to pulsed magnetic field
intensity. As the discharging voltage increases the Si phases become finer
and finer, resulting in uniform distribution throughout the matrix. Similar trend
is observed in the case of lamellar structure of Si phases. When there is no
magnetic field effect, the lamellar Silicon structures are coarser. Further,
when the discharging voltage is increased then the fine nature of the lamellar
Si structure increases. Moreover, the grain refinement with respect to
application magnetic field is clearly evident. Fig 3.3 to 3.11 represents the
SEM micro-structural analysis of the bottom middle and top portions of the
pulsed magnetic field assisted solidified Al-20% Silicon alloys. In general, the
analysis reveals that the primary Si plate like structures are observed to be
coarse and thick in size at zero magnetic field intensity when compared to
that of the micro-structures of the alloys solidified at 0.3, 0.7, 0.85, 1 and 1.4
Tesla magnetic field intensity. This is the clear evidence of the virgin Si plate
like structures get refined in size and shape as the magnetic field influences
the solidification process. This trend is possible in metallic alloys when
alternating magnetic field is applied during solidification. In Al-7%Si alloy,

grain refinement is achieved by means of magnetic stirring mechanism [166].
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The variation in microstructures between the bottom middle, top parts can be
correlated to the vertical direction solidification of the alloy due to different
cooling rates. A research work carried out in similar domain reports that the
differential macro segregation of primary Silicon structures in Aluminium
Silicon alloy is possible when the casting is carried out in smaller sized dies
or small moulds of thin cross-sections. Differential mass percentage of
Silicon are found in wheel casting [167]. Another relevant literature report
focused on the joule heating of the molten alloy and discovered that the
supplied heat energy has to be uniform throughout the solidifying liquid
during the application of magnetic in order to refine the grain size. If there is
a variation in heat energy through the liquid, then the re-melting of detached
nuclei occurs at higher thermal points [168]. In addition, the magnetic field
application, promotes the convectional stirring of the molten liquid enhancing
the differential movement of denser medium like primary Silicon embryos to

the peripheral regions of the mould especially to the bottom [169].
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Figure 5. 1: represents the pictorial diagram of microstructural transformation of Al-
20%Si alloy due to pulsed magnetic field application during solidification.
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5.2 The effect of Pulse Magnetic Field on the Primary Si Particles

The primary Si phases are broken into smaller islands of Si at ~1.4 Tesla.
The transformation happens by means of restriction of formation of larger
size primary Silicon structures during solidification. This in turn vastly
improves the distribution of the Si atoms in matrix of Aluminium. The
microstructural and EDAX analysis of the alloys clearly reveal that the
distribution of Si phases and morphology become more homogenous as the
intensity of the magnetic field increased. Fig 3.12 to 3.14 represent the EDAX
analysis of the pulsed magnetic field assisted solidified Al- 20% Si alloys. The
EDAX spectrum obtained using bulk analysis of the matrix of the alloy show
comparatively smaller peak for Si revealing that the Si distribution is less in
the matrix for zero magnetic field intensity driven solidification. Whereas the
same analysis for the alloys solidified with the exposure to magnetic field
intensity show increased peak length for Si revealing that the matrix
consisting enhanced Si distribution. Earlier statement relates to the grain
refinement occurrence happened to be the cause of achieving uniformity in
Si content of the matrix. Hence it can be stated that the EDAX analysis is
also supporting the key findings of this work as the grain refinement of
primary Si plate-like structure. The uniformity of Si distribution is observed in
6061 Al Si alloy solidification studies carried out under the influence of

magnetic field [170].

The larger primary Si phases gradually transform into uniformly distributed Si
Islands. 1.4 Tesla resulted in the maximum refinement effect on the primary
Si phases. In addition, Figure 5.1 represents the pictorial diagram of
morphological changes during pulsed magnetic field assisted solidification
showing the gradual changes in microstructures. Hence it can be stated that
the pulsed magnetic field application leads to effective grain refinement for

the Si phases.
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Figure 5. 2: The bar chart of variation of Average Grain Area with the voltage.

Figure 5. 2 shows the variation of average area of the grain with respect to
the variation in variation in applied magnetic field intensity. In addition, The
SEM analysis confirms the presence of primary Aluminium a phase
surrounded by the primary Si and the eutectic Si phases. The eutectic
regions of the alloys solidified at different discharging voltages are chosen
for the elemental analysis. The corresponding peaks observation reveal that
the application of the magnetic field leads to the refinement in the eutectic
lamellar or acicular Al + Si structure. The Combined analysis of EDAX and
SEM micro-structures give clear indication for the grain refinement of the
primary Si plate-like structures into a gradual transformation of Al+Si eutectic
lamellar structure. The corresponding evidence are observed in Fig 3.3 to
3.11 and Fig. 3.12 to 3.14. In fact, the latter is very clear in terms of the micro
structural features registered in this regard. When the grain growth is
restricted, possibility of increasing the formation of secondary phase
structures is inevitable. The grain growth restriction result of present study is
consist with the literature [171][172]. This can be attributed to the reduction
in interlamellar spacing within the eutectic phase [148]. The systematic
microstructural analysis of the Al-20 %Si alloy solidified with the influence of

pulsed electromagnetic fields of varying intensities (aforementioned)
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interprets the following microstructural changes with respect to increase
magnetic field intensity;

e The massive, longer plate like primary Silicon structures and coarse Silicon
islands observed at the zero magnetic field conditions have transformed into
shorter plate like primary Silicon precipitates and Silicon islands respectively
upon application of magnetic field of discharging voltages from 40 to 100 V.
Further increase in magnetic field intensity corresponding to the discharging
voltages 120 -160 V, leads to transformations of shorter plate like Silicon
structures into primary Silicon islands and the primary Silicon islands into
mini, micro, fine Silicon islands (Fig. 3.3 to 3.11). In a related research dealing
with Al-30%Si alloy, the Silicon rich layers of the matrix gradually transform
into smaller ones as the magnetic field is applied during the solidification
[172].

e The restriction of growth of the massive primary Silicon structures enrich the
liquid in Silicon content and this leads to formation of virgin eutectic Si+ Al
colonies. When there is a quantitative increase in the virgin eutectic Al+ Si
colonies, then it is very evident that the lamellar structure also getting refined
with the influence of magnetic field of increasing intensity (Corresponding to
aforementioned discharging voltages), (Fig.3.25 to 3.26) [169].

5.3 Effect of Magnetic on the Mechanical Properties of Al-20%Si

Vickers harness of the Al-20% Si specimens solidified in the atmosphere of
pulsed magnetic field show a clear variation of hardness with respect to the
intensity of applied magnetic field. The hardness increases sharply until 0.7
Tesla and a gradual variation is observed until 1.4 Tesla as shown in Figure
5.3.
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Figure 5. 3: The bar chart of hardness number with voltage.

The microstructural correlation with hardness reveals the micro graphical
changes taking place with respect to applied pulsed magnetic field. The
larger sized primary Silicon plate like structures existing in the
microstructures of zero magnetic field- solidified alloy undergo a major
transformation into smaller longitudinal thin primary Silicon plates up to 0.7
Tesla. These changes gradually leads to grain refinement and hence
increase in mechanical properties due to the strengthening mechanism by

grain refinement [173].

When the magnetic field increased up to 1.4 Tesla, leading to the alteration
of microstructures resulting in lean-structured primary Silicon layers. By
restricting the bigger Silicon structures from forming, the AI-Si eutectic
formation is preferred comparatively. This enhanced the distribution of Silicon
particles considerably in the matrix of the alloy. As a result, the denser Al-Si
dendritic like structure can influence the variation in mechanical
characteristics significantly [166]. As per the microstructural morphology of

Al-20%Si alloys, primary Silicon plate like structures, primary a phase and
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eutectic Al- Si lamellar structures are clearly observable. The result analysis
clearly indicates that the primary larger Si plate like structures observed in
the magnetic field less solidified alloy are gradually transforming into smaller
Si plate like structures, micro Si islands, mini Si islands and fine Si islands.
In addition, the macro Al — Si eutectic lamellar phase transforms into micro
eutectic Al-Si lamellar phase and finer eutectic Al — Si lamellar structure as
the applied magnetic field intensity is increased (Fig.3.6 to Fig. 3.8). The
transformation of macro Al-Si eutectic phase into micro phase is reported in
Al-Fe-Si alloy [171]. As an overall transformation, the restricted growth of
primary Si plate like structures results in finer eutectic Al-Si lamellar phase
formations leading to improved uniformity of Si phase distribution in the lattice
of Aluminium. Therefore, the micro hardness measurements are focussed
and employed on the eutectic Al-Si lamellar phase of the entire category
pulsed magnetic field assisted solidified alloys.

Based on results of mechanical testing of Aluminium Silicon alloys, the
Vickers hardness value of the solidified alloy increases significantly until the
0.7 Tesla except the gradual fluctuation that was noted at higher power levels
(Figure 3. 19). The microstructural correlation with hardness depicts the
microstructural changes related to applying pulsed magnetic field. With zero
magnetic field-solidified alloys, larger primary Silicon particles plates like
structures are observed and they are converted into smaller primary Silicon
plates as the application of the magnetic field is employed. The results clearly
indicate that the applied pulsed magnetic field intensity effects the grain
refinement of Al-20 Si alloy during solidification and in turn resulting in
enhancement of its mechanical properties like hardness (Fig.3.34 and Fig.
3.35). In the research work related to the Al-Fe-Si alloy, it is reported that the
grain refinement of secondary phases in the matrix of the alloy leads to

improvement in mechanical properties [171].
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Chapter 6 Discussion of Mg-Gd based alloys

6.1 Design and characterisation of Mg based alloys

In recent years, Mg-Gd based alloys have been developed to have desired
mechanical properties and appropriate corrosion behaviour for biomedical
applications. The microstructures and properties are tailored by adding
appropriate alloying elements like Neodymium, Zirconium. The following
sections discuss the composition and microstructure relationship of three Mg

alloys with different addition of Nd and Zr.
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6.2 Effect of alloying elements on the grain refinement of Mg-Gd master

alloy

Mg- 10 wt.% Gd Alloy

Gd segregation - _ _ _ _ _

Grain
Boundaries

ADDITION OF Zr

Mg- 10 wt.% Gd- 0.4 wt.% Zr Alloy

Mg.Gd Phase

Mg Matrix---

Gd Cuboid---- - - - Gd Segregation

————— Grain Boundaries

Figure 6.1: The pictorial diagram of microstructural modifications when the Zr is
added to master alloy Mg-10 wt. % Gd.
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Mg- 10 wt.% Gd Alloy
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Grain
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Mg- 5 wt.% Gd-5 wt.% Nd- 0.4 wt.% Zr Alloy

Mg.Gd Phase -----

Mg Matrix - - - -
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Figure 6.2: The pictorial diagram of microstructural modifications when the Zr and
Nd are added to master alloy Mg-10 wt. % Gd.
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As per the microstructural and elemental analysis (EDAX) of the developed
alloys namely “Mg- 10% Gd - the master alloy” exhibit a microstructure of
comparatively bigger grains and quantitatively lesser grain boundary regions.
Gadolinium cuboids are very much observable with variable size presence in
grains as well as grain boundaries. In the optical microscope pictures (Fig
4.1to0 4.4), itis clearly evident that the variable sized Gd cuboids are present
in the matrix. In a research work carried out on Gd containing Mg-Gd-Y-Nd-
Zr alloy, it is reported that the dynamic recrystallisation of Gd leads to
variation in cuboidal sizes [174]. The segregation of Gd element through the
grains are noticed. MgsGd flake like structures are present at the grains and
as well as grain boundaries. Magnesium matrix free of any precipitates and
segregates are observable. The corresponding scanning electron micro-
structural analysis (Fig. 4.5 to 4.8) reveal the non preferential segregation of
Gd cuboids both with in grains and at grain boundaries. More over the matrix
regions free of the precipitates are also observed. Similar trend is observed
in the case of Mg5Gd flake like structures present at both grains as well as
grain boundaries. In the similar research domain dealing with Mg-Gd alloy
(0.01 and 0.06 At%G), it is revealed that the Gd solute clustering and grain
boundary segregation are preferential during sonification [175]. Further Mg-
10% Gd - 0.4 % Zr is developed and characterised. Addition of Zirconium
leads to grain refinement of the alloy to a greater level. This in turn reduces
the size of Gd cuboids. The corresponding inference can be stated as the Zr
addition leading to grain refinement, the uniformity in distribution of Gd atoms
in the Mg matrix is improved so that the reduced size of Gd observed. In Fig.
4.4 the optical micro-graph of the Mg -10% Gd -0.4 % Zr alloy, noticeable
change in grain size is observed when compared to that of the
aforementioned master alloy. This trend is observed when analyzing the
SEM micro-graphs of the alloys at higher magnifications (Fig.4.8). Fig.4.12
gives the clear evidence for the presence of Mg5Gd precipitates in matrix of
the alloys. This is a possible result, similar observations in work concerned
to Mg-10Gd is reported recently [165]. Moreover, the preferential presence
of MgsGd precipitates at the grain boundaries are noticed and it can be
correlated to the increased quantitative nature of the grain boundaries of the
matrix with classification as higher energy regions [165], [176].
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Addition of 5% of Nd and 0.4 % Zr leads to the development of Mg- 5% Gd
— 5% Nd -0.4 % Zr alloy and show the following microstructural modifications.
Fig.4.7 and Fig 4.8 show that the addition of Nd to the alloy further enhances
the grain refinement. This is observable when the grain sizes are viewed from
the micro-structures of the master alloy followed by the Mg-10% Gd - 0.4 %
Zr and then the Mg-5% Gd -5% Nd- 0.4 % Zr. Reports suggest that the solid
solution strengthening and secondary phase strengthening are possible
outcome of increasing Nd/Gd ratio [177]. Grain refinement of the master alloy
is further improved by means of the presence of Nd and Gd [178].
Importantly, the precipitations of MgsGd flake like structures is improved
guantitatively along with the presence of needle like Mgi2Nd structures
appearing to be projecting from the grain boundaries to the grain regions
[178]. This can be attributed to the synergic effect of the presence of Gd and
Nd in the Magnesium matrix. Another interesting observation is the
precipitations of MgsGd and Mgi2Nd phases not showing any preferred
direction of orientations. These phases precipitated in all directions of the
matrix revealing that there are no effects of hot working or cold working. The
inference can be stated as if the various preparation steps of alloy specimens
have not affected its microstructural features, (Fig.4.7 f and Fig 4.8 f). The
regions of Magnesium matrix, free of any precipitations and segregations
have observed to be gradually decreasing in size when the additions of Zr
and Nd to the master alloy. This can be attributed to the grain refining effect
of Zr additions and the synergic effect of presence of Gd and Nd promoting
the precipitation process rather than segregations in the matrix. These
microstructural modifications of the master alloy when added with Nd and Zr
are clearly depicted in pictorial diagrams Fig. 6.1 and 6.2.
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Figure 6.3 Binary phase diagram of Magnesium and Zirconium [176].

Figure 6.3 shows the binary phase diagram of Magnesium and Zirconium. It
exhibits that at room temperature, the solid solution of Magnesium + a
Zirconium formation takes place. At lower temperature and lower weight
percentage of Zirconium, there are no precipitates formations observed. In
fact, Zirconium addition to Magnesium alloys leads to formations of
intermetallic compounds with alloying elements other than Magnesium,
which in turn leads to grain refinement. Fig 4.7clearly depicts the effect of
addition of alloying elements like Nd and Zr into master alloy Mg-10wt%Gd
leading to grain refinement. As we move from 4.7 a - ¢ - e, the back scattered
electron images show there is clear change in grain size. Similar trend is
observed with increased clarity when we move from 4.7 b - d - f. These
micro-structural features registered are the proving the grain refinement

taking place in the magnetic field assisted solidified alloys [165], [177]. The
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grain boundary pinning of the intermetallic compounds results in hindering
effect on grain growth [179]. In addition, the presence of Zr affects the size
and morphology of long period stacking ordered (LPSO) phases in

Magnesium based alloys leading to grain refinement [180].

Mg-Gd alloy system is designed due to the fact that the solubility of Gd in Mg
is around 23.49 wt.% at a temperature of 548 °C [181]. But the precipitation
strengthening in these alloy systems are possible only when the Gd
percentile addition to the alloy is greater than 10 wt% [182]. Hence, a
compensating rare earth group alloying element namely Nd is added to Mg-
Gd system in order to achieve precipitation strengthening. The solubility of
Nd in Mg is around 3.62 wt.% at 552 °C [183]. The precipitation kinetics of
each alloying element is influenced and changed by the presence of other
alloying element in the case of Gd and Nd. This leads to enhancement in
precipitation strengthening mechanism as a whole in the Mg-Gd-Nd system
[184]. It is reported that the solubility of each element in Magnesium is
decreased by the presence of other alloying element in the case of Gd and
Nd as allying elements. This in turn promotes the precipitations namely
MgsGd and Mgi2Nd instead of forming a solid solution [155]. Fig.4.9 to 4.15
show the clear proof for the enhancement of precipitations of inter-metallics
like Mg5Gd and Mgl2 Nd. The EDAX spectrum's show the peaks of
concerned alloying elements of the inter-metallics when region specifically
analyzed. From the microstructural analysis of these alloys, it is very much
evident that the Mg- 5% Gd — 5% Nd -0.4 % Zr alloy contains more of MgsGd
flake like precipitates along with the Mgi2Nd needle like structures when
compared to that of Mg- 10% Gd - 0.4 % Zr alloy, (Fig 4.8 d and f). In another
research dealing with Mg-In-Ca alloys, Prismatic precipitates of MgsGd is
reported [181]. Hence it can be stated that the presence of Gd and Nd have
a “synergic effect” of promoting the formation of the precipitates MgsGd and
Mgi12Nd.This can be corelated to the size variation if Gd cuboids as the
analysis of the microstructures of the alloys is carried out. This is clearly
observable when one move from 4.8 a to 4.8 ¢ and 4.8 e. Similar trend is
observed when one move from 4.8 b to 4.8 d and 4.8 f. The segregation of

Gd cuboids gradually decrease in size as the addition of Nd and Zr are
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employed to the master alloy. The key observations of master alloy
microstructure show bigger sized Gd cuboids and Mg- 10% Gd - 0.4 % Zr
alloy show smaller sized cuboids whereas the same is hardly observable in
Mg- 5% Gd — 5% Nd -0.4 % Zr alloy microstructure. This is clearly showing
that the synergic effect of Gd and Nd promoting the intermetallic precipitate
formation rather than segregation of Gd as cuboids in the Magnesium matrix.
In Magnesium alloys, the excess percentage of Gadolinium exhibits a
segregation behaviour in grains as well as grain boundaries, (Fig 4.7 and
4.8). Preferentially, the segregation happens to be more at grain boundaries
being higher energy regions. Small clusters of Gd are observed along grain
boundaries. Often these clusters are noticed as cuboids [175], [185].
Microstructural analysis clearly shows the preferential existence of Gd
cuboids and MgsGd intermetallic along the grain boundaries. This is very well
supported by the corresponding EDAX spectrum of grain boundaries of Mg-
5% Gd — 5% Nd -0.4 % Zr alloy showing the peaks of Mg, Gd and Nd. The
Higher Gd content in Magnesium alloys, leads to grain refinement as well as
solid solution strengthening due to the complete dissolution of Gd in to
Magnesium [186].

Addition of Zirconium to the Mg-Gd and Mg-Gd-Nd system, leads to effective
grain refinement by means of pinning the grain boundaries to hinder the
further growth of grains. In fact, the presence of Zr particles along the grain
boundaries, (Fig 4.7 and Fig 4.8), impede the dislocation motion during the

deformation process [165].

6.3 Effect of Neodymium and Zirconium addition to the mechanical
properties and corrosion behaviour of Magnesium Gadolinium based

alloys.

Figure show the bar chart of the hardness profile of the Magnesium based
alloys. In comparison, alloys Mg- 10% Gd and Mg- 10% Gd-0.4%Zr exhibit
nearly equivalent resistance to indentation (Hardness) whereas the Vickers
hardness value of alloy Mg- 5% Gd-5% Nd- 0.4%Zr is greater than that of
aforementioned groups, (Table 4.2 to 4.4). This is another supporting result

proving the synergic effect of presence of Gd and Nd promoting the
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precipitation formation due to reduced solid solubility of each element in
Magnesium. In fact, the area covered by Vickers hardness tester indenter is
of micrometre size. This reveals that there is a possibility of each indentation
of the tests covering specific phase regions. Hence, the resultant hardness
parameter obtained in each test can vary depending on the phase regions
encountered the indentation. Due to this fact, variation of hardness values in
each alloy is observed. In spite of this fact, the higher hardiness value of the
Mg- 5% Gd-5% Nd- 0.4%Zr alloy proves that the precipitation hardening and
grain boundary strengthening of the master alloy (Mg — 10 wt.% Gd) when
added with 5 wt. % Nd and 0.4 wt. Zr, (Table 4.6 and 4.7).

Hence, it can be stated as the addition of Gd in Magnesium matrix increases
the strength of the alloy as a whole. Contributing factors are solid solution
strengthening and age hardening leading to enhancement of mechanical
properties [187], [188]. In addition, Nd and Zr inclusion to the aforementioned
master alloy leads grain refinement to a larger extent so that the grain
boundary strengthening come into effect in increasing the strength of the
Mg- 10% Gd-0.4%Zr alloy and Mg- 5% Gd-5% Nd- 0.4%Zr alloy when
compared to that of the master alloy [189], [190].
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Figure 6.4: The mechanical property and corrosion behaviour correlation chart.

The microstructural observations of these alloys show that the exposed
surfaces to Hank’s solution get corroded and leading to clearly observed
stains over the entire specimen surface (Fig. 4.32). The images of full
specimens show that as we do the careful analyse starting from the master
alloy, the size of stained regions with spallation’s and broken surface layers
are increasing. This indicates the corrosion happens to be comparatively at
higher scale on the surface of Mg- 5% Gd-5% Nd- 0.4%Zr alloy when
compared to that of Mg- 10% Gd-0.4%Zr alloy and Mg- 10% Gd alloy. This
explanation holds good when we compare only the corroded surfaces of Mg-
10% Gd alloy and Mg- 10% Gd-0.4%Zr alloy, meaning that the Mg- 10% Gd-
0.4%Zr alloy exhibiting slightly higher corrosion compared to that of Mg- 10%
Gd alloy,(Fig.4.28 to 4.30 and table 4.9). The addition of alloying elements
leads to heterogeneity of the alloy matrix which in turn can cause dissimilar
metal corrosion in body like liquids [34]. The corrosion mechanism involves
metal atoms reacting to Hank’s solution containing chlorides, sulphates of
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Potassium, Magnesium and sodium elements etc. At initial stages, the
reactions are confined to few islands expanding in region size and as the
time progresses the number and size of islands of corrosion reactions are
increasing. This leads to hydrates and hydroxide products on the surface of
the exposed alloys for example Cl, K, Na, S and Mg containing hydrates and
hydroxides. Upon drying, they transform into oxides and salts layers on the
corroded surface of the alloys [110], [191], [192].

Concerning the EDAX, the surface morphology of the corroded specimen in
terms of wide-open oxide scales, stained regions, uniformity and quantitative
nature of the settled islands separated by cracks and spallation’s clearly
indicate that the alloying additions like Nd and Zr to the master alloy leads to
increased corrosion activities in Hank’s solution (Fig.4.33 to 4.35). Similar
trend of results are obtained by other researcher [193]. From Figure , it can
be stated that the increase in strength of the magnesium alloy groups by
addition of alloying elements leads decrease in corrosion resistance of the

alloys.
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Chapter 7 Conclusion and Future Work

7.1 Conclusions

The research in my PhD thesis consists of two parts. The first part concerns
the microstructure evolution of an Al-20%Si alloy during the solidification
inside pulse magnetic fields with different magnetic field flux densities
applied. The second part studied systematically the composition and

microstructure relationship of three Mg-based alloys.
The key scientific findings for the Al-20%Si alloy work are:

e The research has demonstrated that the pulse magnetic field is a non-contact
and effective method for refining the primary silicon particles in the Al-20%Si
alloy. With the increasing of the flux density of the magnetic field, the average
size of the primary Si particles (for those at the bottom portion of the
evaluated specimen) decreased from 14078.7 um2 at O Tesla to 2427.3 um?

at 1.4 Tesla ~6 times smaller after processing by the pulse magnetic field.

e Without magnetic field, the microstructures of the Al-20%Si alloy have long
and thick plate like primary Si phases. These plates like Si phases are
randomly oriented. In addition, few fine primary Si particles are observed in
the alloy matrix. At 40 V discharging voltage (0.3 T), the long plate like
primary Si transformed into shorter ones. Moreover, there is a change in the
eutectic Al-Si particles. At 80 V discharging voltage (0.7 T), the long and
bigger primary Si started to disappear. Only the short primary Si are visible.
In addition, the distribution of the short primary Si are more homogenous.
The thickness of the primary Si also decreased when compared to that of the
same at 40 V. When the discharge voltage is increased to 100V (0.85 T),
most of the primary Si became shorter and finer. At a discharging voltage
from 120 V to 160 V (1.0 to 1.4 Tesla), the microstructure of the solidified Al-
20%Si alloy changed completely. Some of the shorter primary silicon plates

have transformed into fine primary silicon islands.
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The increase in discharge voltage leads to the increase in the formation and
growth of lamellar Al + Si eutectic colonies, and more uniformed eutectic Al

+ Si in the matrix.

At zero magnetic field, the EDAX spectrums of the Al matrix region and bulk
region show only peak corresponding to Al surrounded by the primary Si as
well as the eutectic phase. Well defined phases of Aluminium and Primary
Silicon phase are observable. From 40 V to 160 V, the application of the
magnetic field leads to the refinement in the eutectic lamellar or acicular Al +
Si structure. These results are clearly evident in analysing concerned EDAX
spectrum showing increasing Silicon peaks along with Aluminium peaks. This
can be attributed to the reduction in interlamellar spacing with in the eutectic
phase revealing the uniformity in Silicon distribution in the matrix and

refinement of Si platelets.

In hardness measurements, from O Tesla to 0.7 Tesla, the Vickers hardness
increases from 65 to 75 (VHN), and then maintained at this value until 1.4
Tesla. The progressive increase in hardness values of alloy due to magnetic
field assisted solidification can be related to the refinement of Primary Si
particles in the matrix of Aluminium and transformation of Al + Si phase into

finer eutectic lamellar.

The key scientific findings for the Mg alloys experiments are:

In the microstructures of Mg—10wt.%Gd alloy, the average grain size are
bigger (~243216 pm?) with MgsGd phases uniformly distributed throughout
the Mg matrix while the grain size of Mg—10wt.%Gd—0.4 wt.%Zr alloy is
smaller (~2270 um?) with its MgsGd phases distribute more along the grain

boundaries than in Mg matrix.

The microstructures of Mg—5 wt.% Gd-5 wt.% Nd-0.4 wt.%Zr alloy show a
clear difference in microstructural features. The Mgi2Nd phases are
observed in the grain regions as well as in grain boundary regions. The

Mgi12Nd phase are registered and micro graphed as small needles oriented
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in all directions of the grains. Again, smaller grains are observable in these
alloy microstructures along with the MgsGd phase precipitations present

along the grain boundaries and Gd cuboids are present as well.

The analysis of the microstructures shows that in Mg—10 wt.% Gd alloy, the
cuboids are present in the grain and grain boundary regions but in alloy Mg—
10wt.%Gd—0.4 wt.%Zr the cuboids are present along grain boundaries
preferentially. The microstructures at high magnifications prove that in alloy
Mg—-10wt.%Gd, the flake like MgsGd precipitates present in the grain regions.
But in alloy Mg-10wt.%Gd-0.4 wt.%Zr the same phase exhibits a
preferentially along grain boundaries. Moreover, Zr segregations were also
found in and around the grain boundary regions.

Another interesting feature is the size of the Gd cuboids in the alloy Mg—
10wt.%Gd and alloy Mg-10wt.%Gd—0.4 wt.%Zr. In both cases, the Gd
cuboids exist in variable sizes. However, especially in alloy Mg—10wt.%Gd,
bigger sized cuboids are observed (~17.5 um?) when compared to that of the
alloy Mg—-10wt.%Gd—0.4 wt.%Zr (about 6.1 pm?). For alloy Mg—-5 wt.% Gd-5
wt.% Nd-0.4 wt.%Zr microstructure, the Gd cuboids are hardly observable.
This gives the clear evidence of Gd agglomerations gradually transforming
into Mg5Gd precipitations in alloy Mg—5 wt.% Gd-5 wt.% Nd—0.4 wt.%Zr.

In comparison, alloys Mg—10wt.%Gd and Mg—10wt.%Gd—0.4 wt.%Zr exhibit
nearly equivalent resistance to indentation (Hardness) whereas the Vickers
hardness value of alloy Mg—5 wt.% Gd-5 wt.% Nd-0.4 wt.%Zr is greater than
that of alloys Mg—10wt.%Gd and Mg—10wt.%Gd-0.4 wt.%Zr. This is another
supporting result proving the synergic effect of presence of Gd and Nd
promoting the precipitation formation due to reduced solid solubility of each
element in Magnesium. The higher hardiness value of the alloy Mg—5 wt.%
Gd-5 wt.% Nd-0.4 wt.%Zr proves that the precipitation hardening and grain
boundary strengthening of the master alloy (Mg — 10 wt.% Gd) when added
with 5 wt. % Nd and 0.4 wt.% Zr.
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The corrosion studies of the alloys show that the surface of the alloys get
corroded in general and leading to clearly observed stains over the entire
specimen surface. The careful analyse of alloys Mg-10wt.%Gd, Mg-—
10wt.%Gd—-0.4 wt.%Zr and Mg-5 wt.% Gd-5 wt.% Nd-0.4 wt.%Zr the size
of stained regions with spallation’s and broken surface layers are increasing
respectively. At initial stages of corrosion, the reactions are confined to few
islands and as the time progresses the number and size of islands of
corrosion reactions are increasing. This leads to hydrates and hydroxide
products on the surface of the exposed alloys for example CI, K, Na, S and
Mg containing hydrates and hydroxides. Upon drying, they transform into
oxides and salts layers on the corroded surface of the alloys. The calculated
corrosion rates of the alloys reveal that the addition of alloying elements like
Gd and Zr to the master alloy Mg—10wt.%Gd influence a minimal reduction

in corrosion resistance.

7.2 Future recommended work

Further investigation on the effect of pulsed magnetic field assisted
solidification of Al-20%Si alloy on mechanical properties like yield strength,
ultimate tensile strength, compression strength and fatigue strength etc will
improve the applicability of magnetic field assisted solidified alloy in various

industries.

Magnesium based alloys can be tested in terms of toxicity by applying cell
viability test. In as-cast material condition, it is recommended for in vitro valid
cytotoxicity ratings of degradable materials, to use ten times more removal
medium than the ISO standards specified. In addition, magnesium alloys can
be tested with primary isolated human osteoblasts or mesenchymal stem

cells.

Furthermore, after a systematic study of the magnesium-based alloys, at
least one alloy could be chosen to make prototype sample for laboratory test

and validation.
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Chapter 8 Appendix

8.1 Appendix A: Comparisons of Silicon particles (tables and graphs)

Tablel: Measurement of the primary Si particles and the eutectic Si particles using

ImageJ for the samples processed using magnetic field flux density of 0 T

(equivalent to O voltage input)

100x SEM images were used to measure the primary Si particle areas
400x SEM images were used to measure the eutectic Si particle areas
Measurement position Measurement position Measurement position
Top Middle Bottom
Prim Eutectic Si Prim Eutectic Si Prim Eutectic Si
ary ary ary
No Si Len Area Si Len Area Si Len Area
(um? gth (um? (um? gth (um? (um? gth (um?
y | m) | ) ) ©m) | ) ) m) | )
1 7382. 65.55 100.2 2400.7 96.42 197.6 23045 75.08 145.0
37 3 55 94 4 76 7 89
72.80 94.58 2280.3 60.60 219.1 88.48 201.6
2 14786 B 5 9 8 o7 15853 9 o1
10382 122.5 2362.5 152.1 42.97 74.93
3 65 88.33 73 28 39.13 54 14617 4 6
15243 74.07 103.9 2740.9 175.8 81.26 109.0
4 76 3 75 3 44.72 89 12786 7 38
13689 116.9 2420.6 109.2 88.91 235.6
5 06 49,51 05 a5 - A 10453 54.31 15
23137 51.03 3650.7 75.79 104.0 77.70 115.4
6 76 2 2153 94 8 63 19858 2 16
7 24340 56.59 75.10 2638.8 107.2 123.9 P 72.37 145.4
.99 1 3 89 82 02 8 44
8 13685 57.81 50.21 2261.9 105.1 123.1 21104 121.4 255.2
.03 1 6 05 2 93 95 79
9 14069 53.89 69.43 2386.6 70.80 117.0 10377 63.09 67.49
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12 o5 7 7 78 8 12 12164 4 48.54
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13 058 4 6 12 1 82 6401 08 4
11479 88.95 128.1 2339.8 111.1 170.9 88.85 66.34
14 85 7 53 53 38 3 14780 8 4
15 12846 54.04 130.0 2575.1 73.29 195.2 6917 143.0 75.11
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16 > 33 18907
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Figure 1: SEM images used for measuring the Si particles of the sample processed

at 0.3 T (equivalent to 40 voltage input), (a, b, and c¢) for the primary Si particles.
(d, e and f) for the eutectic Al-Si particles.
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Table 2: Measurement of the primary Si particles and the eutectic Si particles using

ImageJ for the samples processed using magnetic field flux density of 0.3 T

(equivalent to 40 voltage input)

100x SEM images were used to measure the primary Si particle areas

400x SEM images were used to measure the eutectic Si particle areas

Measurement position Measurement position Measurement position
Top Middle Bottom
Prim Eutectic Si Prim Eutectic Si Prim Eutectic Si
No Si Leng | Area Si h Area Si h Area
2 th m? 2 gt m? 2 gt m?
(um2) W | @M | (um?d (um) (M%) | (um?) (um) (hm)
15006. 2825.4 75.96 101.97 17010. 65.39
1 63 53.21 403.55 a7 4 5 29 3 87.619
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39 5 7 81 8 6 24 7 8
3 6195.9 69.031 293.83 2287.6 90.86 126.48 9684.4 45.57 120.44
91 : 3 4 7 4 73 1 4
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4 32 58.25 7 75 8 7 21 3 65.386
11039. 139.83 42339 73.63 194.67 7661.2 50.24
5 48 78.133 5 57 1 1 23 8 86.307
3182.6 165.20 3010.5 76.17 158.78 16087. 42.37
6 17 88.663 3 06 9 3 74 4 94.272
5190.5 224.72 3701.8 88.03 11727. 50.33 167.18
7 -7 93.493 : 18 5 97.336 1 6 6
3720.4 7524.1 93.19 225.48 12164. 62.95 137.42
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6287.7 2663.4 55.60 138.65 3180.1 47.19
10 84 50.356 215.32 16 6 1 83 1 51.556
11126. 2832.6 65.64 178.82 11239. 47.51 114.22
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Figure 2: SEM images used for measuring the Si particles of the sample processed

at 0.3 T (equivalent to 40 voltage input), (a, b, and c¢) for the primary Si particles.
(d, e and f) for the eutectic Al-Si particles.
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Table 3: Measurement of the primary Si particles and the eutectic Si particles using

ImageJ for the samples processed using magnetic field flux density of 0.7 T

(equivalent to 80 voltage input)

100x SEM images were used to measure the primary Si particle areas

400x SEM images were used to measure the eutectic Si particle areas

Measurement position Measurement Measurement
Top position Middle position Bottom
. Eutectic Si . Eutectic Si Prim Eutectic Si
Prim Prim
ary Len ary Len | Are ary Len Len
No Si gth Area S gth a Si , | ath gth
(um?) (p)m ©m?) | (um?) (u)m (%')“ (U;n (p)m (u)m
1 3601. 133. 236.1 6173. 89.2 136. 8921. 42.8 122.
063 851 47 251 48 232 949 38 414
2 4868. 47.6 396.6 3348. 105. 111. 6191. 105. 130.
025 73 48 804 061 076 531 435 74
3 5953. 207. 437.1 4546. 57.9 173. 6728. 55.5 224,
587 357 28 324 59 611 757 73 72
4 2930. 45.6 410.2 7508. 153. 254. 8396. 54.9 269.
735 83 01 237 822 482 347 31 894
5527. 74.4 371.4 8997. 71.2 311. 7573. 1109. 228.
015 99 04 697 45 703 208 253 086
6 4994, 122. 359.8 4842. 89.6 243. 85009. 39.2 255.
154 858 89 516 26 056 098 87 811
7 4506. 77.6 92.65 6031. 98.1 155. 6914. 77.2 238.
643 47 2 532 12 098 199 22 715
8 1831. 93.9 490.4 1662. 82.5 230. 5732. 87.8 138.
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9 3129. 60.6 277.8 2144, 74.0 419. 7276. 114. 218.
141 09 66 198 5 855 225 639 077
10 3956. 66.0 258.8 15954 85.4 413. 6027. 114. 136.
776 16 22 .65 91 744 124 931 497
11 5439. 36.8 380.5 13759 59.2 310. 7048. 94.3 225.
15 19 27 43 2 994 436 6 429
12 3581. 71.9 313.6 7005. 94.8 424. 8202. 88.4 347.
222 93 52 137 21 55 878 85 222
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65 284 696 292
114.
17 931
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Typical image at the top location (100X)

—— 200um

Typical image at the mid location (100X)
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Typical image at the bottom location (100X) Typical image at the bottom location (400X)

Figure 3: SEM images used for measuring the Si particles of the sample processed at 0.7 T
(equivalent to 80 voltage input), (a, b, and c) for the primary Si particles. (d, e and f) for the

eutectic Al-Si particles.
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Table 4: Measurement of the primary Si particles and the eutectic Si

particles using ImageJ for the samples processed using magnetic field flux

density of 0.85 T (equivalent to 100 voltage input)

100x SEM images were used to measure the primary Si particle areas

400x SEM images were used to measure the eutectic Si particle areas

Measurement position Measurement Measurement
Top position Middle position Bottom
Eutectic Si Length () Length (n)
eng | Leng [ [T [ [ e [ [
th th th
W AW T am Jemy | @ [ em [em [ [ m |
) ) ) ) )
1 6354. 46.0 107.9 3517. 103. 144. 9680. 64.1 140.
828 4 75 074 133 646 875 15 129
2 7791. 75.1 156.2 1981. 424 65.1 7104. 100. 140.
85 6 5 348 18 04 899 852 129
3 7421. 31.3 82.11 3871. 41.9 111. 5705. 68.2 220.
708 42 1 249 25 43 785 8 291
4 7385. 99.2 163.3 4192. 73.5 139. 6021. 20.8 126.
419 76 36 038 85 775 533 33 134
5 10038 74.0 115.1 2187. 72.4 591. 5137. 56.7 26.5
.83 26 5 466 41 164 282 61 73
6 10379 69.5 64.75 5793. 24.6 115. 5947. 80.9 60.8
.94 9 ' 083 66 239 966 22 52
7 8439. 47.8 144.9 4149. 26.1 264. 4875. 59.5 133.
235 76 12 944 5 757 727 61 397
8 5765. 63.5 85 92 4203. 53.4 56.1 6025. 32.6 92.2
504 46 ) 651 17 58 464 74 97
9 6642. 65.2 105.9 2447. 32.0 231. 5925. 39.3 120.
232 59 38 291 57 629 423 99 022
10 2804. 32.9 111.8 3920. 25.7 326. 6123. 33.4 61.2
369 93 73 601 76 849 673 67 95
11 4576. 45.2 73.69 3913. 60.5 227. 6221. 37.2 36.5
696 16 6 343 78 289 917 78 82
12 2091. 33.6 142.6 3996. 52.6 26.9 40.9 84.6
665 99 98 081 25 27 77 8
13 14661 36.5 147.9 5514. 45.1 72.4 274 171.
97 19 24 388 07 56 21 662
14 59.6 175.3 69.2 244, 46.5 122.
94 83 15 207 44 768
15 75.2 211.2 30.6 296. 67.0 107.
48 56 03 025 07 798
16 69.6 143.4 22.2 214. 20.2 120.
71 06 24 445 07 996
17 43.3 176.0 52.0 415. 42.9 145.
54 03 62 604 6 001
26.5
18 03
16.0
19 74
23.1
20 o1
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23 6
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Figure 4: SEM images used for measuring the Si particles of the sample processed
at 0.85 T (equivalent to 100 voltage input), (a, b, and c¢) for the primary Si particles.
(d, e and f) for the eutectic Al-Si particles.
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Table 5: Measurement of the primary Si particles and the eutectic Si particles using

ImageJ for the samples processed using magnetic field flux density of 1.0 T

(equivalent to 120 voltage input)

100x SEM images were used to measure the primary Si particle areas

400x SEM images were used to measure the eutectic Si particle areas

Measurement Measurement position Measurement
position Top Middle position Bottom

Eutectic Si Eutectic Si Eutectic Si

Leng Leng Len Are Leng Len Leng Len Are

th () th gth a th gth Area th gth a
(0 (Um (Um (W (um | (Um?) (W) (um | (um

) ) ) ) 9)
1 1669 78.1 101. 7341. 75.5 297.3 8900. 34.8 52.7
4.13 79 112 873 74 66 36 15 97
2 1007 55.8 120. 5086. 68.7 400.3 5716. 18.8 196.
6.57 9 832 185 81 69 856 83 755
3 1949. 48.4 43.7 4041. 36.3 325.6 6408. 60.5 208.
414 85 43 078 57 9 525 54 049
4 6009. 69.3 281. 1387. 36.5 702.3 3567. 22.8 283.
362 57 015 669 61 3 672 19 166
5 2547. 58.1 39.5 1707. 140. 208.3 7153. 50.7 825
447 32 3 007 718 6 335 62 56
6 1611. 39.8 82.2 1812. 10.7 299.3 7644. 135. 119.
206 6 88 969 32 6 783 576 308
7 2659. 43.7 74.3 6906. 61.1 511.7 6955. 36.8 231.
215 16 1 412 16 2 439 01 266
8 3533. 36.4 49.1 3377. 64.1 193.9 2265. 110. 98.9
041 69 22 726 15 9 43 806 6
9 1899 20.3 80.9 2440. 122. 602.3 6174. 42.8 1009.
7.71 28 43 033 031 6 453 51 717
10 8919. 449 237. 4431. 32.7 97.63 8743. 33.3 125.
694 79 72 542 59 ) 427 19 134
11 56.0 54.8 4087. 44.5 103.6 59.3 231.
54 58 528 94 54 32 624
12 81.8 56.7 3942. 37.1 189.2 215 130.
97 41 374 7 7 59 692
13 52.9 97.6 3643. 38.0 209.8 34.2 259.
94 16 357 83 6 16 502
14 61.4 62.6 2860. 30.9 211.6 18.2 79.1
64 57 979 12 7 63 5
15 34.3 139. 3801. 314 201.2 34.2 61.4
2 925 575 35 8 16 92
16 36.0 146. 4221. 47.9 100.3 28.3 354
52 199 069 37 69 54 07
17 229 197. 33.0 143.8 27.8 36.3
52 562 44 1 87 03
18 28.1 106.8 12.9 110.
5 7 26 523

21.7
19 76
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Typical image at the top location (100X) Typical image at the top location (400X)
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Figure 5: SEM images used for measuring the Si particles of the sample processed
at 1.0 T (equivalent to 120 voltage input), (a, b, and c) for the primary Si particles.
(d, e and f) for the eutectic Al-Si particles.
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Table 6: Measurement of the primary Si particles and the eutectic Si particles using

ImageJ for the samples processed using magnetic field flux density of 1.4 T

(equivalent to 160 voltage input)

100x SEM images were used to measure the primary Si particle areas

400x SEM images were used to measure the eutectic Si particle areas

Measurement Measurement position Measurement
position Top Middle position Bottom
Eutectic Si Eutectic Si Eutectic Si
;?f? Leng | Len | A™® |Lengt | en |Area |Llengt | Len |AT®
th() | gth a h (W) gth (Um?2 h (1) gth a
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m) | % (um) ) MM | 2
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2 4565. 50.3 70.0 5204.7 344 65.19 3169.1 344 68.2
072 86 64 36 89 3 12 75 04
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248 27 507 88 55 ) 83 65 23
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472 24 621 32 34 93 21 6 56
13 5158. 43.3 174. 4410.1 122. 254.5 1840.5 47.7 52.2
832 92 674 76 354 71 76 47 6
14 2035. 71.4 55.8 1903.1 26.2 115.0 22419 34.1 375
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18 5643. 63.9 81.6 4090.3 61.1 67.31 3797.3 37.8 59.5
6 41 68 52 54 9 98 92 24
9198. 36.9 86.2 31.6 121.8 1938.8 38.7 25.0
19 992 24 74 3899.6 16 82 32 52 67
20 2659. 51.9 2937.2 29.9 193.0 2831.4 324 48.3
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——— 200um

Typical image at the top location (100X) Typical image at the top location (400X)

F———— 200um

Typical image at the mid location (100X) Typical image at the mid location (400X)

F——— 50um

Typical image at the bottom location (100X) Typical image at the bottom location (400X)

Figure 6: SEM images used for measuring the Si particles of the sample processed
at 1.4 T (equivalent to 160 voltage input), (a, b, and c) for the primary Si particles.
(d, e and f) for the eutectic Al-Si particles.
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Table 7: Measurement of the average eutectic Si particles using for all the samples

with respect to the position (Top, Middle and Bottom)

The eutectic area and length particles with respect to the position of the
samples at the different applied magnetic pulse

Top Mid Bottom
Vol Tesl
t a Length | Area Length | Area Length | Area
0 0 59.97 | 112.81 80.24 155.82 86.44 | 187.73
40 0.3 79.46 | 254.66 81.77 176.8 | 53.999 | 11251
80 0.7 86.87 | 353.02 88.95 286.65 789 | 199.42
100 0.85 57 | 129.92 48.7 208.45 42.71 | 112.39
120 1 46.9 | 109.77 53.64 272.55 43,55 | 136.44
160 1.4 55.66 120.3 48.94 126.187 35.01 47.24
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Figure 7: The relationship between the eutectic particles size (Length) and the

magnetic flux density.
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8.2 Appendix B: Composition of aluminium Silicon Alloys in Chapter 3

Sample 2 (Al-20%Si):

Al

Spectrum 3

T T
05 1 15
Full Scale 23023 cis Cursor: 0,174 (74 cig)

25 3

¥ 400pm . Electron Image 1
Eleme Weight Atomi
nt % c%
CK 9.48 19.04
OK 1.11 1.68
Al K 69.40 62.08
SiK 20.01 17.19
Totals 100.00
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Sample 1 (Al-20%Si):
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Eleme Weight Atomi
nt % c%
CK 8.44 17.17
OK 1.07 1.64
Al K 70.95 64.27
SiK 19.35 16.84
Ni K 0.18 0.08
Totals 100.00
Spectrum4
Al
\ /" i
OXFORD
IMSTRUMEMNTS
i The Business of Science”
Ni
05 1 15 2 25 3 35 4 45 55 65 75 8 85 95 10
Full Scale 23023 cts Cursor: 0.174 (67 cis) ke'
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Sample 3 (Al-20%Si):

Spectrum 1

' 400um " Electron Image 1

Eleme Weight Atomi
nt % c%
CK 8.34 17.02
OK 0.96 147
Al K 66.28 60.20
SiK 24.42 21.31
Totals 100.00
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