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Synopsis

Due to low density, magnesium is a potential ‘metal for the future’. Besides its
use as alloying element in aluminum alloys, titanium, and steel production; magnesium
alloys are also considered as replacements for aluminum alloys to make the components
lighter and stronger. Good solid solubility of Gd in Mg makes it an ideal alloying
element to achieve solution strengthening and precipitation strengthening thereby
enhancing the room and high temperature properties. The Gd phases also favor the
formation of protective films to improve the corrosion resistance of the alloy. The so-
called ““scavenger effect’” of RE on corrosion resistance of magnesium alloys taps the
impurity elements such as Fe and Cu to form intermetallic compounds, thereby
reducing their content in the alloy. The microstructures of Mg-Al alloys are composed
of a-Mg solid solution, and the eutectic mixture (a-Mg + B-Mgi7Al12). The presence of
low melting point Mg;;Al;, phase in Mg-Al alloys limits its strength and creep
properties at elevated temperatures and make them unsuitable for power train
applications in automobile industry. This opens the door for the development of new
Mg-Al alloys with thermally stable intermetallic phases. Gadolinium (Gd) is one of the
rare earth elements that can reduce the formation of f-Mgi7Al1, phase by consuming Al
to form thermally stable Al,Gd phase and also it has an electrochemical potential
almost near to that Mg.

The presence of I-phase in Mg-Zn-RE alloys results in excellent mechanical
performance at room and elevated temperatures. Mg-Zn-Y alloys have been extensively
studied and the microstructure consists of different phases, such as I, W and X phases,
depending on the Zn/Y atomic ratio, thus resulting in different mechanical behaviors.

However, the Mg-Zn-Gd system is relatively new, and has not been investigated in

XXi



detail. Hence, to tailor make new Mg-Zn-Gd alloys with high strength and corrosion
resistance, a thorough investigation on the structure-property correlation of these alloys
is essential with varying Zn/Gd ratios. Development of quaternary RE alloys with
enhanced RT and HT properties are still underway.

Ca is known as a potential grain refiner and can improve the strength and creep
resistance by the formation of thermally stable phases. Further, by the addition of Ca,
melt oxidation is reduced during casting and also oxidation during heat treatment
process. Hence, in the present research work, Ca content in different wt.% are added to
the optimal Mg-Al-Gd and Mg-Zn-Gd to study the property enhancement.

In a nutshell, ternary Mg-Al-Gd and Mg-Zn-Gd alloys are comparatively new,
and has not been investigated in detail. Hence for the development of new ternary and
quaternary alloys (Ca addition) with high strength (at room and elevated temperature)
and corrosion resistance, a thorough knowledge on the structure-property correlation of

these alloys is essential.
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Chapter 1 Introduction

1.1 General Background

Magnesium (Mg), with a density of 1.7 g/cc, which is two third of aluminum
(2.7 g/cc) and less than one fourth of steel (7.8 g/cc), is the lightest available structural
material and can be used as a promising candidate in this scenario. Besides, Mg alloys
have added advantages such as excellent specific strength and stiffness, good
dimensional stability, high damping capacity and high recyclability. The past half
century has witnessed a worldwide growth in the application of magnesium and its
alloys as novel light materials for the overall weight-reduction in the aeronautical and
automotive industry. The prime challenges faced by automotive industries are energy
crisis and global warming, hence the design and development of ‘safer and cleaner’
vehicles is the subject of research globally. It is surveyed that 65-75% of the fuel
consumption in automobiles is related to the weight and a 10% reduction in vehicle
weight can lead to approximately 7% reduction in fuel consumption and thereby
reduction in greenhouse gas emission.

The most commercially used Mg alloys like the AZ91, AM50, AM60, AS21 etc
offer a combination of excellent castability, corrosion resistance, good room
temperature properties and high ductility [1,2]. However the use of these alloys in the
automobile and electronic industries are restricted to low-temperature applications. The
presence of low melting point Mg;7Al1, phase in these alloys limits their strength and
creep properties at elevated temperatures and make them unsuitable for power train
applications in automobile industry [3-5]. Hence, research attempts are underway for
the development of Al less or Al free Mg alloys suitable for high temperature

applications. This situation opens the door for the development of new Mg alloys which



can suppress the formation of Mg;;Al;; phase by the formation of thermally stable
phases. Addition of rare earth (RE) elements are found to be a promising method to
enhance the mechanical strength and creep resistance at elevated temperature. The solid
solution hardening and precipitation hardening caused by RE addition contributes to the
improvement of the strength. Yttrium, cerium, lanthanum, gadolinium and neodymium
are mainly used as rare earth elements for alloying. Microstructure of Mg-Al alloys
consist of o-Mg and Mgi;Al,. With the addition of almost all rare earths,
microstructure is refined, amount of Mg;;Al;; is decreased and new AILRE or
Al1;RE3/AlI4RE phases are formed. Gadolinium (Gd) is one of the active rare earth
elements that have high affinity to aluminium and thus can reduce the formation of B-
Mga7Al;, phase by consuming aluminium to form thermally stable intermetallic Al,Gd
phase and also it has an electro chemical potential almost near to that Mg [6-8].
Expanding the potential application of Mg-Al is the primary purpose of the study.
Hence, studies on increasing the application of Mg-Al magnesium alloy for powertrain
application with supportive corrosion resistance and wear with individual and combined
effect of Gd with Ca is highly essential.

Next to Mg-Al alloys, Mg-Zn alloys show a good combination of mechanical
properties and corrosion behavior [9,10]. Zn is known to increase age hardening
response as it produces intermetallic compounds and refines the grain size. A small
amount of Zn contributes to overall strength due to solid solution and precipitation
strengthening [10,11]. Microstructure observation reveals that the addition of Zn
element significantly refined the grain size of as-cast Mg-Zn alloys and increased the
volume percent intermetallic in the microstructure [12]. The deleterious effects of
metallic impurities like Fe and Ni can also be reduced by the addition of Zn [13]. With

RE additions, Mg-Zn-RE alloys have been developed and has been heavily studied due



to the presence of peculiar secondary phases, e.g. icosahedral quasicrystalline phase (I-
phase) and long period stacking ordered (LPSO) phase, which result in excellent
mechanical performance at room and elevated temperatures [14,15]. The relation
between composition, microstructure and properties of Mg-Zn-Y based system in both
as cast and heat treated conditions is well documented in the literature. However, the
Mg-Gd-Zn system is relatively new, and has not been investigated in detail. Hence, to
develop new Mg-Gd-Zn alloys with high strength, high creep and corrosion resistance,
a thorough knowledge on the structure-property correlation of these alloys is essential
with different Zn/Gd ratios. Mg-Zn-Gd is one of the very important systems as its
microstructure consists of many different phases, such as I, W, X and laves phases,
depending on the ratio of Zn to Gd contents, thus resulting in different mechanical
behaviors. In the present investigation, Mg-Zn alloys containing individual and
combined effect of Gd with Ca were prepared, and their microstructure, mechanical
corrosion and wear properties were evaluated in the as-cast condition.

Thus the present study, “Structure - Property Evaluation of Gd & Ca Added
Mg-Al & Mg-Zn Alloys”, aims to investigate the effect of varying Gd addition on the
mechanical, corrosion and wear properties of Mg-Al and Mg-Zn alloys. Further, the
modification of the optimal tested Mg-Al-Gd and Mg-Zn-Gd alloys with varying Ca
addition has been carried out. The modification mechanisms, formations of different

intermetallics compounds and their strengthening mechanismsare studied in detail.

1.2 Objectives of the Investigation

The primary objectives of the present work are:

= Study the effect of Gd on microstructure, mechanical, corrosion & wear properties
of Mg-9Al alloys and Mg-5Zn alloys.

= Correlation of microstructures of the developed alloys with mechanical, corrosion



and wear properties.
Modification of the optimal Mg-Al-Gd and Mg-Zn-Gd alloys with different
percentage of Ca (0.5, 1 and 2 wt.%) and study their microstructural, mechanical

and corrosion properties.

1.3 Lay out of the Thesis
The thesis is divided into seven chapters and the contents are discussed in brief as

follows:

Chapter 1 deals with the general background as well as the challenges and motivation
to pursue the present work. An overview of the objectives and scope of the work is also

presented.

Chapter 2 presents the relevant information in the field of Mg and its alloys. The
proposed research is originated based on previous research work. Further the detailed
reviews of processing, mechanical, corrosion and tribological properties of RE added
and Ca modified Mg-Al and Mg-Zn alloys are outlined. The literature review aims to

produce a rationale and justification for the present work.

Chapter 3 deals with the selection of raw materials, description of experimental
apparatus, processing conditions and modification treatment. The synthesis of the Mg-
Al and Mg-Zn alloys prepared by liquid state processing is also described in detail.
Besides, the specimen preparation and characterization for XRD, metallography
(optical microstructure and SEM-EDX), mechanical (hardness, tensile and creep),

corrosion (immersion and electrochemical) and tribological properties are explained.

Chapter 4 presents the detailed microstructural analyses of the Mg-Al-Gd and Mg-Zn-

Gd alloys using optical microscope and SEM. Phase analysis (XRD and SEM-EDS)



and chemical composition of the alloys studied are discussed. The different
intermetallic compounds formed during the Ca modification have also been identified

and analyzed.

Chapter 5 deals with the evaluation of mechanical properties such as hardness, room as
well as high temperature tensile properties and creep properties of Mg-Al and Mg-Zn
alloys with varying amount of Gd and Ca. These properties are correlated with the

microstructures.

Chapter 6 comprises the corrosion study (immersion and electrochemical test) of the
developed alloys are performed in 3.5 wt.% NaCl. Dry sliding wear behavior of the
Mg-Al-Gd alloys with different loads are examined and discussed with respect to the
wear scar width (WSW). Attempts are also made to correlate the wear properties of the

alloys with the microstructures.

Chapter 7 summarizes the outcome of the overall work, emphasizingon the major

conclusions drawn from different chapters.

A critical analysis of the results provides ideas and directions for further investigation,

which are discussed in the ‘Scope of Future Work’ section.

The references cited in each chapter are given at the end. In addition, figures and tables

are numbered independently in each chapter.






Chapter 2 Literature Review

2.1 Introduction

One of the major concerns since the beginning of automobiles is the energy
efficiency and it is observed that a 10% reduction in vehicle weight can lead to
approximately 7% increase in fuel economy and an appreciable reduction in greenhouse
gases. Magnesium is the best suitable candidate considering the above needs.
Magnesium is alloyed with other metals to tailor make a wide variety of properties,
both to increase the manufacturability and the product properties [16-18]. A review of
literature existing in the area of processing, properties and different modification
techniques of RE containing Mg alloys are discussed. Influence of RE and Ca addition
on the physical and mechanical characteristics of various Mg-Al and Mg-Zn alloys are
reviewed in detail. Besides, the modification concepts, methods, mechanisms and the

influence on mechanical properties are reviewed thoroughly.

2.2 Magnesium
2.2.1 History of Mg

In 1755, a Scottish scientist, Joseph Black recognized that magnesia contains
magnesium but he was unable to produce pure Mg metal but in 1808 an English
chemist, Sir Humphry Davy isolated Mg metal for the first time. The name 'magnesium'’
comes from the Greek word for a district in Thessaly called Magnesia. Magnesium is
the 8th most abundant element in the earth’s crust. Typical ores of magnesium are
dolomite (MgCO3.CaCO3), magnesite (MgCOs3), serpentine (MgsSi,Os(0OH),),
carnallite (KCI.MgCl,-6(H,0)) and as well as from sea water. Therefore, it can be said

that magnesium is an almost inexhaustible resource. Method of producing magnesium



is mainly divided into two; electrolysis of fused anhydrous magnesium chloride
(MgCly) and thermal reduction of magnesium oxide (MgO) by FeSi and the ores used
in the production of magnesium are dolomite and magnesite. The electrolytic process
involves the reduction of the Mg ion that is recovered from magnesite or seawater.
Magnesium oxide or sulphate is converted into magnesium chloride (MgCl,) brine and
then into clean and dry MgCl, powder which on electrolysis gives chlorine gas and Mg
metal close to 700 °C. The thermal reduction process, which is also called the Pidgeon
process, is based on the reduction of metallic Mg from dolomite. In this process
dolomite is reduced by supplying ferrosilicon and thermal energy. It is heated at high
temperature in a retort furnace under a vacuum. Magnesium oxide (MgO) and dolomite
react with ferrosilicon and release Mg in vapor form which condenses at the end of the
retort furnace wall, subsequently melted, and cast as pure Mg ingots. While the pidgeon
process is carried out as a continuous process, the electrolytic process is a batch
process. After extraction, crude magnesium metal is shifted to cast shops for impurity
removal, alloying element addition and transformation into billets, ingots, and slabs.
During melting, molten magnesium and alloys are protected from oxidation and
burning by gas such as sulfur hexafluoride or sulfur dioxide. For shipping and handling
under severe climatic conditions, suitable paper wrappings or ventilated plastic are

essential to prevent corrosion.

2.2.2 Properties

Mg is a highly attractive metal due to its low density compared to other
common structural metals. It is almost two-third that of Al (2.7 g/cm®) and a quarter
that of steel (7.84 g/cm®). The melting point of magnesium is 650 °C and its boiling
point is 1107 °C. Mg has better heat dissipation and transfer owing to its high thermal

conductivity of 156 W/mK. It also has a higher specific heat value of 1025 J/kgK.



Therefore, its machinability, turning, milling, and drilling processes are better than
those of other metals. The modulus of elasticity of Mg alloys is relatively low at ~45
GPa, compared to ~70 GPa and ~210 GPa for Al alloys and steel, respectively.
Furthermore, the tensile and yield strengths of Mg are relatively low. However, its
specific strength (strength/density) is high compared to other metals. Table 2.1 presents
the most essential physical and mechanical properties of pure Mg in comparison to Al

and Fe [19-22].

Table 2.1 Properties of pure Mg in comparison with Al and Fe.

Property Unit Mg Al Fe
Atomic number 12 13 26
Atomic radius pm 160 143 126
Atomic weight gmol™ 24.3 26.98 55.85
Density gem™ 1.74 2.7 7.87
Melting point °C 650 660 1536
Boiling point °C 1090 25.19 2861
Thermal conductivity ~ Wm™K™ 156 238 80
Specific heat J/kgK 1025 900 460
Volume heat capacity ~ J m®x107 1783 24.3 3630
Electrical resistivity ~ohm-mx 10®  4.45 2.65 9.7
Elastic modulus GPa 45 70 210
Strength MPa 90 98 275
Specific strength m x 10° 52 36 34

2.2.3 Structure

At room temperature, the Mg lattice parameters (a = 3.2092 A and ¢

=5.2105 A with c/a ratio of 1.6236) are close to the hexagonal packed structure. The

atomic positions, principal planes and directions are illustrated in Fig. 2.1 [23].
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Fig.2.1 The atomic positions, principal planes and directions of Mg.

Table 2.2 The slip parameters of Mg.
No of slip system

Slip Burgers Slip Slip plane
system Vector  direction Total  |Independent
type
_ basal plane
1 a <1120> 3 2
0 {0001}
_ 1% order prism plane
2 a <1120> _ 3 2
{1010}
1% order pyramidal
6 4

3 a <1120> _
plane {1011}
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2" order pyramidal

4 c+a <1123> _ 3 2
plane {1122}
1% order prism plane
5 c <0001> _ 3 2
{1010}
2" order prism plane
6 C <0001> _ 3 2
{1120}

Table 2.2 shows the slip parameters of Mg. At room and elevated temperatures,
primary and secondary slip and twinning occur because the primary slip takes place on
the (0001) basal plane and in the <1120 > most closely packed direction of the plane at
RT and the secondary slip occurs in the <1120 > direction on the {1010} vertical face
planes. Primary twinning happens across the {1012} planes and the secondary twinning
occurs {3034}. At elevated temperatures, slip also occurs in the <1120> direction on

the {1010} pyramidal planes and the twinning occurs across the {1013} planes [23].

2.3 Advantages of Mg

Magnesium is called “metal of the future” for a reason. The main advantage of
magnesium alloy over another material is its low density. Besides being a component in
titanium, aluminum alloys, and steel production, magnesium can also be cast into
various mechanical parts and can replace aluminum alloys for anything that needs to be
made lighter and stronger. Nowadays, magnesium is making more headlines because
the automobile industry is starting to use more magnesium in auto parts due to the
looming EU emissions and CAFE standards. The US EPA CAFE (Corporate Average
Fuel Economy) standards require automobile manufacturers to enhance average fleet
miles per gallon by 15% to 34.1% by 2017 from the current 27.3 average mpg. In
addition, the Obama administration’s new CAFE standards require vehicles to average

54.5 mpg by 2025, which is about 100% improvement from where we are today! With
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these tough laws in place, automakers are looking up to magnesium to reduce the
vehicle weight to meet the stringent mpg guidelines. Luckily for automakers, almost all
of their auto parts, from engine blocks, wheels, panels, or the entire roof top can be
fabricated from magnesium alloys. The other advantages are the high specific strength,
specific stiffness, superior damping capacity, electromagnetic shielding capacity,
excellent machinability and good castability [23]. Due to its excellent fluidity,
magnesium alloy can be casted easily with relatively low tooling cost and energy
consumption. Casting of thin wall parts (2 mm) is possible by using Mg alloys mainly
because of its excellent fluidity. Magnesium castings experience high cooling rate due
to its low volumetric specific heat. Thus, magnesium castings allow faster cycle times
compared with aluminum and zinc. Due to its low density, high gate pressure can be
achieved at moderate ram pressure. The steel dies used for Mg alloy casting last two or
three times longer than with Al alloys because of the low solubility of iron in liquid
magnesium and less heat per volume of magnesium die-casting alloys. Magnesium and
its alloys offer excellent damping capacity, so it helps to decrease vibration and noise in
many purposes like vibration testing fixtures and mounting brackets for electronic
equipment. Magnesium alloys have lower resistance to cutting than other structural
metallic materials. So, higher speed with good feed rates and greater depths of cut are
thus possible. Also, less power is required to remove a given amount of Mg in

comparison to other commonly machined metals [24].

2.4 Limitations of Mg

In spite of all these advantages, there are some limitations responsible for the
lack of magnesium applications in different fields. They are:
(1) Low elevated temperature properties

(2) Highly corrosive and chemically reactive
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(3) Limited cold workability and stiffness

(4) High cost of recycling

2.5 Mg Alloys

Magnesium alloy, being a mixture of Mg metal with metals or metalloids, leads
to alteration in properties such as strength, ductility, workability, corrosion resistance
and castability. Mg is chemically active and alloying magnesium leads to the formation
of intermetallic compounds which influence the microstructure, thereby affecting the

various properties of Mg alloys.

2.5.1 Alloying Elements

Pure Mg being too soft to use in industrial applications, has to be alloyed to
enhance its properties such as creep resistance, strength, ductility, etc. Aluminum (Al),
rare-earths (RE), zinc (Zn), calcium (Ca), manganese (Mn), silicon (Si), strontium (Sr),
etc. are the commonly used alloying elements in Mg alloys. Their applications is
however dependent on the desired performance. Mg alloys can be described not only by
the chemical composition but also by the phases present in the alloy. This can be
illustrated for binary and ternary systems in the form of phase diagrams, which show
only the equilibrium condition. They do not provide information regarding the physical
shape or dispersion of the phases that might emerge in non-equilibrium processing. In
this section, the most significant alloying elements and their alloying effects are

discussed.

2.5.2 Effects of elements addition on Mg
Aluminum (Al). Al is one of the most common alloying element in Mg, as it has the
most favorable influence on Mg. Addition of Al enhances the castability, fluidity,

strength and corrosion properties of Mg-Al alloys. The alloys containing more than 6
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wt.% of Al can be heat treated. Al gives solid solution strengthening, and beyond 2
wt.% addition, the precipitation of the B-Mgi7Ali2 phase occurs which enhances
hardening. However, addition of Al increases the tendency for shrinkage with micro
porosity up to 9% and then reduces it [25].

Zinc (Zn). Zn is generally used as alloying element for magnesium alloy to enhance
room temperature strength. It often increases solid solution strengthening effect and
fluidity. The solid solubility of zinc in magnesium at room temperature is around 2%
and 6.2% at 345 °C. However, beyond a certain limit it is susceptible to hot cracking in
Mg-Al alloys. Small amount of Zn can be dissolved in Mg, as solution strengthening
element, while excess Zn will react with Mg to form (Mg, Zn) containing phases. It is
usually used in addition to Al to enhance strength without reducing ductility. Moreover,
Zn addition to Mg alloy with Ni and Fe impurities can assist in improving the corrosion
resistance [26].

Beryllium (Be). Be is added in smaller quantities to reduce the surface melt oxidation
significantly during the melting, casting and welding processes. Be can also lead to
grain coarsening [27].

Calcium (Ca). Calcium helps in grain refinement, enhanced creep and corrosion
resistance, thermal and mechanical properties. Melt oxidation is reduced during casting
and also oxidation during heat treatment process. Its presence also results in better
rollability of Mg sheet. With amount exceeding 0.3 wt.%, the sheet will be prone to
cracking during welding [28,29].

Cerium (Ce). Minor addition of cerium (0.2%) significantly increases elongation. The
presence of Ce in Mg altered the texture of extruded rods during recrystallization
thereby enhancing plastic deformation capability. In the Mg-Ce material, both twinning

and slip occur while in Mg only twinning dominates. The addition of Ce reduces the
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yield strength and increases the work hardening rate that delays the onset of instability
[27].

Copper (Cu). Copper has limited solid solubility in Mg. Cu reacts with Mg to form
Mg,Cu intermetallics. Studies have indicated that addition of Cu assists in increasing
the room temperature and high temperature strength; however, the ductility is
compromised. It may also be noted that Cu addition can unfavorably influence the
corrosion resistance [30,31].

Iron (Fe). Even in small quantities, Iron is detrimental to the corrosion resistance.
0.005% Fe content is the upper limit allowed for the best protection against corrosion
[27,32].

Lithium (Li). Li addition decreases the density of alloys below that of unalloyed Mg,
due to its low relative density of 0.54. Its addition leads to decrease in strength and
increase in ductility

Manganese (Mn). Mn addition enhances the salt water corrosion resistance of Mg-Al
and Mg-Al-Zn alloys. The low solubility of Mn in Mg limits the amount of Mn addition
and is usually incorporated with other alloying elements like Al [32].

Molybdenum (Mo). Increasing the weight percent of Mo (0.7, 2.0, and 3.6wt.%) in Mg
resulted in an improvement in hardness, elastic modulus and ductility with marginal
decrease in strength. [31].

Nickel (Ni). The incorporation of Ni in Mg leads to the formation of Mg;Ni
intermetallics and an increase in room temperature strength with a simultaneous
decrease in ductility was observed. Nickel additions (even in minute quantities) have an
adverse effect on the corrosion resistance.

Neodymium (Nd). RE elements are added to increase the high temperature strength,

creep resistance and corrosion resistance. However, as rare earths are costly, they are
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primarily used in high-tech alloys. Their presence also assists in reducing the freezing
range of the alloys, which leads to reduction in casting porosity and weld cracking.
Addition of Nd enhances the strength of Mg. This is attributed to the solubility limits of
Nd and the formation of stable precipitates within the grain structure and at grain
boundaries.

Yttrium (). Yttrium has a relatively high solid solubility in Mg (12.6 wt.%, 3.75
at.%) It is incorporated in other rare earth metals to enhance the high temperature
strength and creep performance [34].

Silicon (Si). Silicon can increase the fluidity of molten alloys. However, if it is used
together with iron, the corrosion resistance will be compromised

Silver (Ag). When combined with rare earths, gives improved high temperature
strength and creep resistance [22].

Strontium (Sr). Strontium is normally added combined with the other major alloying
elements resulting in enhanced creep performance but YS and UTS remains almost
unchanged [20].

Thorium (Th). The addition of thorium shows an improvement in creep strength up to
370 °C. In Zn containing alloys, the addition enhances the weldability. However, the
radioactive nature of thorium, hinders its applications.

Tin (Sn). Tin combined with Al in Mg enhances ductility. During forging, it also
assists in reducing cracking [32].

Titanium (Ti). There is very low mutual solubility of Ti and Mg in each other. Hassan
et al.[21] reported that respective additions of 2.2 and 4.0 vol% of Ti in Mg led to an
increase in 0.2% yield strength and ductility. No intermetallic compound was seen to be
formed.

Zirconium (Zr). Zr is an excellent grain refiner when incorporated into the alloys
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containing Zn, Th, REs, or a combination of these. However, due to the formation of
stable compounds with Al or Mn, it cannot be used with these elements. Zr also forms

stable compounds with Fe, C, O and H that are present in the melt [32].

2.5.3 Designation

The American Society for Testing and Materials (ASTM B 275) categorized
magnesium alloys according to their alloying elements and the naming method denotes
the appropriate chemical composition by weight. In this method, the alloys are
designated by an alpha numerical code as explained below:
First Part: Indicating the two principal alloying elements/metals. Two code letters
representing the two main alloying elements are arranged in order of decreasing
percentage (or alphabetically if the percentages are equal). A - Aluminium, B - Bismuth,
C - Copper, D - cadmium, E - Rare earth, F - Iron, G - Magnesium, H - Thorium, K -
Zirconium L - Lithium, M - Manganese, N - Nickel P - Lead, Q - Silver, R - Chromium,
S - Silicon, T - Tin, W - Yttrium Y - Antimony, Z - Zinc.
Second Part: Indicating the amount of the two principal alloying elements/metals
consisting of two numbers corresponding to rounded-off percentages of the two main
alloying elements and arranged in the same order as alloy designations in part of whole
numbers.
Third Part: Differenciate between different alloys with the same percentage of two
principal alloying elements. It consists of a letter of the alphabet assigned in the order
as compositions become standard letters of alphabet except | and O.
Fourth Part: Indicating condition (temper). Consisting of a letter followed by a
number (separated from the third part of the designation by a hyphen). F - as fabricated
O - as annealed H10 and H11 - slightly strain hardened H23, H24 and H26 - strain

hardened and partially annealed T4 - solution heat treated T5 - artificially aged only
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T6 - solution heat treated and artificially aged T8 - solution heat treated, cold worked

and artificially.

For example, consider the magnesium alloy AZ81A-T4. The first part of the
designation, AZ, indicates that aluminium and zinc are the two major principal alloying
elements. The second part, 81, indicates the highest weight percentages of aluminium
and zinc (8 and 1 respectively). The third part, A, indicates that it is the fifth alloy
standardized with 8% Al and 1% Zn as the principal alloying additions. The fourth part,
T4, indicates that the alloy is solution heat-treated. The Mg alloys can be classified into
three categories depending on the increasing demand for specific properties like
specific strength, ductility and creep resistance in the automotive industry, as shown in

Fig. 2.2 [17]. Some examples of common magnesium alloys are given in Table 2.3.

Specific Strength Ductility
Super light, high strength Spray formed, . ‘
o =" Thermomech. Treatment, MgLi Creep Resistance
Mg-Li-X /
Mg Si
Mg-Y-RE-Zr
(250-300°C) Sand
< Casting
Mg-Ag-RE-Zr
(200-250°C)
Mg RE-Zn-Ma .@
(Max. 200°C)
M-ALSi Thermal Expansion
Mg-Al-
> E- Modulus
' Fiber & Particle Wear
i el Al L s Creep (Composites

Fig. 2.2 Classification of Mg alloys based on specific properties [17].
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Table 2.3 Common magnesium alloys and their applications.

Alloy Alloying

. : - Reasons for usage
Designation Additives

9.0% Al 0.7% General casting  Good castability, good mechanical

AZ91 )
Zn 0.13% Mn alloy properties at T<150°C.
3.0% Al 1.0% _
AZ31 Wrought products Good extrusion alloy.
Zn 0.2% Mn
Greater toughness and ductility
AMEO 6.0% Al 0.15%  High pressure die  than AZ91, slightly lower strength.
Mn casting alloy Often preferred for automotive
structural applications.
o _ Rare earth addition improves creep
4.2% Zn 1.2%  Specialist casting
ZE41 strength at elevated temperatures.
RE 0.7% Zr alloy _
Pressure tight.
] Better creep resistance than AZ91
4.2% Al 1.0% General casting
AS41 at elevated temperatures but lower

Si alloy
strength.

2.6 Applications of Mg alloys

The wide spectrum of magnesium alloy applications is discussed below. The
principal applications are found in the automotive and aerospace industries because of
environmental and performance gains.
2.6.1 Automotive sector

The pioneer use of magnesium in the automotive sector was first explored by
Volkswagen (Beetle) with about 25 kg of magnesium castings in the transmission
housing of air-cooled engine. With the development of more efficient water-cooled
automobile engines, the 50 years of magnesium usage came to an end. In 1996,
VWI/Audi started with the B80 gearbox housing. Daimler Chrysler (Mercedes Benz),

BMW, Ford and Jaguar used magnesium as a structural lightweight material. At
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present, about 14 kgs of magnesium components are used in the VW Passat, Audi A4 &
AGB, especially for transmission casings, offering a 25% weight savings over aluminium.
The Corvette Z06 uses magnesium roof components and magnesium engine cradle to
minimize mass. Thanks to magnesium parts, the Corvette Z06 is one of the lightest
high-performance vehicles on the market. Ford Explorer, the 2011 North American
Truck of the Year, uses magnesium seat frames for its third-row passenger seats. The
Chrysler Group employs magnesium in the interiors of its Grand Cherokee, Wrangler
and Patriot models. Its instrument panels and front consol are made out of a single-
piece magnesium die cast. Other applications of Mg include instrument panels, intake
manifolds, cylinder head covers, inner boot lid sections and steering components which
utilize more ductile AM50A and AMG60B alloys. AS41 is used to make automatic
transmission clutch pistons and stators [24,34]. The GM full-sized Savana and Express
Vans use up to 26 kg of magnesium alloy [35]. Fig. 2.3 depicts the components made of
Mg alloy and obtained weight reduction and Table 2.4 shows the list of the cars using

magnesium alloys and components made of Mg alloys.

; ) Steering wiviel core - .
Door s Steering cobumn;
Me=54 ke giﬂiws Mz=14kg
Al=3 kg AN Steel=2 g

Wit Reduction=33% W Beduction = 40%

Wit Reduction = 42%:

Tranfir cage:
hz=11%kg
Stesl=15 6 by Steel=5 Lg

. Bedoctian = 285, Wt. Reduction=584%

Fig. 2.3 Some automotive components made of Mg alloy.
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Table 2.4 Cars using Mg alloys components.

Component Producers and car models

Engine block BMW
Ford (Ford Thunderbird, Cougar, Taurus, Sable), Chrysler
Toyota, BMW Lexus LS430
Seat frame Mercedes-Benz Roadster 300/400/500 SL, Lexus LS430
Instrument panel GM, Chrysler jeep, Ford, Audi A8, Toyota Century
Toyota 2000GT, Toyota Supra, Alfa Romeo GTV,
Porsche AG 911 Series
Dodge Raw, Honda City Turbo, Alfa Romeo GTV,
AutoZAZ-Daewoo
AutoZAZ-Daewoo Tavria, Slavuta, Daewoo-Sens, Volvo
Motors LCP,Alfa Romeo GTV
AutoZAZ-Daewoo Tavria, Slavuta, Daewoo-Sens, Volvo
Motors LCP, Porsche AG 911 Series, Volkswagen
Volkswagen Passat, Audi A4,A6, Mercedes-Benz

Steering wheel frame

Wheel rims

Cylinder head

Clutch case

Transmission case

Lower crankcase Chrysler jeep, Alfa Romeo GTV, GM (Oldsmobile),
McLaren Motors F1-V12
Cylinder block GM Pontiac Gran AM, Corvette
Intake manifold GM V8, Chrysler
Steering link bracing GM LH Midsize
Camshaft drive chain case Porsche AG 911 Series
Air intake system BMW V8 motor
Oil pump body McLaren Motors F1-V12
Gear controls housing AutoZAZ-Daewoo Tavria, Slavuta, Daewoo-Sens

2.6.2 Aerospace sector

Since 1930’s, magnesium has been extensively used in a variety of aerospace
applications. Magnesium Elektron alloys combine weight saving high mechanical
strength to provide a versatile material for use in aircraft interior applications leading to

improved customer experience, better fuel efficiency and increased range. Elektron 43
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alloy developed by Magnesium Elektron, passed rigorous tests conducted by the U.S.
Federal Aviation Administration (FAA) Fire Test Working Groups, which subsequently
lifted long-standing restrictions on the use of magnesium alloys in commercial aircraft
interiors. By following the guidelines Elektron 43 alloy is setting the standard for the
reintroduction of magnesium into aircraft interiors. The aircrafts using magnesium
alloys components are Lockheed F-80C with complete magnesium construction,
Northrop XP-56 Black Bullet with magnesium airframe and welded skin, Boeing B47
with 5500 kg of magnesium or Russian TU 95, Convair B-36 bomber containing 8600
kg, and TU 134 with 1550 kg and 780 kg of magnesium, respectively [36]. Magnesium
is used in the thrust reversers for the Boeing 737, 747, 757, and 767 as well as in
aircraft and helicopter transmission casings and engines. Missiles and spacecraft also
contain magnesium and its alloys. Lift-off weight reduction is of prime importance in
the design and a material is that can withstand the extreme conditions during operation
is essential. Magnesium is capable of withstanding extreme elevated temperatures,
impact of high energy particles and exposure to ozone. It is also used in large quantity
in intercontinental ballistic missiles such as Titan, Atlas and Agena. Table 2.5 shows

the list of the aircrafts using magnesium alloys and components made of Mg alloys.

Table 2.5 Aircrafts using magnesium alloys components.
Boeing 737, 747, 757, 767 Thrust reverse cascade casting AZ92A
Roll Royce RB211 gear box EZ33A
General Dynamic F16, QE22

. ) Accessory drive gearbox
General Electric F110 Engine

Sikorsky CH53D Sea Stallion Transmission casing AZ91E
Sikorsky UH53D Blackhawk Transmission casing ZE41
Sikorsky S92 Main transmission casing WE43
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2.6.3 Nuclear and defense industries

Due to the convenient properties such as low neutron absorption, good thermal
conductivity, excellent compatibility with uranium and non diffusivity into uranium,
magnesium is used as canning material in graphite moderated gas-cooled power
reactors such as Calder Hall and the French EL2, 62 and G3 reactors. Magnesium
alloys also have good applications in military and defense instruments such as armored
vehicles, portable group equipment, stingray torpedoes, and radar equipment. Anti-tank
ammunition rounds have been a primary use of magnesium extruded bar. Military
industry extensively uses fine and atomized powers in the range of flare and ordinance
applications, particularly decoy flares and illumination flares. Ground illumination
flares are designed to dive by parachute and illuminate ground terrain and targets. Mg
alloys such as EZ33 (Mg-2.7Zn-0.7Zr-3.2MM) are used in the “Skylark” research
rockets. ZK51 (Mg-4.5Zn-0.7Zr) and ZE41 castings have been used extensively for
structural parts in missiles because of their high specific strength and rigidity coupled

with ease of fabrication [34].

2.6.4 Electronic industry

The use of Mg alloys is of great interest in electronic industry, mainly they are
light weight, non-magnetic, and they can block electro-magnetic waves and minimize
the influence of noise. But being metallic, they can radiate and conduct heat better than
plastic and maintain a metallic texture. Some examples are computer housing, mobile
telephone cases, etc. Thinner and lighter laptops, cell phones, and cameras that are
durable to withstand the daily wear and tear are the pick of the day. Mg can make a big
difference in the manufacture of these fragile products. The new HP Elite Book uses a
magnesium base and aluminum-clad magnesium display enclosure and case that

protects the laptop from the usual shock, drop, heat, humidity, vibration, pressure, and
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protects the display from expensive repairs. Canon’s new EOS D50 SLR digital
camera is protected by a Mg casing that allows the camera to resist moisture better than
its competitors and it weighs only 25.7 ounces. In addition to the excellent strength to

weight ratio of Mg, it is also 100 times better than plastic for heat dissipation.

2.6.5 Medical field

As a lightweight metal with mechanical properties similar to natural bone,
Magnesium is considered as a convenient metal for the construction of temporary
biodegradable medical implants like screws, open-porous scaffolds or stents, which are
successfully implanted to fix or repair the fractured bones or to repair damaged blood
vessels. Advantages such as in-vivo degradation via corrosion in the electrolytic
environment of the body, Mg-based implants have the potential to serve as
biocompatible, osteoconductive, degradable implants for load-bearing applications is
that it slowly degrades in the human body and is progressively replaced by the growing
hard tissue thereby no second surgery is needed. Thus, it significantly reduces
inconvenience to the patient, morbidity and health cost. On comparing the mechanical
properties, magnesium is well compatible with natural bone. The density and Young’s
modulus of magnesium are closer to those of natural bone (1.8-2.1 g/cm® and ~30
GPa). As compared to biodegradable polymers (polylactic acid) and ceramics
(hydroxyapatite), magnesium has higher tensile strength and plasticity that is important
for load-bearing applications like screws [22]. From the physiological point of view,
magnesium is a crucial element for the human body with consumption lying in the
range of 250-500 mg/day. Magnesium supports many enzymatic reactions, stabilizes
DNA and RNA, and helps neurological functions and energy metabolism. Magnesium
also influences cell proliferation, bone growth and strength. The adult human body

contains approximately 30 gm of magnesium, concentrating mainly in muscles and
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bones. The commonly used magnesium alloys in medical applications are AZ31, AJ62,
WEA43, etc. However, its low corrosion resistance and accumulation of large amount of
hydrogen around the implant during the in vivo corrosion process, confine the
widespread use of Mg-based materials as biomaterials. To overcome this issue, much
research efforts focus on exploring the use of different alloying elements in Mg and

surface treatments such as protective coatings on Mg-based materials [38,39].

2.6.6 Sports industry

A lot of buzz is being generated in the sports sector by Mg as it has taken the
performance to a whole new level. Magnesium being stronger, light-weight, and
durable, 16 times more shock absorbant than aluminum, makes it the ideal metal that
gives competitive sports an extra edge. Many mountain bike and motorcycle
companies have incorporated Mg in their designs for years while additional attention is
being generated in the new innovations used in sports sectors. Snowboarders, skiers
and ice skaters prefer their equipment made of magnesium due to the better stability at

higher speeds [40].

2.7 Strengthening Mechanisms

Metals in their natural form are not suitable for any engineering applications.
Due to the nature of metallic bonding and lattice defects, strengthening of metals are
necessary because they are weak and the optimum properties can’t be obtained.
Strengthening mechanisms are directed towards hindering the dislocation motion or
strengthening the lattice against the easy movement of lattice defects. The ability of a
metal to deform primarily depends on the ability of dislocations to move. Strengthening
of metals include grain size reduction, solid solution strengthening, strain hardening,

precipitation hardening, dispersion hardening, etc [41].
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2.7.1 Grain refinement

The grain refinement strengthening mechanism is based on the fact that
crystallographic orientation abruptly changes when passing from one grain to the next
across the grain boundary. Therefore, if the orientation is very misaligned, it is difficult
for a dislocation moving on a common slip plane in one crystal to pass over to a similar
slip plane in another grain. Actually, the crystals are separated by a thin non-crystalline
region, which is the characteristic structure of a large angle grain boundary. Atomic
disorder at the boundary causes discontinuity in slip planes. Hence, dislocations are
stopped by a grain boundary and pile up against it. The smaller the grain size, the more
frequent is the pile up of dislocations [42]. A twin boundary can also act as an obstacle
to dislocation motion. A grain boundary can act as a barrier for dislocation motion in
two ways: (a) by forcing the dislocation to change its direction of motion and (b)
discontinuity of slip plane because of disorder. The finer the grain of a metal larger is
the area of grain boundaries that impedes dislocation motion. Grain size reduction also
improves toughness. Methods of grain refinements used in casting process are mainly
classified into three: (1) thermal method, (2) chemical method and (3) mechanical

method [43,44].

2.7.2 Solid solution strengthening

Solid solution strengthening is a type of alloying that can be used to improve
the strength of a pure metal. The technique works by adding atoms of one element to
the crystalline lattice of another element forming asolid solution. The local non
uniformity in the lattice due to the alloying element makes plastic deformation more
difficult by impeding dislocation motion. In contrast, alloying beyond the solubility
limit can form a second phase, leading to strengthening via other mechanisms. The

strength of a material depends on how easily dislocations in its crystal lattice can be
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propagated. Depending on their character, these dislocations creates stress fields within
the material. When solute atoms are introduced, local stress fields are created that
interact with those of the dislocations, blocking their motion and causing an increase in
the yield stress of the material, which means an enhancement in strength of the
material. This gain is a result of both modulus effect and the lattice distortion. When
solvent and solute atoms differ in size, local stress fields are generated which can attract
or repel dislocations in their vicinity. This is known as the size effect. By relieving
compressive or tensile strain in the lattice, the solute size mismatch can put the
dislocation in a lower energy state. In substitutional solid solutions, these stress fields
are spherically symmetric, which means they have no shear stress component. As such,
substitutional solute atoms do not interact with the shear stress fields characteristic of
screw dislocations. In interstitial solid solutions, solute atoms cause a tetragonal
distortion, creating a shear field that can interact with screw, edge, and mixed
dislocations. The repulsion or attraction of the dislocation centers to the solute particles
increase the stress to propagate the dislocation in any other direction. Increasing the
applied stress necessary for the dislocation motion enhances the yield strength of the

material [45,46].

2.7.3 Strain hardening

Work hardening, also known asstrain hardening or cold working, is
the strengthening of a metal by plastic deformation. This strengthening occurs because
of dislocation movements and dislocation generation within the crystal structure of the
material. Before work hardening, the lattice of the material shows a regular, nearly
defect-free pattern (almost no dislocations). The defect-free lattice can be generated or
restored any time by annealing. By work hardeneding the material, it becomes

increasingly saturated with new dislocations, and new dislocations are prevented from
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nucleating. This resistance to dislocation-creation manifests itself as plastic deformation

resistance; hence, the observed strengthening [47].

2.7.4 Precipitation hardening and dispersion strengthening

Precipitation hardening, also called age hardening, is a heat treatment technique
used to increase the yield strength of malleable materials, including most structural
alloys of aluminium, magnesium, nickel, titanium, and some steels and stainless steels.
In super alloys, it is known to enhance yield strength anomaly resulting in excellent
high-temperature strength. Precipitation hardening relies on solid solubility change
with temperature to produce fine impurity particles, which impede the dislocations
movement, or defects in a crystal's lattice. Since dislocations are the dominant carriers
of plasticity, this serves to harden the material. These impurities play the identical role
as the particle substances in particle-reinforced composite materials. Unlike
ordinary tempering, alloys must be kept at elevated temperature for hours to allow
precipitation to take place. This time delay is called "aging".In dispersion
strengthening, hard particles are mixed with matrix powder and consolidated and
processed by powder metallurgy techniques. Here, second phase shall have very little
solubility in the matrix, even at elevated temperatures. Because there is very little
solubility, the particles resist growth or over-ageing to a much greater extent than the
second phase particles in a precipitation hardening system. Theoretically, at least, it is
possible to produce infinite number of dispersion-hardened systems by mixing finely

divided metallic powders and second phase particles [48].

2.8 Corrosion
Corrosion is a process that involves deterioration or degradation of metal. When

magnesium alloys are employed as an engineering material, in particular in automotive
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and aeronautical industries, it is subjected to serious environments, thus their corrosion
behavior is one of the main critical aspect. Magnesium has the lowest standard
electrode potential (- 2.37 V) as compared to other engineering metals, this low
electromotive force enables magnesium to displace hydrogen even at high pH values.
But in 3.5% NaCl solutions, Mg has a standard electrode potential of -1.38 V, which
indicates that the metallic surface is not in direct contact with the solution and is
covered by a hydroxide layer. This natural outer layer is not dense, because its
corresponding Pilling-Bedworth ratio is = 0.81, which indicates that the underlying
metal cannot be completely covered as a result, magnesium and its alloys are highly

susceptible to corrosion.

2.8.1 Types of Corrosion
2.8.1.1 Galvanic corrosion

Dissimilar metals and alloys have different electrode potentials, and when two
or more of these come into contact in an electrolyte, one metal acts as anode and the
other as cathode. The electropotential difference between the dissimilar metals is the
main driving force for an accelerated attack on the anode of the galvanic couple. The
anode metal dissolves into the electrolyte, and the deposit collects on the cathodic
metal. The more noble (higher potential) element is protected and the more active
(lower potential) element corrodes at higher rate. Galvanic corrosion occurs on
magnesium alloys mainly due to excessive levels of heavy metal or flux contamination,
and also due to poor design and assembly practices. The metals such as Fe, Ni and Cu
have low hydrogen overvoltage; they can serve as efficient cathodes, consequently
causing severe galvanic corrosion. Metals such as Al, Zn, Cd and Sn that have active
corrosion potential with high hydrogen over potential are less damaging. The galvanic

corrosion consisting of substrate and intermetallic phase is macroscopically observed as
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overall corrosion. The galvanic corrosion rate increases mainly due to high conductivity
of the medium, large potential difference between anode and cathode, low polarizability
of the anode and cathode, large area ratio of cathode to anode and small distance from

the anode to the cathode [49].

2.8.1.2 Pitting corrosion

Pitting corrosion, or pitting, is a form of extremely localized corrosion that leads
to the creation of small holes in the metal. The driving power for pitting corrosion is the
depassivation of a small area, which becomes anodic while an unknown but potentially
vast area becomes cathodic, leading to very localized galvanic corrosion. Magnesium is
a naturally passive metal. Pitting corrosion will occur at free corrosion potential of
magnesium, when exposed to chloride ions in a non-oxidizing medium. It is generally
seen that corrosion pits starts at flaws adjacent to a fraction of the intermetallic phases
such as Mg;7Al;; and AIMn as a result of the breakdown of passivity. This is followed
by the formation of an electrolytic cell in which the intermetallic phases are the cathode
type AIMn, AlMnFe, Mgi7Al1z, Mg2Cu, and the surrounding a-Mg matrix is the anode

[50].

2.8.1.3 Intergranular corrosion

Intergranular corrosion (IGC), also known as intergranular attack (IGA), is a
type of corrosion where the boundaries of crystallites of the material are more
susceptible to corrosion than their insides. It is generally regarded that alloys with
intermetallic phases or compounds cause selective attack to intergranular corrosion
[51]. Recent studies show that intergranular corrosion can occur on Mg alloys. Arrabal
et al. [52] have noticed that the grain boundaries for WE43 in 3.5% NaCl aqueous

solution suffer preferred attack and intergranular corrosion.
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2.8.1.4 Filiform corrosion

Filiform corrosion is a special type of corrosion that occurs under some thin
coatings in the form of randomly distributed thread like filaments. Filiform corrosion is
also known as "underfilm corrosion” or "filamentary corrosion”. It is caused by active

galvanic cells across the metal surface. Its head is anodic, whereas the tail is cathodic.

2.8.1.5 Crevice corrosion

Crevice corrosion refers to corrosion occurring in confined spaces to which the
access of the working fluid from the environment is limited. These spaces are generally
called crevices. It occurs in the metal-to-metal joint or metal-to-non-metallic material.
This type of attack is usually combined with small volumes of inactive solution caused
by holes, gasket surfaces, lap joints, surface deposits, and crevices under bolt and rivet
heads .The major factors effect crevice corrosion are crevice type, crevice geometry,
materials and environment. Ghali et al. [54] have suggested that crevice corrosion could
be formed due to the hydrolysis reaction in case of Mg and Mg alloys, at least in certain
conditions, where it is believed that oxygen has no severe role in the corrosion
mechanism. The formation of Mg(OH), should influence the properties of the interface

between Mg and the solution in the crevice.

2.8.2 Factors Influencing the Corrosive Behavior
2.8.2.1 Metallurgical influence
2.8.2.1.1 Alloying elements

Fe, Ni and Cu are detrimental for the corrosion of magnesium alloys. The
detrimental effect decreases in the following order: Ni > Fe > Cu. Fe is generally of
most concern since it is introduced to the melt from steel pots and casting moulds and it

is present as an impurity in the alloying elements. However, Ni is more harmful than
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Fe, both in pure magnesium and in magnesium alloys, because of its lower tolerance
limit. As nickel has a low solid solubility, it must be present as a separate phase, thus
becoming more detrimental [50]. Corrosion resistance improves with increase in Al
content. For example, the corrosion rate of AZ91, AZ61 and AZ31 in 5% NacCl solution
is enhanced with the decrease of Al content. Mn can improve the corrosion resistance
of Mg alloys; but this is not always the case. The corrosion rate of Mg alloys is related
to Fe content and Fe/Mn ratio [50]. Rare earth improves the corrosion resistance of Mg

alloys, but is affected by medium and pH value [55].

2.8.2.1.2 Microstructure and grain size

The rapid solidification process can refine the microstructure which is beneficial
to the corrosion behavior. It can change the corrosion mechanism; turning pitting
corrosion of Mg-Al alloys into overall corrosion. The surface or skin layer of die-cast
Mg-A1 magnesium alloys with very fine grains, high  volume fraction and continuous
distribution of B phase along grain boundaries has a higher corrosion resistance than its

core [56].

2.9 Wear

Wear is in the broadest sense, may be defined as “damage to a solid surface,
generally involves progressive loss of a material due to the relative motion between the
surfaces and a contacting substance or substances.” When two surfaces in contact slide
over one another, one or both of the surfaces will suffer wear. Different wear
mechanisms commonly seen in the materials are abrasion, adhesion, delamination,
oxidation and plastic deformation. Wear is a complex phenomenon in which the real
contact area between two solid surfaces compared with the apparent area of contact is
very small, being limited to the points of contact between surface asperities. The

applied load to the surfaces will be transferred through these points of contact and the
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localized forces can be very large. The material intrinsic surface properties, the surface
finish, temperature, speed, load, and properties of the opposing surfaces are important
in determining the wear rate of a material. Wear, which can be said as the progressive
loss of substance from the operating surfaces of the mechanically interacting element of
a tribo-system can be measured in terms of weight loss or volume loss [57].

The wear behavior of Mg alloys is crucial concern, which has become one of
the main subject of investigation during recent years because in certain applications,
lightweight alloys and composites are subjected to sliding motion including automotive
brakes, engine components (piston and cylinder bores). Therefore, sliding wear is also
an important consideration in material processing by rolling, forging, etc. Abrasion is
the prevailing wear mechanism at lower loads. Traces of parallel grooves can be
distinguished on surfaces of most samples. These scratches may be attributed to hard
asperities of counter face or detached particles that removed from disk or pin and
placed in surface contact. With the wear process advancement, grooves become wider
and deeper. Delamination mode of wear occurs when tests are conducted at sufficient
high loads. Higher loads and longer sliding distances play an important role in
increasing the probability of crack formation and growth. High loads at long sliding
distances result in severe plastic deformation on materials. Due to intensive frictional

heat of wear, the alloys locally melt and flows in the sliding direction [58].

2.9.1 Types of Wear Mechanisms
2.9.1.1 Adhesive wear

Adhesive wear can be found between surfaces during frictional contact and
generally refers to unwanted displacement and attachment of wear debris and material
compounds from one surface to another. When the adhesive force of the two metals

exceeds the strength of either of the metal, adhesion and adhesive wear occurs. Particles
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that are removed from surface of one material are either permanently or temporarily
attached to the other material. When surfaces slide against each other and the pressure
between the contacting asperities is sufficiently high enough to cause local plastic
deformation. Hardness of a material determines the real area of contact between

asperities of contacting materials [59].

2.9.1.2 Abrasion wear

Abrasive wear occurs when a hard rough surface slides across or along a softer
surface. ASTM International defines it as the material loss due to hard particles or hard
protuberances that are forced to move against or along a solid surface. Any material,
even if the bulk of it is very soft, can cause abrasive wear if hard particles are present.
Abrasive wear occurs under two conditions:
1. Two body abrasion: In this condition, one surface is harder than the other rubbing

surface. Examples in mechanical operations are cutting, grinding, and machining.

2. Three body abrasion: Here a third body, usually a small particle of grit or abrasive,
lodges between two softer rubbing surfaces, thereby abrading one or both of these

surfaces.

2.9.1.3 Oxidation wear

The metal surface is normally covered with an oxide layer, which prevents
metal-to-metal contact, and thus avoiding the formation of adhesion and thereby
reducing the tendency of adhesive wear. In this way, oxide is a favourable factor in
reducing wear rate of metallic materials. However, whether such positive effect can be
realised or not is strongly dependent on the contact conditions and material properties.
When the hardness of the metal underlying an oxide layer is low, or when the contact

load is comparitively higher, the metal beneath the oxide layer will plastically deform,
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and asperities in the hard surface will penetrate through the thin oxide layer, leading to
the normal metal-to-metal contact. In this case, wear by abrasion or adhesion will occur
depending on the chemical and mechanical properties of the contacting metals. The
beneficial effect of oxide is minimal and wear rate is generally high. On the other hand,
when the underlying metal is hard enough to support the oxide film, such as on a
surface engineered hard surface, a process known as oxidation wear will occur [60].
During sliding, the high surface temperature generated by frictional heating, and the
reduced activation energy of oxide formation caused by plastic deformation, can
enhance the oxidation rate. Thus, rapid oxidation can be attained, and the oxide layer
can grow thicker during sliding than under static conditions. This ensures that the fresh
metal is rapidly covered with a new layer of oxide after the original oxide film is worn

away. Oxidation wear is a mild form of wear.

2.9.1.4 Delamination wear

Delamination wear is an extension of the surface fatigue wear case with the
surface fatigue applying over a larger surface area. Surfaces in constant contact with
each other due to incorrect or inefficient lubrication will stress harden and case sub-
surface deformation, which would ultimately result in cracking. Further, adhesive wear
can eventually lift flat fragments from the surfaces affected [62]. Delamination wear is
sometimes referred to as surface fatigue wear. It takes place in three stages:
1. Voids form near the surface.
2. Voids grow as cracks parallel to the surface.
3. Detachment of long thin wear particles when the crack reaches a critical length and
breaks through to the surface.

Voids form at the location of inclusions or other imperfections in the material.

Dislocations in the metal pile up at these impurities making the voids to grow. Because
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metal impurities are key factor in the nucleation of these voids, materials with few
inclusions will suffer less wear from delamination wear. A crack generating from a void
will not initially go to the surface because it is under a tri-lateral compressive state of
stress and there is plastic strain at the surface. Crack growth requires stress reversals; in
this case the stress reversals are given by asperities on the surface. As an asperity slides
over a surface the material facing the asperity sees alternating shear stresses. Since the
crack grows parallel to the surface at a shallow depth, wear particles formed by this

mode of wear will be long and thin [63,64].

2.9.1.5 Plastic deformation wear

In plastic deformation, permanent displacement or removal of material occurs in
a single engagement. These processes result from the penetration of softer body by a
harder body. Plastic deformation is favored when the load on the abrasive particles is
small. This occurs as a result of small abrasive particles or low applied loads, when the
abrasive is blunt or blunts during contact, and when the ratio of fracture toughness to

hardness is high [61].

2.10 Mg Alloy Systems
2.10.1 Mg-Al System

Magnesium alloys are generally distingushed into aluminium containing and
aluminium free alloys than those free from aluminium. Zr is the most effective grain
refiner for non aluminium containing magnesium alloys and the Mg-Al alloys are more
difficult to refine. The zirconium-free magnesium alloys include Mg-Al, Mg-Al-Zn,
Mg-Al-(Rare-Earths), Mg-Al-(Alkaline Earths), Mg-Al-Si, and Mg-Li alloys that
contain a number of alloying elements such as rare earths, alkaline earths, lanthanides

or a combination of these. The Mg-Al, Mg-Al-Zn and Mg-Al-Si are the most common
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and other alloy systems are either semi-commercial or being developed. Pure Mg has
long columnar grains growing from the wall and hence the measurement of grain size is
measured as the width of the columnar grains. Addition of small wt.% of Al (1 to 3
wt.%) triggers a transition to equiaxed grains and a significant reduction in grain size
and this effect continues up to 5 wt.%. The grain size of Mg-9Al binary alloy is similar
to AZ91. At low Al percentages (< 3 wt.%), the grain size is much higher than that
found at higher Al contents and by adding 3 wt.% Al, the columnar grain growth is
suppressed by about 75% and also produces much narrower columnar grains. The

columnar structure is not present once the Al addition is above 5 wt.%.
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Fig. 2.4 The effect of varying Al addition on the micro-hardness of a-Mg matrix [44].

The effect of varying Al addition on the micro-hardness of a-Mg matrix are
shown in Fig. 2.4. By the addition of 3 wt.% Al, the micro-hardness increased from
36.3 HV to 44.5 HV and further increases slowly to 50.1 HV by the addition of Al up to
9%. The increment in micro-hardness is mainly attributed to (a) solution strengthening
due to Al atoms getting solubilized into the a-Mg matrix and (b) grain refinement
strengthening due to the Al addition which refining the a-Mg grains and dendrite arms.
Fig. 2.5 shows the microstructural changes with increasing aluminium content. A small

addition of aluminium to pure magnesium leads to a morphological change of the

37



primary phase from a cellular to a dendritic structure. Rosette-like globular equiaxed
grains form with aluminium rich solid solution between the dendrite arms. As the
aluminium content is increased further to 5 wt.%, dendrites with pools of eutectic phase
between the dendrite arms start to develop and, when the aluminium content is further
increased, a fully developed dendritic structure with sharp tips is observed [44].

With an increase Al, the grain size of Mg-Al alloys becomes finer thereby
enhancing the room temperature yield strength and ultimate tensile strength, but hinders
the elevated temperature creep resistant property due to grain boundary sliding. The
refinement of a-Mg grains and dendrites reduces the separation of alloying elements.
An increase in Mg;7Al;; phase can improve the corrosion potential thereby reducing the
corrosion rate. As the percentage of Al increases, hot cracking susceptibility reduces
considerably, but the amount of shrinkage cavity increases. The property trend of Mg-

Al alloys by varying Al content is shown in Fig 2.6.
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Fig. 2.5 Microstructural changes with increasing aluminium content [44].

38



&)
Porosity
Corrosion resistance

Ambient tensile & compressive strength

Castability

=" Al%

Creep Strength

Segregation

Hot tearing Suscepfibility

)

Fig. 2.6 The property trend of Mg-Al alloys by varying Al content.

2.10.2 Mg-Al phase diagram

Terperature (K]

The binary Mg-Al phase diagram is shown in Fig. 2.7. The Al solid solubility in
Mg-Al system ranges from 2.1 wt.% at 25 °C to 12.7% at 437 °C (eutectic
temperature). The eutectic composition consists of 33% Al and its composition is
Mgi7Al,. So, all the Mg-Al alloys have aluminium content less than 12.6 wt.% and
that alloy solidifies with a-Mg phase. Depending on composition and cooling rate, the

eutectic exhibits a wide range of morphologies in hypoeutectic Mg-Al alloys. Alloys
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Fig. 2.7 Mg-Al Phase diagram.
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with aluminium content approaching the eutectic composition displays regular lamellar
or eutectic microstructures [43], while those with aluminium contents less than about
10 wt.% Al exhibit eutectic morphologies that are generally referred to as fully or
partially divorced. The two -eutectic phases are completely separated in the
microstructure in a fully divorced morphology. Each interdendritic region consists of a
single B-Mgi7Al;2 particle surrounded by ‘eutectic' a-Mg, which has grown from the
primary dendrites. A partially divorced eutectic morphology is characterized by
‘islands' of eutectic a-Mg within the -Mgi7Alj, phase, but the bulk of the a-Mg is still
outside the Mg;7Als, particle, i.e. the volume fraction of a-Mg within the Mgi;Al;,
particle is much lower than the proportion predicted by the equilibrium phase diagram.
Mg-Al alloys display a wide freezing range, and these alloys are therefore susceptible

to a range of casting defects including segregation, porosity and hot tearing [44].

2.10.3 Precipitates of Mg-Al alloys
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Fig 2.8 Variation in precipitate morphology with respect to aging temperature and Al

content in binary Mg-Al alloys.

The trend of age hardening behavior of Mg-Al alloys shows rapidly increasing
hardness and gradually reducing hardness. During ageing, the p-Mg;7Al12 nucleates in

the form of discontinuous precipitate from grain boundaries and grows into the a-
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matrix. The hardness increment is not significant up to 5 wt.% Al but above 7 wt.% Al,
hardness is significantly hiked and peak aged time can be clearly seen. Precipitation
occurs over a wide aging temperature of 150 to 300 °C and the differences between
continuous and discontinuous precipitation consists in the nucleation places and
growth. Discontinuous precipitates (DP) is the cellular growth of alternating plates of
secondary phase and near-equilibrium matrix phase at high angle boundaries, are
detrimental to the age hardening response of Mg-Al alloy system. For Continuous
precipitation (CP) the precipitates of the B phase nucleate and grow inside the matrix
and are responsible for age-hardening of the Mg-Al alloys. Duly et al. [32] proposed a
“morphology map” showing the in precipitate morphology variation with aging
temperature and Al content in binary Mg-Al alloys as shown in Fig 2.8.

At T < T temperature only continuous precipitations of phase Mg;7Al;, forms.

At the temperature range of Tgg < T < T4 both continuous and discontinuous
precipitations of the Mg;;Al;, phase occur in the alloy and as the temperature increases,
the number of discontinuous precipitations increases.

For the temperature range of Tgy < T < Tg, only discontinuous precipitations of
Mgi7Al;; phase forms in the alloy.

In the temperature range of Tg < T < T, both continuous and discontinuous
precipitations of the Mgi7Al1; phase occur in the alloy and with the rise in temperature,
the number of discontinuous precipitations rises.

For the temperature range of T, < T < T, (solubility limit temperature-solvus), only
continuous precipitations Mgi7Al;, phase occur in the alloy.

Critical temperature (T.;) occurs mainly in alloys containing 18.8 at.% of Al. In Mg-Al
alloys, at low and high temperatures, continuous precipitation prevails and for the

temperatures range in between, discontinuous precipitation prevails [33].
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2.10.4 Mg-Al-RE alloys

The mechanical properties of Mg-Al alloys decrease rapidly at temperatures above
100 °C. This is attributed to the fact that the magnesium alloys undergo creep deformation
mainly by grain-boundary sliding. Due to the low melting point (437 °C) and poor thermal
stability, B-Mg,Al,, phase gets coarsen and soften at the temperature exceeding 120 °C.
Thus, the safe use of Mg-Al alloys are restricted to 120 °C and beyond this temperature
considerable loss in strength occurs. Hence, to increase the mechanical performances of the
Mg-Al alloys, it is necessary to modify the distribution and morphology of p-Mg.Al,,
phase. Some methods used to enhance the mechanical properties of alloys are solid solution
strengthening, precipitation hardening, particles strengthening by dispersing fine second
phases and grain refining. One of the effective ways to improve the mechanical properties
is by slightly modifying the alloy composition through various elemental additions like RE
rather than developing a new alloy.

The RE additions effectively enhance the mechanical properties of the Mg
alloys. Firstly, the solid solution hardening caused by RE addition contributes to the
improvement of the strength. The solid solubility increases gradually from the light to
heavy rare earth elements. This may be related to the progressive decrease of the rare
earth metallic radius, which becomes nearer to that of Mg. The solubility of heavy rare
earths is relatively high, so it can result in solid solution hardening. Solid solution
strengthening by Gd and Y are much larger than that of Zn and Al. In addition to the
size and/or modulus misfits between solute and solvent atoms, the valency effect is
suggested to be possibly responsible [37]. It was suggested that the bond energy
between Mg and Y is much stronger than that between Mg and Al. Secondly, the
precipitation hardening introduced by RE addition also contributes to the strength
improvement. Yttrium, cerium, lanthanum, gadolinium and neodymium are mainly

used as rare earth elements for alloying. Studies regarding other REs in Mg-Al alloy are
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very less. Microstructure of Mg-Al alloys consist of a-Mg and Mg;7Al;,. With the
addition of almost all rare earths, microstructure is refined, amount of Mgi7Als; is
decreased and new Al,RE or Al1;RE3/AI4RE phases are formed irrespective of the RE.
Al1;RE3 and AlLRE have almost same composition.

The maximum solubility of yttrium in solid Mg is about 11% at 567 °C [65] and
about 7 wt.% at room temperature [66]. With the addition of Y, the microstructure is
refined and the amount of Mgi7Al;, phase is decreased. Only Al,Y is formed as a new
phase with the addition of Y and the Al,Y phase increases with the increasing of Y
[67,68]. The main reason for the grain refinement is the formation of fine AlY
dispersoid [69]. ALY is formed during casting because melting point of Al,Y is 1485
°C which is higher than eutectic reaction temperature. So, nucleation takes place at the
sold-liquid interface and the solute atoms restrict the grain growth of primary and
eutectic phase. So, the as-cast microstructure can be refined by the Y addition
[55,66,70,71]. No Mg-Y compounds are formed, because the electronegativity
difference between Mg and Y is less compare to Al and Y [20]. The reason decreasing
Mgi7Al;, phase is because Y consumes some of the Al by forming the AlY
intermetallic compound, leaving less Al to combine with the Mg matrix to form
Mgi7Al,. After solution treatment at sufficient temperature and time, the Mgi7Al,
phase dissolved in the matrix and only Al,Y distributed in the a-Mg matrix. Because
AlLY phase has high melting point and thermally stable [20]. Sunghak Lee et al. [69]
studied the aging of squeeze cast AZ91 alloy with 1% Y. The hardness of AZ91 alloy
decreased when aged for 60 hours, because it passed the peak hardness. Whereas, the
hardness of the AZ91-1Y alloy increase somewhat more than in the case of the 30-hour
aging. It shows that the aging time required for reaching the peak hardness increases

with the addition of Y, the Al,Y dispersoid being stable at high temperatures. The wear
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resistance of the Mg-3Al alloy increases with the addition of Y due to the formation of
AlY phase. The higher thermal stability of Al,Y phase is also improved the wear
resistance of the Y added alloy [58]. The corrosion resistance and corrosion evolution
of as-cast AZ91 alloy with rare earth Y addition were investigated and the results show
that the proper amount of Y in the alloys can improve the corrosion resistance of AZ91
alloys effectively. With the increase of Y content, the corrosion rate of the modified
AZ91 alloys by Y addition was markedly less than that of AZ91 alloy. The corrosion
rate of AZ91 alloy with 0.3 wt.% Y was the slightest, but further addition of Y content
over 0.3 wt.% attributed to increased corrosion [73,74].

Solid solubility of Ce in Mg-matrix solid solution is low, almost negligible
solubility at room temperature [75,76]. Mainly Al;;Ces; phase is formed with the
addition of Ce, which increases with the increasing of Ce and the Mgi7Al;, phase is
decreased [75]. Mgi7Al;, phase in AM50 and AMG0 alloys distributes in bulk as well
as lamellar like structure, but the distribution is dispersive and along grain boundaries
as a network in Ce containing alloy. Grain refinement is taking place with the addition
of Ce. Because Ali;Ce; appears between the Mg;7Al1, phases, giving an obstruction to
the growth of Mgi7Al1,, breaking up its networked structure. No MnAl intermetallics
are found because of a small content of Mn [75]. MgiAl,; disappears completely with
increase of Ce to 3% and 5% in Mg-7Al and Mg-5Al respectively and Al,Ce
intermetallic phase is formed along with Aly;Ces, where Aly;Ces phase is the dominant
secondary phase. Aly;Ces has a body-centered orthorhombic structure and Al,Ce has a
face-centered cubic structure [77]. Guo Feng et al. [78] conducted heat treatment study
on AZ91 alloy containing 0-1% Ce. During solution treatment at 420 °C, the Mg;7Al;,
phase gradually decreases with the holding time increases, but the time of entire

Mgi7Al;, phase decomposition in both alloys is different. The decomposition of
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Mgai7Alophase in AZ91 alloy is completed within 12 h. Ce added in AZ91alloy can
retard the decomposition of Mgi7Al;; phase during solution. If the Ce content is more,
decomposition time becomes longer. It needs about 20 h for the alloy with 0.8% Ce to
finish solid solution. Single solution is achieved by the decomposition of Mgi7Al1,
phase and diffusion as well as homogenization of Al atoms. The Ce in Mgi7Al,
enhances the chemical stability of Mgi;Al:2 and inhibits decomposition of Mgi7Al1,
during solution. Similarly, the homogenization rate of Al atoms also decreases due to
stronger affinity of Ce that tie the diffusion of Al atom. Alloys are aged at 175 °C for
different hours after the solution treatment at 420 °C for 20 h. During aging Mgi7Al;,
phase precipitates on the grain boundary then grows towards the inside grain and
composes lamellar structure mixtures with a-Mg phase. If the aging time increases,
Mga7Al;, phase precipitates constantly and the amount of lamellar structure mixtures
increases. For AZ91 alloy, when aging for 18 h, the microstructure is almost made of
all lamellar structure mixtures, but some bulk Mgi7Al;> phases would appear in the
microstructure if extending the aging time. For Ce containing AZ91 alloy, Ce retard the
precipitation and growth of Mgi7Al; phase during aging. Because, Al,Ce phases
distribute in the matrix of AZ91alloy which obstruct the growth of Mgi7Al1, phases,
resulting in the Mg;7Al;, phases that had too round Al,Ce phase. Maximum hardness of
the alloys is at 18 hrs due to the entire lamellar structure mixture in the microstructure
for this aging time. Higher Ce content declines the hardness because Ce inhibits the
precipitation and growth of Mg;7Al;, phase and the amount of lamellar structure
mixture in microstructure is less. After 18 h, the hardness of AZ91 alloy decreases,
because of the transformation from lamellar Mg;;Al;, phase to blocky one happens.

However, after the peak aging, decrease degree of hardness of higher Ce containing
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alloy is relatively little. Because, the Mgi7Al1, phase precipitates even after peak aging,
which may bring on further increase in hardness [78].

Lanthanum has very low solid solubility in Mg. Mg-La alloys do not undergo
age hardening because of the poor solid solubility of La in Mg [79]. The microstructure
of Mg-Al consists of a-Mg and Mgi7Al, particles. With the addition of La, grain
refinement is taking place and Alj;Las or AlsLa are observed in the microstructure but
Al,La phase is not present in this alloy [80]. The solid solubility of La in magnesium is
relatively small, rapid enrichment of solute in the liquid ahead of the growing interface
would be expected during solidification which restrict the growth hence grain
refinement is taking place [81,82]. The Mg;;Al;, phase is not observed in Mg-4Al alloy
when La is greater than or equal to 1.5% [80-82]. While adding La MM also, Al;1RE;
Phase is formed which are thermally stable barriers opposing grain coarsening during
high temperature annealing [81]. While comparing the decomposition energy of
AljiLas, Aly;Ces, Alp1Prs and AlyiNds according to the reaction Alj;RE3; 23AIL,RE+5AI,
the decomposition energy of AljiLas is the highest compare to other Alj;REs.
Therefore, the stability of Alj;Las is the highest among other AI-RE intermetallic
compounds [83]. The hardness of Mg-Al alloy increases with La addition and is due to
the microstructure refinement results from the nucleation of Aly;Las phases [82]. After
24 h annealing, the dissolution of the Mg;;Al;, particle take place, which cause the
decrease of hardness in AZ91 alloy. But, No much change in hardness of AZ91+2La
MM alloy. Because after annealing, undissolved Alj;La; intermetallic particles are
present [84].

The amount of Mg;7Al;; is decreased and grains are refined with the addition of
Nd [85,86]. AlsNd and Al;1Nd; are formed with the addition of 1 to 1.5% Nd and the

presence of Al,Nd particles with the addition of 1.5% in AZ91 alloy [87]. The main
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reason for the grain refinement is the formation of fine Al;Nd dispersoid, which is
formed during casting and hinder the grain growth [85]. The grain size is about 62 pm.
After 0.5% Nd was added, the grain size decreases to about 46 pum. when the Nd
content reaches to 1%, the grain size is about 27 pm [86]. After the heat treatment
under T6 condition (solution treatment at 410 °C for 10 hours and aging at 170 °C for
30 hours) of squeeze cast AZ91 + 0.5Nd alloy, the discontinuous Mgi;Alophases are
precipitated on grain boundaries in a coarse nodule shape. AZ91 and AZ91-0.5Nd
alloys have almost similar hardness in the cast condition. After aging, however, the
AZ91-Nd alloy show high hardness compared to the AZ91 alloy. When aged for 60
hours, the hardness of the AZ91 alloy decreases, as it has already passed the peak
hardness, whereas the hardness of the AZ91-Nd alloy increase somewhat more than in
the case of the 30-hour aging. It shows that the aging time required for reaching the
peak hardness increases with the addition of Nd. Because the Al;Nd dispersoid is stable
at high temperatures [85].

Gadolinium has high solubility in Mg, at eutectic temperature the solubility is
23.49 wt.%. Therefore, Gd provide solid solution strengthening [6]. Microstructure of
Mg-Al-Gd alloy consist of many other phases with varying the amount of Al and Gd
[88,89]. Two kinds of secondary phases are present in the Gd containing AZ21 alloy.
One is the (Mg,Al);Gd phase with a lamellar morphology, which is the main
intermetallic located within the interdendritic interstices. The other is a few of particles
with angular morphology Al,Gd phase, which are distributed within the matrix. The
formation of the Mg;7Al;, phase was suppressed by the addition of Gd. The
microstructure of each as-cast alloys is very similar except the volume fraction of the
main secondary phase. The volume fractions of the intermetallic phases increases with

an increase in the Gd content. The volume fractions of the (Mg,Al)sGd phases in the
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4% Gd containing alloy are probably twice as many as that in the 1% Gd containing
alloy [88]. With addition of 1% Gd in AM50 alloy, grains are refined, Mg;;Al;, phase
decreases and small granular Al,Gds; & Aly4GdMny ¢ phases are present at the grain
boundary. Gd improves the nucleation rate and leads to grain refinement and grain
boundary strengthening the alloy. Al,Gd; phase has high melting point which separates
out first in front of solidification interface and inhibits Mg;;Al;, phase separating [89].
H Yokobayashi et al. [90] observed MgsGd phase in Mg-3.5at.%Al-5at.%Gd alloy.
Similarly, Fumin Lu et al. [8] observed MgsGd along grain boundaries and polygonal
Al,Gd phases locating at grain boundary intersection. A considerable part of MgsGd
dissolve after at 565 °C for 24 h, but Al,Gd remain same. Yield strength increases with
the amount of Gd at both room temperature and high temperature. Ultimate strength
also increases with Gd at high temperature. The improvement of tensile strength is due
to the grain refinement strengthening and grain boundary strengthening of Gd [88,89].
The strength is decreasing after reaching a maximum value for 3% Gd at room
temperature. The branched (Mg, Al)sGd phase is the main strengthening phase in the
as-cast AZ21-xGd alloys. Because, coarsening of the phase take place after 3% Gd. The
elongation decreases with the increasing of Gd, which is due to the increasing volume
fraction of (Mg, Al);Gd [88]. Creep result of the AZ21-xGd alloys carried out at 50
MPa and 200 °C for 100 h indicate that these alloys have excellent creep resistance
performance and minimum creep rate decreases with an increase in Gd content.
Minimum creep rate of AZ21-2Gd alloy is 11.3x10® s, while that for AZ21-4Gd is
2.6x10® s, The addition of Gd to the Mg-2Al-1Zn alloys could suppress the formation
of the Mgs7Al;, phase and the (Mg,Al)sGd phase is so stable that it does not decompose
even after the test creep. These are the main reasons for the improvement in the creep

resistance. In addition, the glide of the non-basal dislocation controls the creep
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behaviors of the alloys in our investigation. The (Mg,Al);Gd phase can effectively
impede the dislocation motion [88]. Microstructural evolution of Mg91.5A13.5Gd5
(at.%) alloy during heat treatment and its corrosion behavior in 1 wt.% NaCl solution
were investigated by morphological observation, hydrogen evolution and
electrochemical measurements. The microstructure of the as-cast alloy mainly consists
of a-Mg, network-like MgsGd and polygonal Al,Gd phases, while a considerable part
of MgsGd ones dissolve after T4 treatment. After T6 treatment, profuse micro-sized
needle-like precipitates including crossed MgsGd-type and parallel Mgi1,ZnY-type ones
appear and occupy different grains. These precipitates, resulting in homogeneous
corrosion, continuous and compact oxidation film on the surface, have significantly
improved the corrosion resistance of the Mg alloy [8]. In order to improve the corrosion
and mechanical properties of AM50 magnesium alloy, 1 wt.% Gd was used to modify
the AM50 magnesium alloy. it was observed that B-Mgi7Al, phase decreased and
Al,Gd; and Al +sGdMn; g phase existed after Gd addition. Because of the Gd addition,
the grain of AM50 magnesium alloy was refined significantly, which improved the
tensile strength of AMS50 magnesium alloy. The decreasing of B phase improved the
corrosion resistance of the magnesium alloy. The fracture mechanism of the Gd
modified AM50 magnesium alloy was quasi-cleavage fracture. The corrosion residual
strength (CRS) of AM50 magnesium alloy was improved after 1 wt.% Gd addition
[89].

Zhang et al. [91] developed Mg-Ca alloys with 2 wt.%, 3 wt.%, 5 wt.% Al
content and extruded at 400 °C with the ratio of 16:1. The microstructures and
mechanical properties of the alloys were seen to be influenced by Ca/Al ratio. Results
showed that the category and amount of precipitated secondary phase were influenced

obviously by Ca/Al ratio, which changed from Mg,Ca and (Mg, Al),Ca to Al,Ca as the
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Ca/Al ratio decreased from 1 to 0.4. Even though the secondary phase was cracked after
the application of hot extrusion, the amount, size and distribution of secondary phase
were strongly dependent on Ca/Al ratio. All the UTS, elongation and strain hardening
rate of the as-extruded alloys increased with decreasing Ca/Al ratio, however, the YS
exhibited the inverse variation tendency. Jiang et al. investigated the microstructure
and mechanical properties of Mg-Al-Ca alloys containing different contents (1, 2, 4 and
6 wt.%) of the Al,Ca phase have been investigated. The results show that the Al,Ca
phase formed along the interdendritic regions in as-cast alloys. As the content of the
Al,Ca phase is 4 wt.%, the finest microstructure of the as-cast Mg-Al-Ca alloy is
observed. After hot extrusion, the extruded Mg-2.32Al-1.7Ca (Mg-4Al2Ca) alloy
exhibits superior mechanical properties with the UTS of 324 MPa, the YS of 275 MPa
and the elongation of 10.2%. This is mainly due to the combined effects of fine
dynamically recrystallized grains, nano-scale plate-like Al,Ca precipitation and high
density of submicron Al,Ca particles dispersion in the a-Mg matrix [92]. A study by
Xiao et al. [93] on the microstructure, mechanical and creep properties of Mg-3.7Al-
3.8Ca (AC4a), Mg-4.4Al-4.5Ca (AC4b) and Mg-4.9Al-5Ca (AC5) alloys. Direct water-
cooling semi-continuous ingots were subject to hot extrusion at 400 °C with the
extrusion ratio of 16:1. After being extruding, these Mg-Al-Ca alloys consisted of a-Mg
(solid solution) and Al,Ca. Such alloys showed high strength at elevated temperatures.
The ultimate tensile strength of as-extruded AC4b at 175 °C and 250 °C are 200 MPa
and 112 MPa, respectively. The strain rate sensitivity exponent, m, estimated from the
slope of the stress-strain curve, was around 0.11 to 0.14, implying that climb controlled
dislocation creep could be a dominant deformation process of AC4a, AC4b and ACS5.
During the creep test, the creep properties of as-extruded AC5 is better than that of as-

extruded AC4a and AC4b, the total elongation of as-extruded AC5 is 0.97% under 60
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MPa at 175 °C after 100 h and the total elongation increased to 1.3% under 70 MPa at
175 °C after 100 h. The stress exponent (n) value of as-extruded AC5 is 6.67, which
implies that the dislocation climb is the dominant creep mechanism in the creep test at

175 °C.

2.10.2 Mg-Zn System

Among the Mg alloy systems, Mg-Zn alloys show a good combination of
mechanical properties and corrosion behavior [9,10]. Zn is known to increase age
hardening response as it produces intermetallic compounds and refines the grain size. A
small amount of Zn contributes to overall strength due to solid solution and
precipitation strengthening [11,94,95]. Using zinc the designer can save process costs,
can reach a better precision, can have better corrosion resistance; in addiction zinc has a
superior tensile strength and elongation and reach a superior formability. Some recent
studies discussed the mechanical property and corrosion behavior of binary Mg-Zn
alloys. Zheng et al. [96] studied the binary Mg-1Zn alloy and reported its enhanced
mechanical properties and corrosion resistance by addition of Zn. A binary Mg-6Zn
alloy revealed suitable tensile strength and elongation for implant application, as well
as a reduced in vitro degradation rate and good in vivo biocompatibility [96,97]. Also,
the findings of Mg-3Zn alloy by different heat treatments showed that solution
treatment enhanced corrosion resistance while aging treatment decreased the corrosion
resistance. A study by Boehlert et al. [98] on Mg-Zn alloys containing 0-4.4 wt.% Zn
suggests that Zn was a potent grain refiner and strengthener for Mg, where the optimal
Zn content is 4 wt.%. All these aforementioned studies showed the enhanced corrosion
resistance and mechanical property of magnesium by the incorporation of zinc in
magnesium and great potential of binary Mg-Zn alloys in biomedical applications.

However, there is a lack of details on the influence of volume fraction and existence
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format of secondary phases. Besides there were disagreements over the optimal Zn
addition, which was either low (1 wt.%) or high (6 wt.%).

Pure Mg material exhibits a grain size of 350 um as shown in Fig. 2.9(a), while
the average grain sizes in Mg-1Zn, Mg-5Zn and Mg-7Zn are about 100 um, 55 pm and
56 um as seen in Fig. 2.9(b)-(d), respectively, indicating the addition of Zn element
upto 5% of weight toMg can significantly refine the grain size, but the refinement
efficiency is not significant with further addition of Zn over 7 wt.%. When the Zn
content increased from 5 to 7 wt.%, the second phase formed a network structure of
dentrite along the grain boundary, as shown in Fig. 2.9(d). Microstructure observation
showed that the addition of Zn element significantly refined the grain size of as-cast

Mg-Zn alloys and increased the volume percent intermetallic in the microstructure [99].

Fig. 2.9 Average grain sizes in Mg, Mg-1Zn, Mg-5Zn and Mg-7Zn [99].

The deleterious effects of metallic impurities like Fe and Ni can be reduced by
the addition of Zn [12,13]. Some recent studies discussed the mechanical property and

corrosion behavior of binary Mg-Zn alloys. Zhang et al. [12] studied the binary Mg-
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1Zn alloy and reported its enhanced mechanical properties and corrosion resistance by
addition of Zn as an alloying element.A binary Mg-6Zn alloy revealed suitable tensile
strength and elongation for implant application, as well as a reduced in vitro
degradation rate and good in vivo biocompatibility [96,97]. Also, the findings of Mg-
3Zn alloy by different heat treatments showed that solution treatment enhanced

corrosion resistance while aging treatment decreased the corrosion resistance [100].
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Fig. 2.10 Average weight loss after corrosion test in Mg-Zn [12].

A study by Boehlert [98] on Mg-Zn alloys containing 0-4.4 wt.% Zn suggests
that Zn was a potent grain refiner and strengthener for Mg, where the optimal Zn
content is 4 wt.%. All these studies showed the enhanced corrosion resistance and
mechanical property of magnesium by the incorporation of zinc in magnesium and
great potential of binary Mg-Zn alloys. However, there is a lack of details onthe
influence of volume fraction and existence format of secondary phases. Besides there
were disagreements over the optimal Zn addition, which was either low (1 wt.%) or
high (6 wt.%).There is a high demand to design magnesium alloys with controllable

corrosion rates and suitable mechanical properties. Taking this into consideration, Cai

et al. [12] performed microstructure, mechanical property and corrosion tests on Mg-x
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wt.% Zn alloys (x = 1, 5, 7) alloys . It was observed that Mg-5Zn alloy showed the
lowest anodic current and noblest corrosion potential followed by a simultaneous
increase of the breakdown potential, indicative of the best corrosion resistance among
the three alloys. As confirmed in the microstructure characterization, both Mg-5Zn and
Mg-7Zn alloys are mainly composed of primary Mg matrix phase with similar grain
size and second phase distributed along grain boundary with the same chemical

composition of MgZn intermetallic. Fig. 2.10 depicts the average weight loss after

corrosion test in Mg-Zn.

2.10.2.1 Mg-Zn phase diagram
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Fig. 2.11 Binary Mg-Zn phase diagram

Zn is commonly alloyed with Mg in AZ, EZ, ZK and in smaller amounts in AM
and AE series alloys. Fig. 2.11 shows the binary Mg-Zn phase diagram. The eutectic
temperature of Mg-Zn system at Mg rich side is about 341 °C, and the maximum solid
solubility of Zn in Mg is 6.2 wt.% at the eutectic temperature. There are five
intermetallic phases formed in the system, namely Mg7;Zn3 (also known as Mgs;Zny),

MgZn, Mg,Zn3 (also known as MgsZn;), MgZn, and Mg,Zn;;. The liquidus in the Mg-
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Zn phase diagram was determined by Boudouard [101] using thermal analysis and he
introduced the MgsZn phase. Grube [102] corrected Boudouard’s discovery that MgsZn
phase did not exist and that the error was due to contaminations. Moreover, he found
the intermetallic compound, MgZn, that melts at 868 K. The compound forms a
eutectic with pure Zn at 97 at.% Zn and 641 K. No solid solution areas were found in
the system [101,102]. Chadwick [103] found a new solid solution B near the
composition MgZns and reported that MgZn, forms a wide range of solid solution.
However, his results showed increased content of zinc due to the presence of Si
impurity. He also measured the liquidus line in the Mg-Zn phase diagram using thermal
analysis and the reported values agree with the liquidus suggested by Grube [102].

The compound MgZns was first discovered by Chadwick [103] and later
replaced by Mg,Zni; by Samson [104]. On the other hand, Park and Wyman [105]
reported the maximum solubility of Zn in Mg as 2.5 at.% Zn at 340 °C; also, they
measured the narrow homogeneity range of MgZn; as 1.1 at.% Zn (from 66 at.% Zn at
416 °C to 67.1 at.% Zn at 654 K). Hume-Rothery [106] studied the system in the
composition range of 30 to 100 at.% Zn using thermal analysis and microscopic
inspection. Accordingly, the maximum limited solubility of Mg in Zn was determined
as 0.3 at.% at 673 K. Laves [107] identified Mg,Zn; phase by means of XRD and
metallography inspection; he also proved that the phase is at equilibrium with Mg
terminal solid solution at room temperature. The phase equilibria of Mg-Zn system
from 0 to 67.8 at.% Zn were analyzed by Clark and Rhins [108] using XRD and
microscopic analysis and confirmed the thermal stability range of MgZn from 366 to
608 K. They also identified the temperature of the eutectoidal decomposition, Mg;Zn3
= a-Mg + MgZn at near 598 K. After careful crystal structure study, Higashi et al.[109]

replaced the compound Mg;Zns by Mgsi1Zny using XRD techniques. Afterwards, the
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Mg-Zn system was assessed by Clark et al. [103] based on the experimental work of
[110-114]. Using computational thermodynamics, Liang et al. [111] performed phase
diagram calculations on the Mg-Zn system. Five intermetallic compounds Mgs;Zn;
Mgi12Zn13, MgoZns, MgZn,, and Mg,Zn;; and two terminal solid solutions were

reported in their models.

2.10.2.2 Precipitates of Mg-Zn system

The magnesium-rich side of the Mg-Zn binary phase diagram is much more
complex than that of the Mg-Al binary phase diagram. The eutectic temperature is 340
°C, and the maximum solid solubility of Zn in magnesium is 6.2 wt.% at the eutectic
temperature [112]. The eutectic reaction is that the liquid phase solidifies into a mixture
of a-Mg and Mg;Zn3 phases. The Mg-Zn3 phase has an orthorhombic structure, and it is
thermodynamically stable only at temperatures above 325 °C. At temperatures at and
below 325 °C, the Mg;Zn3 phase decomposes into a-Mg and MgZn via an eutectoid
reaction. The intermetallic phase that is in equilibrium with a-Mg at temperatures below
325 °C is a base-centered monoclinic MgZn [113]. During heat treatment of Mg-8Zn
alloy at temperatures below 325 °C, it was observed that the primary intermetallic
particles of the Mg;Zns phase that had formed during the solidification process
decompose into a divorced lamellar structure of a-Mg and MgsZn;. The base-centered
monoclinic MgsZn; phase is metastable, and it gradually replaced by the equilibrium
phase MgZn after prolonged heat treatment. The equilibrium solid solubility of Zn in
magnesium decreases with temperature, and the controlled decomposition of the
supersaturated solid solution of Zn in magnesium can produce age-hardening effect
[110-117]. Depending on the alloy composition and aging temperatures, it is commonly
accepted in the literature [118] that the decomposition of the supersaturated solid-

solution matrix phase reportedly involves the formation of G.P. zones, b01 (MgZn,),
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b02 (MgZn,), and b (Mg2Zns). A recent electron microscopy study of precipitate phases
in a Mg-8 wt.% Zn alloy aged at 200 °C [113] indicates that the precipitate structures
and orientation relationships are more complicated than those reported in early studies
it was reported that the b01 rods contain a mixture of MgsZn; and MgZn, phases. Some
domains of a face centered cubic structure (C15) were also proposed to exist inside the
b01 rods. A small fraction of the b0l phase was also found [113] to adopt a rarely
reported blocky shape and a different orientation relationship with the a-Mg phase. The
recent studies have confirmed that the b02 phase has the MgZn, structure Surprisingly,
the structure and composition of the equilibrium  phase have been accepted as those of
the Mg,Zn; phase, i.e., the triclinic and the Mg,Zn3; composition, even though the alloy
composition lies in the (a-Mg + MgZn) two-phase field. Based on the Mg-Zn binary
phase diagram and a more recent electron microscopy study, it seems more appropriate
to suggest that the equilibrium  phase has a MgZn composition and a base-centered
monoclinic structure. Although some information has been gained in recent years with
the help of advanced characterization facilities on the structure and morphology of
precipitates in Mg-Zn based alloys, there still is lack of reports in the literature that
describe the details of the full precipitation process and provide some insightful
understanding of the nucleation and growth behaviors of the precipitate phases in this

group of alloys.

2.10.2.2.1 Mg-Zn-RE alloys

The RE additions change effectively the mechanical properties of the Mg alloys.
Firstly, the solid solution hardening caused by RE addition contributes to the
improvement of the strength. The solid solubility increases gradually from the light to
heavy rare earth elements. This may be related to the progressive decrease of the rare

earth metallic radius, which becomes nearer to that of Mg. The solubility of heavy rare
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earths is relatively high, so it can result in solid solution hardening. Solid solution
strengthening by Gd or Y is much larger than that of Zn and Al. In addition to the size
and/or modulus misfits between solute and solvent atoms, the valency effect is
suggested to be possibly responsible [119]. Secondly, the precipitation hardening
introduced by RE addition also contributes to the strength improvement. The solubility
drops intensely as the temperature drops. This enables remarkable precipitation hardening
during the decomposition of the supersaturated solid solution. During the aging process,
intermetallics with high melting point and thermal stability form and improve the strength.
With RE additions, an important alloy system has been developed: Mg-Zn-RE alloys. This
alloy system has been heavily studied due to the presence of peculiar secondary phases, e.g.
icosahedral quasicrystalline phase (I-phase) and long period stacking ordered (LPSO)
phase, which result in excellent mechanical performance at room and elevated
temperatures. The LPSO phase has a long period ordered stacking sequence in the c
direction of Mg and segregated Zn and Y was found in certain stacking layers [14,15].

The Mg-Zn-RE alloys has been heavily studied due to the presence of peculiar
secondary phases, e.g. icosahedral quasicrystalline phase (I-phase) and long period
stacking ordered (LPSO) phase, which result in excellent mechanical performance at
room and elevated temperatures. The key microstructures of these Mg-Zn-RE alloys are
a novel type of long-period structure phases, which are believed to play a crucial role to
realize the superior mechanical properties. The novel structures are long-period
chemical-ordered as well as stacking-ordered; a unique long-period stacking/order
(LPSO) structure (this wording follows the sense that, in metallurgy, the *“order”
specifically means a chemical order, which is generally termed for configurational
ordering of different atom species on the fixed atomic sites). Studies [120-122] have
shown that in Mg-Zn-Y ternary alloys, the Zn to Y ratio plays a key role in the stability

of secondary phase. With increasing Zn/Y ratio, the following precipitates forms in a
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sequence, MgxYs — LPSO — W— I-phase [121,122]. However, it is difficult to
determine the boundary values of the Zn/Y ratio for formation of secondary phases in
the as-cast condition. Wang et al. [56] reported that W-phase and LPSO phase co-exist
when the Zn/Y ratio is 1.23, but the LPSO phase disappears when the ratio is greater
than 1.9. Lee et al. [121] reported that I-phase and W-phase are the secondary phases
when the Zn/Y ratio is between 1.8 and 6 in Mg-Zn-Y alloys. When two or more
secondary phases co-exist, the alloying elements distributions are very important
because they will affect the types and the area fractions of the secondary phases. A
systematic study of the Zn and Y distributions in the secondary phases and Mg matrix
has not been carried out in as-cast Mg-Zn-Y alloys, and how the alloying elements
affect the secondary phases is unclear. Although the RE elements are quite similar, they
have different roles in forming LPSO phase. For example, LPSO forms in as-cast
Mg97Zn1Y2, but not in as-cast Mg97Zn1Gd2. Based on the formation of LPSO, Mg-
Zn-RE alloys are divided into two categories: 1) Mg-Zn-RE alloys including Y, Dy, Ho,
Er and Tm elements, normally develop 18R type LPSO phase during solidification. The
18R type LPSO can transform into 14H type after heat treatment; 1) In Mg-Zn-Gd and
Mg-Zn-Th, 14H type LPSO phases normally precipitate from supersaturated solid
solution or transforms from other secondary phases during annealing at high
temperatures. No LPSO phase is observed in as-cast ingots. Kawamura et al. [122]
proposed general criteria for RE which forms LPSO phase in Mg-Zn-RE systems. The
RE elements should have negative mixing enthalpy for the pairs Mg-RE and Zn-RE,
exhibit hcp structure at room temperature, large solubility limits (above approximately
3.75 at.%) ) in Mg and have larger atomic size than Mg by 8.4 to 11.9%. However, why

the various RE performs differently in forming LPSO phase is still unknown. As Y and
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Gd are the most common RE elements used in the Mg alloys, it is of great interest to
investigate the effect of Gd addition in the Mg-Zn alloys with different Zn/Gd ratios.

Li et al. [123] studied the solidification and age hardening behaviour of an Mg-
6Zn-2Gd (wt.%) alloy and it was seen that the microstructure of the as-cast samples
comprised of equiaxed a-Mg grains surrounded by some eutectic compound both at
triple points and along grain boundary. The eutectic compound was composed of
MgZn,, MgsGd phases and a-Mg matrix. After solution treatment at 500 °C for 18 h,
the eutectic compound almost dissolved, but some discontinuous second phase particles
still survived at grain boundaries. The Mgs;Gd,Zn3 phase also formed during subsequent
ageing. The Gd addition not only improved the thermal stability of the second phase
formed during solidification, but also postponed the overaging during ageing at 200 °C
up to 100 h. The precipitates were seen with three different morphologies:
[0001], rods/lath, (0001), plates and blocky particles in the a-Mg matrix. The solute
elements of Zn and Gd were found to partition into the precipitates, especially for the
blocky particles. This significant partition can be correlated directly to the improved
mechanical properties at higher temperature. The as-cast microstructure of ZG62 alloy
consisted of a-Mg matrix and a ecutectic phase (o+MgsGd+MgZn,). During the
subsequent heat treatment, MgsGd,Zn; phase also forms. The addition of Gd not only
improved the thermal stability of the second phase formed during solidification, but
also postponed the overaging during ageing at 200 °C up to 100 h. Juncai et al. [124]
carried out different solution treatments at 480, 500 and 520 °C on the semi-
continuously cast Mg96.34Gd2.5Zn1Zr0.16 alloy. It was found that different solution
temperatures lead to the formation of different phases. Besides the a-Mg matrix and
Zn-Zr compounds, the secondary phases along the grain boundaries change with

solution temperature. At 480 °C and 500 °C, long period stacking ordered (LPSO)
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structured X phases and residual eutectic compounds (Mg, Zn)sGd are seen, while at
520 °C, only residual eutectic compounds (Mg, Zn);Gd existed. The different
microstructures solution treated at different temperatures lead to different mechanical
properties and aging response. Higher solution temperature results in higher aging
response and enhanced mechanical properties. The alloy solution treated at 520 °C for 8
h and aged at 200 °C for 64 h shows the best tensile properties at room temperature:
ultimate tensile strength of 405 MPa, yield strength of 292 MPa and elongation of
5.3%. The influences of existing forms of Gd and Zn elements on tensile properties of
Mg-Gd-Zn alloy were discussed, which indicates that the existing of Gd and Zn
elements as precipitates lead to better strengthening effect than that in the form of
LPSO structured X phase. Phase equilibria and transformations in ternary Mg-Gd-Zn
alloys were studied by Joachim et al. [125] by investigating 22 samples with up to 40
at.% Gd and 60 at.% Zn. The results, combined with a critical review of literature data,
were used to develop the thermodynamic descriptions of the Gd-Zn and the Mg-Gd-Zn
systems and to formulate the Mg-Gd-Zn phase diagram in the entire composition range.
In the ternary system the hexagonal long-period stacking ordered structure 14H, the
hexagonal phase H1, Gd;1Mg.4Znss, and five solid solution phases with ternary
compositions, GdMgs, GdMgz;, GdMg,, Gd(Mg,Zn), and W were found to be stable,
whereas the icosahedral phase I, GdMgsZne, and other hexagonal phases were
metastable. In addition, a new face-centered cubic stable phase GdyMgi9Zng; was
identified in the Mg-Gd- Zn system. The corrosion behavior of Mg-10Gd-xZn (x = 2, 6
wt.%) alloys in 0.5 wt.% NaCl solution was investigated by Srinivasan et al. [126]
Microstructures of both alloys consisted of (Mg,Zn);Gd phase and lamellar long period
stacking ordered (LPSO) phase. The morphology of the second phase at the grain

boundary differed in both alloys: it was a continuous network structure in Mg10Gd6Zn,
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whereas it was relatively discrete in Mg10Gd2Zn. The dendrites were finer in size and
highly branched in Mg10Gd6Zn. The corrosion results indicated that the increase in Zn
content increased the corrosion rate in Mg10GdxZn alloys. Micro-galvanic corrosion
occurred near the grain boundary in both alloys initially as the grain boundary phase
was stable and acted as a cathode, however, filiform corrosion dominated in the later
stage, which was facilitated by the LPSO phase in the matrix. Severe micro-galvanic
corrosion occurred in Mg10Gd6Zn due to the higher volume of second phase. The
second phase stability at the grain boundary was altered and dissolved after the long
immersion times. The NaCl solution chemically reacted with the grain boundary phase
and de-stabilized it during the long immersion times, and was removed by the chromic
acid used for the corrosion product removal. Another study by Srinivasan et al. [127] on
the microstructure, mechanical and corrosion properties of four alloys, Mg-2Gd-2Zn,
Mg-2Gd-6Zn, Mg-10Gd-2Zn and Mg-10Gd-6Zn (all in wt.%), prepared by gravity
permanent mold casting showed that the intermetallic phases in the Mg-2Gd-2Zn alloy
shows mainly (Mg, Zn)sGd phase whereas the Mg-2Gd-6Zn alloy exhibited both |
(Mg3ZngGd) and (Mg, Zn);Gd phases. In addition, few Mg-Gd and Mg-Zn binary
phases were also present in both alloys. Lamellar long period stacking ordered (LPSO)
phase was observed in alloys containing high concentrations of Gd (Mg-10Gd-2Zn and
Mg-10Gd-6Zn alloys) in addition to the continuously distributed (Mg,Zn)sGd phase
along the grain boundaries and interdendritic regions. A small fraction of X phase
(Mg12ZnGd) was also present in Mg-10Gd-2Zn alloy. Mg-10Gd-xZn alloys (x = 2, 6)
showed higher yield strength due to the higher solute contents and the presence of
LPSO phase in the matrix, but showed poor elongation due to the coarse continuous
second phase at the boundary. Low Gd-containing alloys exhibited better elongation to

failure and moderate strength due to the lower volume fraction of fine scale second
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phases. Corrosion resistances of the alloys declined with increase in the total amount of
alloying elements. Increase in Zn content from 2% to 6% in Mg-2Gd-xZn alloys did not
alter the corrosion properties much; however, this enhancement in the high Gd-
containing alloys had significant detrimental effects on the corrosion properties due to
the significant increase in the volume of the second phases. In all alloys, galvanic
corrosion due to the second phase and filiform corrosion dominated the earlier stages of
corrosion, and after long immersion times, the second phase, (Mg,Zn)sGd, was found to
become unstable and dissolved, leading to intergranular corrosion.

Yang et al. [128] investigated the as-cast microstructures, tensile and creep
properties of Mg-3.8Zn-2.2Ca-xGd (x = 0, 0.36, 0.88, 1.49 and 2.52 wt.%)
magnesium alloys and the additions of 0.36 wt.% and 0.88 wt.% Gd to the Mg-
3.8Zn-2.2Ca ternary alloy do not cause the formation of any new phases but the extra
MgsGd,Zn3 phases are formed in the two alloys with the addition of 1.49wt.% and
2.52wt.% Gd. Furthermore, the additions of 0.36-2.52 wt.% Gd to the Mg-3.8Zn-
2.2Ca ternary alloy can effectively refine the grains of the alloy, and an increase in
Gd content from 0.36wt.% to 2.52 wt.% causes the grain size to gradually decrease.
In addition, the additions of 0.36-2.52 wt.% Gd to the Mg-3.8Zn-2.2Ca ternary alloy
cause the CaMgsZns phase to change from the initial continuous and/or quasi-
continuous net to the quasi-continuous and/or disconnected shapes. The additions of
0.36-2.52 wt.% Gd to the Mg-3.8Zn-2.2Ca ternary alloy can improve the tensile
properties of the alloy, and the alloy with the addition of 1.49 wt.% Gd showed the
best tensile properties. In addition, the additions of 0.36- 2.52 wt.% Gd to the Mg-
3.8Zn-2.2Ca ternary alloy didnot change the creep mechanism of the alloy. However,
the creep properties of the Gd-containing alloys were improved, and an increase in

Gd content from 0.36 to 2.52 wt.% cause the creep properties to gradually increase.
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Amongst the Gd containing alloys with the additions of 0.36wt.%, 0.88 wt.%, 1.49
wt.% and 2.52 wt.% Gd, the alloy with the addition of 1.49 wt.% Gd exhibits the
relatively optimal tensile and creep properties. Magnesium alloys are considered as
good candidates for biomedical applications, the influence of Ce/La microalloying on
the microstructure, mechanical property and corrosion performance of extruded Mg-
5.3Zn-0.6Ca (wt.%) alloy has been investigated by Tong et al. [129] After Ce/La
addition, the conventional Ca,MgsZn3 phases are gradually replaced by new Mg-Zn-
Ce/La-(Ca) phases (T1’), which can effectively divide the Ca,MgsZnz phase. The
CapMgsZns/T1’ structure in Mg-Zn-Ca-0.5Ce/La alloy was favorably broken into
small particles during the extrusion, resulting in an obvious refinement of secondary
phase. The dynamic recrystallized grain size is dramatically decreased after 0.5Ce/La
addition, and the tensile yield strength is improved, while further addition reverses
the effect, due to the grain coarsening. However, the corrosion resistance of extruded
Mg-Zn-Ca alloy deteriorated after Ce/La addition, because the diameter of secondary
phase particle was remarkably decreased, which increased the amount of cathodic
sites and accelerates the galvanic corrosion process. A high-strength low-cost Mg-
2.5Zn-0.3Ca-0.4La (mass%) alloy was fabricated by hot extrusion following direct
chill casting by Du et al. [130] The as-cast alloy contains two intermetallics:
Ca,MgesZn; and Mg-Zn-La-Ca phase of orthorhombic structure. Both distribute either
at grain boundaries or in grains. The extrusion causes a bimodal microstructure
containing fine DRXed grains and the deformed region. The average grain size of the
DRXed region was 1.5 pum. Such bimodal microstructure was related to the
undissolved coarse second phase promoting dynamic recrystallization and addition of
trace elements retarding recrystallization through pinning grain boundaries and/or

dislocation movement by segregating at grain boundaries and forming fine dynamic
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precipitates. Fine Ca;MgsZn; and MgsZn; particles precipitate during extrusion in
both the deformed region and the DRXed region. Texture of the DRXed region is
weaker than the deformed region, and no RE texture was observed in the DRXed
region due to the low concentration of La in the matrix and/or very fine grain size.
The strength improvement of the extruded alloy was mainly attributed to precipitate
strengthening, dislocation strengthening in the deformed region and grain boundary
strengthening in the DRXed grains. Yield strength (YS), ultimate tensile strength
(UTS) and elongation to failure of the alloy are 325 MPa, 341 MPa and 15%,
respectively. The high strength of the extruded Mg-2.5Zn-0.3Ca-0.4La alloy was
mainly due to dense precipitation, grain refinement, and high density of dislocations.
The extruded alloy exhibits a bimodal microstructure containing fine dynamic
recrystallized (DRXed) grains and deformed regions. High density of dislocations
was stored in the deformed regions while dense precipitates were homogeneously
distributed in both the DRXed grains and the deformed regions. However,
precipitates in the DRXed regions show in spherical shape only, while they were in
rod-like shape and spherical shape in the deformed regions.The effect of Ce/La
misch metal addition on the microstructural evolution of as-cast and as-soluted Mg-
5.3Zn-0.5Ca (wt.%) alloys was systematically investigated by Zhang et al. [131] It
was found that Ce/La could effectively refine the as-cast alloy and restrain grain
growth during solution treatment, which was derived from the constitutional
supercooling during solidification process and the formation of stable intermetallic
compounds CeMgi, and Mgi;sLa,. Furthermore, Ce/La microalloying and solution
treatment resulted in a transformation from the lamellar Ca;MgsZns/a-Mg to the
divorced eutectic structure. The thermal stability of Mg-Zn-Ca alloy could be

effectively enhanced by Ce/La addition, because the low-melting-point binary Mg-
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Zn phase was transformed to Mg,Zny-Ca-(Ce/La) phase with higher thermal stability
and the amount of Ca,MgsZns/a-Mg eutectic structure was reduced. The as-cast
microstructures, tensile and creep properties of Mg-3.8Zn-2.2Ca-xGd (x = 0, 0.36,
0.88, 1.49 and 2.52 wt.%) magnesium alloys were investigated and compared by
Yang et al. [128] The results indicate that the additions of 0.36-2.52 wt.%Gd to the
Mg-3.8Zn-2.2Ca ternary alloy can refine the grains of the alloy, and an increase in
Gd content from 0.36 to 2.52 wt.% causes the grain size to gradually decrease.
Furthermore, the additions of 0.36-2.52 wt.% Gd to the Mg-3.8Zn-2.2Ca ternary
alloy can also improve the tensile properties of the alloy, and the alloy with the
addition of 1.49 wt.% Gd exhibited the best tensile properties. In addition, the
additions of 0.36-2.52 wt.% Gd to the Mg-3.8Zn-2.2Ca ternary alloy do not change
the creep mechanism of the alloy. However, the creep properties of the Gd-
containing alloys are improved, and an increase in Gd content from 0.36 wt.% to
2.52 wt.% causes the creep properties to gradually increase. Amongst the Gd-
containing alloys with the additions of 0.36 wt.%, 0.88 wt.%, 1.49 wt.% and 2.52
wt.% Gd, the alloy with the addition of 1.49 wt.% Gd exhibited the relatively optimal

tensile and creep properties.

2.11 Shortcomings in the Literature

Due to the interest in lightweight automotive parts, the prime focus is on the

research and development of magnesium alloys, which is extensively reported in the

literature. As discussed earlier, Mg-Al and Mg-Zn alloys have numerous applications in

automobile and aeronautical industries. Although Mg-Al alloys are one of the most

successful commercial alloys and has been subject of research for the last 50 years,

their application is still limited due to its limited strength and relatively low corrosion

resistance when compared to its main competitor, the aluminium alloys. The poor high
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temperature properties of Mg-Al alloys are attributed to the presence of thermally
unstable Mgi7Al1, phase at the grain boundaries. Minor alloying element addition is
extensively used to enhance the tensile strength and corrosion resistance by modifying
the microstructure of Mg-Al alloys. The aim is to suppress the discontinuous
precipitates formation and/ or create thermally stable intermetallic precipitates.
Enhancement in the corrosion resistance with respect to rise in high temperature tensile
properties is a best option for increasing the application of Mg-Al alloy. RE addition is
the best choice for attaining the aforementioned properties. Grain refinement and
formation of RE-containing intermetallic phase results in improvement in high
temperature tensile properties of Mg-Al alloys. The corrosion resistance of Mg-Al alloy
by RE addition is due to (a) reduction impurities due to the formation of RE-
intermetallic compound, (b) the Al-RE intermetallic phase formed by the reduction of
Mgi7Al12 phase is found to be less cathodic and therefore suppress micro-galvanic
couples, (c) grain refinement and formation of more continuous Mgi7Al; phase.
Gadolinium (Gd) is one of the active rare earth elements that have high affinity to
aluminium and thus can reduce the formation of B- Mgi7Al1; phase by consuming
aluminium to form thermally stable intermetallic Al,Gd phase and also it has an electro
chemical potential almost near to that Mg. Wear is another major concern which
restricts wide application of Mg alloys in automobile sector. Introduction of hard
intermetallic phase by RE addition can greatly enhance the wear resistance at room as
well as high temperatures. This is attributed to the thermally stable Al;;RE;
intermetallic phase, which acts as a barrier to the dislocation movement and further
plastic deformation. Thus, wear resistance is seen to improve by changes in
microstructure, morphology and grain size. Literature reveals that very few works have

been done on the wear behavior of Mg-Al alloys with RE addition and the combined
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addition of Gd with other elements to improve high temperature tensile and corrosion
properties. Expanding the potential application of Mg-Al is the primary purpose of the
study. Hence, studies on increasing the application of Mg-Al magnesium alloy for
powertrain application with supportive wear and corrosion resistance with individual
and combined effect of Gd with Ca is highly essential.

Recently, a lot of studies have been carried out on the strengthening effects of
the icosahedral quasicrystal phase (I-phase) in Mg-Zn-RE alloys, such as Mg-Zn-Y,
Mg-Zn-Gd, and Mg-Zn-Ho etc systems, using hot deformation process etc. These
alloys show a good combination of strength and ductility due to the strong interface
between the I-phase and the Mg-matrix, which coming from the high symmetry and the
quasiperiodicity of the I-phase. From the point of view for the mechanical improvement
of Mg alloys, it seems that the formation of I-phase is very helpful. In addition, the
presence of I-phase particles in the matrix was the effective method of improving the
fracture toughness of Mg alloys. Due to high hardness and low friction coefficient of I-
phase, Mg alloys reinforced with I-phase particles usually have superior wear
resistance. Mg-Zn-Gd is one of the very important systems as its microstructure
consists of many different phases, such as I, W, X and laves phases, depending on the
ratio of Zn to Gd contents, thus resulting in different mechanical behaviors [22,25].
Thus, the mechanical properties of these alloys can be tailored accordingly by altering
the Zn and Gd contents. The presence of the W-phase in Mg-Zn-Gd alloys is still
contentious as some of the recent literature suggested that this phase was (Mg,Zn)sGd
type with fcc structure similar to the W-phase observed in Mg-Zn-Y systems but with
slightly different lattice parameters. In order to fabricate the Mg alloy reinforced with I-
phase, it is firstly crucial to explore the formation range of I-phase in one alloy system.

Alloys with Zn/Gd ratio in the range of 0.25-1 consist of a-Mg and W-phase which is
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one MgZnGd compound with f.c.c. structure. In the range of 1.5-6 for Zn/Gd ratio, I-
phase (MgsZnsGd) was detected besides a-Mg and W-phase ((Mg,Zn);Gd) and with
further increasing Zn/Gd ratio, in the range of 10-40 for alloys with 5 at.% Zinc, as
shown in Fig. 1(b), Mg-Zn-Gd alloys consist of only two phases, o -Mg and I-phase.
Quasilattice parameter of I-phase in Mg-Zn-Gd alloys does not change with the
alternation of Zn/Gd ratio of alloy. The presence of these phases was first identified in
Mg-Zn-Y systems, and subjected to many investigations [132-135]. The relation
between composition, microstructure and properties of Mg-Zn-Y based system in both
as cast and heat treated conditions is well documented in the literature. However, the
Mg-Gd-Zn system is relatively new, and has not been investigated in detail. Hence, to
develop new Mg-Gd-Zn alloys with high strength, high creep and corrosion resistance,
a thorough knowledge on the structure-property correlation of these alloys is essential.
In the present investigation, Mg-Zn alloys containing individual and combined effect of
Gd with Ca were prepared, and their microstructure, mechanical corrosion and wear

properties are evaluated in the as-cast condition.
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Materials & Experimental Details

3.1 Introduction

Processing of the Mg-Al and Mg-Zn alloys with varying Gd and Ca additions,
studies on their microstructural characterization, phase analysis, evaluation of
mechanical (hardness and tensile), corrosion and wear properties are discussed here.
The experimental procedure adopted for this study is shown as a flow chart (Fig. 3.1).
The work mainly comprises of two parts:
Part | deals with the microstructural characterization and their effects on the
mechanical, corrosion and wear properties of different Mg-Al-Gd and Mg-Al-Gd-Ca
alloys and
Part 11 deals with the preparation and property evaluation of Mg-Zn-Gd and Mg-Zn-
Gd-Ca alloys. The details of materials used and experimental procedures followed are

given in the following sections:

3.2 Materials

3.2.1 Metals and alloying elements

The starting materials chosen to prepare the base Mg-Al and Mg-Zn binary alloys were
1. Pure magnesium ingots (99.7% purity)

2. Pure Al ingots (99.5% purity) and

3. Pure Zinc granules (99.98 % purity)

The following element and master alloy were used to modify the selected Mg-Al / Mg-
Zn alloys:

1. Gadolinium (Gd) and

2. Magnesium-calcium master alloy (Mg-10Ca)
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Fig. 3.1 Flow chart of experimental procedure.

3.2.2 Crucibles
Two stainless steel crucibles (grade: AISI 304, composition: C-0.08, Mn-2.0, P-
0.045, S-0.03, Si-1.6, Cr-18.0/20.0 and Fe-66.3/74) having capacities of melting around

8 Kg and 5 Kg respectively were used to process the magnesium alloys. To avoid the
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atmospheric contact as well as to reduce the oxidation of the Mg melt, the crucibles
were covered with stainless steel lids during melting. The dimensions of the crucibles

used for experiments are given in Fig. 3.2.

3.2.3 Mould
Rectangular cast iron moulds having magnesium castings capacity of 5 kg, and
2.8 kg were used. The schematic diagram of the moulds used in the experiments is

shown in the Fig. 3.3.

]
s ) #165 mm

Fig. 3.2 The stainless steel crucibles used to process Mg alloys.

.-— |

_3-0'5——____._:

All dimensions are in mm

Fig. 3.3 Schematic diagram of the moulds used.
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3.2.4 Protective gases

The Mg alloys should be protected against oxidation and burning during
melting, alloying and subsequent casting. The porous MgO layer formed during Mg
melting do not offer resistance to oxidation/burning. Protective gas mixture of SFg : Ar

was used to counteract the same.

3.3 Melting and Refining

Controller
Thermocouple Argon gas
Furnace lid = cylinder
a
_ @ | * =
S-tl.:n“lli‘}; l::eel 0 +— SF, gas cylinder

@ =

Mg melt o %

Gas
mixtiure

Fig. 3.4 Schematic diagram of melting arrangement of Mg alloys.

The schematic diagram showing the melting arrangement of magnesium alloys
is presented in Fig 3.4. Resistance box furnace was used for melting. To prevent the
oxidation and subsequent burning of Mg at high temperatures some form of oxidation
prevention is always required. During the course of these experiments, a protective
cover gas mixture of SFg: Ar in the ratio 1:100 was used to prevent reaction between
the magnesium alloy and the surrounding air, thereby preventing oxidation of the melt.
The cover gas was introduced to the furnace through a specially designed lid that
contained holes for gas intake, exhaust, and for the positioning of a K-type
thermocouple for temperature measurement.

After the crucible reached the red hot condition (750 °C), the preheated Mg

ingots were charged into the crucible. Initially, only a part of the total Mg ingots was
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charged. After melting of the charged ingots, the remaining ingots were immersed into
the molten magnesium. This kind of charging practice of metal ingots avoided
excessive oxidation during melting. Crucible was covered with furnace lid to minimize
the air contact with the molten metal. Protective gas was given at the top of the melt to
prevent oxidation. Before the addition of alloying elements, the top layer of oxides was
completely removed and a fresh layer of flux was applied. The required amount of
master alloys were weighed and wrapped in aluminium foil and slowly immersed into
the melt. After the additions, the melt was gently stirred for dissolution of the added
elements and again, the top oxide layer was removed and protective gas mixture was
given. The melt was held for 10 minutes to ensure complete dissolution of elements
into the melt. After complete melting of the metals in the crucible, the refining of the
melt was carried out at a temperature of approximately 740 °C. The top layer (oxide
layer) of the melt was then removed and the melt was rigorously stirred for 2-3 min.
Continuous protective gas mixture was given throughout the top surface of the molten
metal. After thorough mixing, the top surface of molten melt was removed and then the
molten metal was poured into the preheated moulds (300 °C) in a heating oven for 1
hour just before the casting. The pouring was carried out smoothly without any jerk in
the melt, since any jerks disturbs the settled oxide inclusions in the bottom. Protective
gas mixture was also given on the mouth of the mould to avoid oxidation during poring.
Three fourth of the melt was poured into the mould and the remaining melt was poured

separately as scrap.

3.4 Material Characterization
Samples for different analyses such as chemical analyses, microstructure,
hardness, tensile, corrosion and wear were machined out from the same location of the

castings.

75



3.4.1 Chemical analyses

The analyzed alloy compositions are presented through Tables 3.1 - 3.4.

Table 3.1 The chemical composition of the developed Mg-Al-Gd alloys.

Alloy Al Gd Fe i Mn Mg
code Composition (1 o6)  (wt9) (Wt.%) (WE.%)

0 Gd Mg-9Al 855 - 00047 00001 0.0034 Rest
05Gd  Mg-9AI-05Gd 854 057 00032 00001 00041 Rest
1Gd Mg-9AI-1Gd 900 125 00016 00001 00022 Rest
2 Gd Mg-9AI-2Gd 877 197 00031 00001 00042 Rest

Table 3.2 The chemical composition of the developed Mg-Al-Gd-Ca alloys.

Alloy Al Gd Ca Fe \[ Mn Mg
Composition

code (wt.9%) (wt.9%0) (wt.92%0) (wt.%) (wt.%) (wt.%)
05Ca Mg-9AI-2Gd-0.5Ca  8.63 1.93 0.47 0.0026 0.0001 0.0017 Rest
1Ca Mg-9Al-2Gd-1Ca 8.78 1.86 0.95 0.0033 0.0001 0.0023 Rest

2 Ca Mg-9Al-2Gd-2Ca 8.77 1.84 1.93 0.0027 0.0001 0.0029 Rest

Table 3.3 The chemical composition of the developed Mg-Zn-Gd alloys.

Alloy Zn Gd Fe I\ Cu Mg  Zn/Gd
code Composition (wWt.%) (wt.%) (wt.%) (wt.%) (Wt.%) (Wt.%) at ratio
0Gd Mg-Zn 4.87 0.006 0.0003 0.002 Rest 0
2Gd Mg-Zn-2Gd 5.13 1.95 0.004 0.0002 0.004 Rest 7
3Gd Mg-Zn-3Gd 5.22 3.06 0.005 0.0004 0.003 Rest 4
4 Gd Mg-Zn-4Gd 4.96 3.89 0.007 0.0002 0.005 Rest 3
10 Gd Mg-Zn-10Gd 5.26 9.95 0.004 0.0002 0.004 Rest 1

Table 3.4 The chemical composition of the developed Mg-Zn-Gd-Ca alloys.
Zn Gd Ca Fe Ni Cu Mg

Composition (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%0)
05Ca Mg-5Zn-3Gd-0.5Ca  4.92 2.88 0.48 0.0039 0.0002 0.0023  Rest
1Ca Mg-5Zn-3Gd-1Ca 4.87 3.12 1.05 0.0001 0.0034 0.0001 Rest
2 Ca Mg-5Zn-3Gd-2Ca 5.33 3.08 211 0.0025 0.0001 0.0027 Rest
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3.5 Microstructural Characterization
3.5.1 Metallographic specimen preparation
3.5.1.1 Polishing

Cylindrical samples of 15 mm diameter and 10 mm height were machined from
the castings and polished progressively with emery papers of different grades having
80, 100, 220, 400 and 600 and 1000 grits. After paper polishing, all the samples were
cleaned using water and polished on a rotating disc of proprietary cloth (selvyte cloth)
charged with a diamond paste of 6, 3 and 0.25 um particle size in sequence. Filtered
kerosene was used as lubricating agent during cloth polishing. During cloth polishing,
samples were gently pressed against the rotating wheel. Since Mg is a soft material,
much care was taken during polishing to avoid scratches and excessive surface
contamination. Since, cleaning the polished samples with water (even with distilled
water) was found to be inefficient to remove surface contaminants, ethanol with

ultrasonic cleaner was used to clean the polished samples to remove the contaminants.

3.5.1.2 Chemical etching

Picric acid found to be an efficient etchant which clearly revealed the micro
constituents in the Mg alloys. During cloth polishing, samples were gently pressed
against the rotating wheel. Since Mg is a soft material, much care was taken during
polishing to avoid scratches and excessive surface contamination. Since, cleaning the
polished samples with water (even with distilled water) was found to be inefficient to
remove surface contaminants, ethanol with ultrasonic cleaner was used to clean the
polished samples to remove the contaminants. The composition of the etchant used in
the present study is: Picric acid — 6 grams; Acetic acid — 5 ml; Ethanol — 100 ml and

Distilled water — 10 ml. The etching time was found to be optimum with 10-30 seconds
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for different element added alloys. During etching, more care was taken to avoid over

etching of the samples which would otherwise spoil the surface of the samples.

3.5.2 Optical microscope (OM)

Microstructural specimens (after polishing and etching) were observed under a
Leica DMRX optical microscope. The microscope had six magnification lenses: 5x,
10x, 20x, 50x, 100x and 150x. Micrographs were taken at different location with
various magnifications to understand various microstructural changes in the alloys with

respect to different additions.

3.5.3 Phase fraction analyses

Quantitative microstructural analyses were carried out using a Leica 2001 image
analyzer in conjunction with the optical microscope. The fields of observations were
selected randomly at different locations of the sample. Q-Win image analysis software
attached with OM is used for phase fraction analysis. The software was calibrated
before taking any measurement using standard ruler provided by the manufacturer. At
least 20 random fields were analyzed in different regions of the studied alloys. For
each case, at least ten fields were analyzed from a single specimen and the average

value is reported.

3.5.4 Scanning electron microscope (SEM)

To understand the microstructural aspects and to identify the type of phase
formations in various castings with higher magnification, using JEOL, JSE 35C
scanning electron microscope (SEM) was used with an accelerating voltage of 15-30
KeV. The same optical microstructural samples were used for SEM studies also. For
SEM images, the extracted powders were gold coated to reduce the charging and to

improve image quality. The compositions of various phases and intermetallics were
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analyzed using Energy dispersive spectroscope (EDS) attached to SEM. Most SEM
images were taken using secondary electrons (SE) although some images have been

acquired from back scattered electrons (BSE).

3.5.5 Grain Size Measurements
Grain size measurements were carried out using linear intercept method from
different locations and the average is taken, outlined in the ASTM standard E112-96,

2003. The samples are solutionized, quenched and aged for measuring the grain size.

3.6 Phase Identification
3.6.1 X-ray diffraction (XRD)

X- ray diffraction was carried out on all the cast alloys to study the kind of
intermetallics present in the developed alloys. For these purpose, fine chips drilled from
the castings and made into fine powder which was used for XRD analyses purpose. The
study was carried out on Phillips PW 1710 Powder Diffractometer with Cu-Ka
radiation (wavelength of 1.54 A). The X-ray source was operated at a voltage of 40 kV
and current of 20 mA. The diffraction angle (20 angle) selected for these alloys were
such that all the major intense peaks of the phases expected in the sample were covered.
Subsequently, the XRD raw data were analyzed with the help of JCPDS data file and
X'Pert software, which use the Bragg’s law to identify the peaks of the constituent

phases.

3.6.2 Energy dispersive spectroscope (EDS)

The composition of various phases and intermetallics were analyzed using
energy dispersive spectroscope (EDS) microanalyser attached with SEM and it was
interfaced with ISIS software for EDX line scan, surface scan and X-ray elemental

mapping analyses. Same samples prepared for microstructural studies were used for
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these analyses. An average of 10 EDS measurements were used to approximate the

composition of phases.

3.7 Mechanical Properties
3.7.1 Hardness test

The macro hardness of the alloys were measured using INTENDEC hardness
machine with a load of 62.5 kgf with a dwelling time of 20 sec and the ball indenter
diameter of 2.5 mm on polished specimens. 5 indentations were made and the average
values are taken. Samples used for hardness measurements were aptly polished to do
the measurements. The opposite surfaces were parallel to each other to obtain accurate
measurements. The Brinell Hardness Number (BHN) is given by the formula:

BHN = 2P/ [zD (D-(D*-d%)"3)]

Where P is applied load (Kgf), D is diameter of the indenter ball (mm), and d is

diameter of the impression (mm).

3.7.2 Tensile test

Room and high temperature (150 °C) tensile tests were carried out using
computer controlled INSTRON 8801 universal testing machine. For high temperature
testing, the samples were heated in an oven attached with the INSTRON machine and
kept for 15 min after the required temperature (150 °C) was reached so as to ensure the
homogenization of temperature throughout the sample. Ultimate tensile strength, yield
strength and elongation values were obtained directly from the computer interfaced
with the machine. The tensile specimens were prepared as per ASTM E8 specifications.
The room and high (150 °C) temperature tensile tests were performed using an Instron
universal testing machine (Instron Corp., England) with a crosshead speed of 2

mm/min. At least six specimens were tested from each casting and the average values
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were reported. The schematic diagram of tensile test specimen used for the present
study is given in Fig. 3.5. Ultimate tensile strength (UTS), yield strength (YS) and
elongation (% E) were obtained directly from the computer interfaced with the

machine. An extensometer was used to get the % elongation during tensile testing.
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Fig. 3.5 Tensile test specimen.

3.7.3 Creep test

The constant load creep tests upto failure were performed on the developed
alloys at constant temperature and initial stress of 150 °C and 50 MPa respectively, as
per the ASTM test standard of E-139, on a 5 ton servo electric creep testing machine
(STS make India). The temperature of the sample during creep testing was maintained
within £1 °C using a three zone heating furnace. The sample was mounted in a four rod
in tube extensometer, and creep extension was measured using a dial gauge. The

schematic diagram of creep test specimen is depicted in Fig. 3.6.
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Fig. 3.6 Creep test specimen.
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3.8 Corrosion Test
3.8.1 Immersion test

For constant immersion testing, samples of size 15mm x 15 mm were
subsequently polished and cleaned with acetone. These samples were weighed and
immersed in 3.5 % NaCl solution for 72 h. After the immersion test, these samples were
cleaned using a solution containing 200 g/ltr CrO3; and 19 g/ltr AgNOg3 for 10 minutes
to remove corrosion products. Finally they were cleaned, dried and weighed. 3 sets of
samples were used from each casting for carrying out the immersion testing and the
average values were reported. The corrosion rate was calculated using the equation
given below:

8.76 x 10* x Ag
AXtXxp

CR (mm/year) =

Where, Ag is the weight loss in g, A is the surface area exposed in cm?, t is the total

immersion time in hours and p is the density of the alloy in glem’.

3.8.2 Electrochemical test

Potentiostat
Apply Measure
Potential Current
e e ol e m—
Reference | Counter
Electrode | © *|Blectrode
Worldng i Electralyte
Electrod o d
:sicmrgl ;'/Fl:’tl);rizatiun Cell Solution

Fig. 3.7 Schematic diagram of the electrochemical cell.
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The electrochemical properties were analyzed using a PGSTAT30
electrochemical workstation at room temperature (2741 °C) and 3.5 wt.% NaCl
solution was used as the electrolyte. A three-electrode cell was employed in this test,
where the sample acted as the working electrode, a saturated calomel electrode (SCE)
as the reference electrode, and a platinum sheet as the counter electrode. The scanning
rate used was 2 mV/s. Based on the Tafel extrapolation method, the CH instrument
software was used to measure the corrosion current density (icorr) Of the specimens. A

schematic diagram of the electrochemical cell is shown in Fig. 3.7

3.9. Dry Sliding Wear Test

Specimen Lever mechanism

Counter disc

\ 5

lﬁ_l_] I ]_I

Load

/

Fig. 3.8 Schematic diagram of the Pin-on-Disc type wear testing machine.

Dry (unlubricated) sliding wear tests were performed using a computerized pin
on disc wear testing machine (Model type TR-20, DUCOM) according to ASTM G99-
05 (ASM, 1992) standard to evaluate the wear behavior of the experimental alloys. The
schematic diagram of the wear testing machine used in this study is shown in the Fig.
3.8. The disc used was EN-32 steel having hardness value of HRC 65, diameter of 160

mm and thickness of 8 mm. Specimens of 6 mm diameter and 30 mm length machined
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out from the castings were used as the test samples. Wear test were carried under
varying loads of 5, 10, 20, 30, 40 and 50 N at 240 rpm and a constant sliding distance
of 1800 m. Room temperature wear tests were carried out without any lubrication. The
process of sliding was carried out on a track of 50 mm radius, such that the linear
circumferential (in tangential direction) speed was 1 m/s prior to the tests, both pin and
disc were polished to have a uniform surface roughness.

A computer-aided data acquisition system was used to record both weight loss
and frictional force simultaneously, with the volumetric loss being calculated from the
former data. For each condition, 5 samples were tested and the average values were
used for further calculation. The wear rate was calculated by measuring the weight loss
of the specimen before and after the test as shown in the equation below:

Wear rate = volume loss (mm?®) / sliding distance (m)
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Microstructure Study of the Developed Alloys

4.1 Introduction

The present chapter deals with the detailed microstructural characterization of
Mg-Al alloys with varying Gd additions. Mg-Zn-RE are relatively new alloy systems
and their microstructure consists of many phases such as I, W, X and laves phases,
depending on Zn/RE ratio which imparts different mechanical behaviors [136-138].
These phases were first identified in Mg-Zn-Y alloy systems, and the relationship
between microstructure, composition, and properties of the same in both as cast and
heat treated conditions is well documented. However, the Mg-Zn-Gd system is
comparatively new and has not been investigated in detail. Hence, to develop high
strength, corrosion and wear resistant new Mg-Zn-Gd alloys, a thorough study on the
microstructure of the alloys is essential. Modification is a well-known foundry practice
employed for refining/modifying the large particles/phases into fine particulates during
solidification In the present study, Ca in varying wt.% is added to the optimal Mg-Al-

Gd and Mg-Zn-Gd alloys and the microstructures are studied.

4.2 Mg-Al-Gd Alloys
4.2.1 XRD and microstructure analyses

The XRD pattern of the developed alloys (Fig.4.1) mainly consists of peaks
corresponding to a-Mg and B-Mg17Al;12 phase of bcc crystal structure. For the Gd added
alloys, the peaks corresponding to Al,Gd (fcc crystal structure) are of low intensities

due to relatively low quantities of Gd addition.
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Fig. 4.1 XRD results of the Mg-Al-Gd alloys.

Fig. 4.2 depicts the optical and SEM microstructures of the Mg-9AIl-xGd alloys
and the various phase formations and the phases are further confirmed using EDS
analysis (Fig. 4.3). Some dispersed particles and eutectic areas are seen in the alloys,
which increase with increase in Gd content monotonically. The electronegativity
difference between two elements can be used to predict the possibility of formation of
intermetallics. The larger the electronegativity difference, the stronger the bond and
higher the possibility of formation of intermetallics. As the electronegativity difference
between Al and Gd is higher (0.3) than that between Mg and Gd (0.11), the formation
of AI-Gd phase is favored than Mg-Gd phase in the Mg-Al-Gd system, and it is
observed that the Gd addition decreased the quantity of Mg;7Al;, phase [139-143]. The
variation of B phase for the developed alloys quantified using Image Analyzer. The
volume fraction of B phase in 0 Gd, 0.5 Gd, 1 Gd, and 2 Gd alloys are found to be
decreasing in the order 19.5, 17.2, 16.5 and 15.3% respectively. The results indicate
that the microstructure of the Mg-9Al alloy consists only coarse Mgi7Al12 (Fig. 4.2(a)).
With the addition of 0.5 wt.% Gd, the microstructure of the Mg-9AI-0.5Gd alloy show

granular Al,Gd intermetallic particles sparsely distributed in the Mg-Al matrix (Fig.
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4.2(b)). Increasing the content of Gd to 1 and 2 wt.% in the Mg-9AIl-xGd alloy increase
the Al,Gd phase distribution in the matrix. As seen from the optical microstructures, it
can be seen that microstructure becomes refined with decrease in the volume fraction of

Mgl7A|12.

(a)

g ALGE ==

.'ilgl'-“a: A

Fig. 4.2 Optical and SEM microstructures of (a) 0 Gd, (b) 0.5 Gd, (c) 1 Gd, and (d) 2
Gd alloys.

87



Ay ol Mligier®)  Abiefs)  Od deeti)  Oaloulesnd plase

Al 1 wa T} gtk
(AT Tisi LT
|
5] (F17] wE (i
[ S btk
L — o LY
L 5a8 (¥ Alpld
- (TR} WaT Wik
- [ L B Al d — —— M
Feal Lram M0 |.:l_,-m & .ale |:-.l i o al-41 AR

(h)

2 i ] [ 14 2 14
{ [Pl Sk 781 o S 5008 i

i)

s Sowe 31 iy Comar B0SE s

)

: ! E L] i L fal E 4 L E [ et |
Pl fladis Skt g Eormar B ) g [Pl Sl 250 oo Comar T OEE LA

Fig. 4.3 EDS results of (a) 0 Gd, (b) 0.5 Gd, (c) 1 Gd, and (d) 2 Gd alloys.

Fig. 4.4 Grain size of (a) 0 Gd, (b) 0.5 Gd, (c) 1 Gd, and (d) 2 Gd alloys.
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For the Mg-Al system, the samples are solutionized at 420 °C for 48 hours and
aged at 200 °C for 1 hour to measure the grain sizes. Due to the rise of temperature, the
solid solubility of Al in the Mg matrix increases and the -Mgi7Al;, phase along the
grain boundary dissolves in a-Mg matrix gradually. In the following cooling process, -
Mgi7Al1; phase precipitates from a-Mg supersaturated solid solution due to the higher
temperature, and disperses in a-Mg matrix as small particles along grain boundaries.
The average grain size is seen to be around 200, 140, 120, and 100 um for the 0 Gd, 0.5
Gd, 1 Gd, and 2 Gd alloys respectively (Fig. 4.4). The first solid phase in the molten
pool is Al,Gd, as a result of its highest melt point of 1525 °C. In the next moment, the
a-Mg matrix starts nucleation around along the Al,Gd particles. The higher the Gd
content is, the more the Al,Gd particles are dispersed in the liquid phase and thus the

further the grain sizes of a-Mg matrix are decreased.

4.3 Mg-Al-Gd-Ca Alloys

4.3.1 XRD and microstructure analyses
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Fig. 4.5 XRD results of the Mg-Al-Gd-Ca alloys.
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The XRD patterns of Mg-9AI-2Gd alloy with varying Ca (0.5, 1 and 1.5 wt.%)
are presented in Fig. 4.5. The major peaks correspond to a-Mg, B-Mgi7Al, and Al,Gd
phases. Additional peaks for Al,Ca phase are observed in the 1 wt.% and above Ca
added alloys. The peaks corresponding to Al,Gd and Al,Ca are of low intensities due to

relatively low quantities of Gd and Ca addition.

Fig. 4.6 Optical and SEM microstructures of (a) 0.5 Ca, (b) 1 Ca, and (c) 2 Ca alloys.
From the optical and SEM microstructures (Fig. 4.6), it is seen that the amount
of massive f-Mgi7Al1> phase has been significantly reduced. The EDS analyses of the

different phases are shown in Fig. 4.7. Previous studies show that the Al,Gd and Al,Ca
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compounds forms before B-Mgi7Al1, phase by the consumption of Al atoms, resulting
in the decrease of the volume fraction of B-Mg;7Al12 phase [144-149]. The Mgi7Al12
phases in all the alloys are incorporated with Ca atoms. Additional Al,Ca phases are
formed as the Ca content reached 1 wt.% and the volume fraction of these phases
increased above 1 wt.% Ca addition. The electronegativity of Mg, Al and Gd are 1.31,
1.61 and 1.2, respectively. Due to the large electronegativity difference between Al and
Gd, new Al-Gd rich phases are formed. Furthermore, Ca has a strong affinity to Al, and
hence with decreasing temperature, the Ca and Al are pushed to the solid/liquid
interface front, resulting in the formation of Al,Ca phase. A large quantity of Al is
consumed when Al,Ca and Al,Gd phase forms thereby suppressing the generation of
Mg;7Al;, phase and inhibiting the dendritic growth; therefore, adding Ca and Gd
reduces the volume fraction of Mgi7Ali2 phase. As seen in Fig. 4.8, the grain size of
Mg-Al-Gd-Ca alloy can be said to be decreasing till 1 wt.% Ca addition. The average
grain size is seen to be around 94, 86, and 130 um for the 0.5 Ca, 1 Ca, and 2 Ca alloys
respectively (Fig. 4.8). During solidification, the Al,Gd phase first precipitates among
the inter-dendritic a-Mg phase and hinder other element diffusion. The Mg;7Al1, phase
is seen to be refined and its distribution becomes more uniform. It can be presumed that
the Al,Ca phase can dissolve into the melt and subsequently precipitate during
solidification, eventhough the melting point of Al,Ca (1079 °C) is higher than the melt
temperature (720 °C). So, at the initial stage of solidification, the solute segregation of
Ca at solid/liquid interface can provide stronger constitutional undercooling for
nucleation. It can be said that grain refinement by the Al,Ca compounds was mainly
attributed to the combined effects of solute and heterogeneous nucleation. With further
increase in Ca adition above 1 wt.%, the Al,Ca phase becomes coarse and the

nucleating particles are difficult to disperse. Correspondingly, the number of effective
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heterogeneous nuclei decreases, which decreases the grain refining efficiency of Al,Ca.

Since the Ca/Al ratios are lower than 0.50, phases like (Mg,Al),Ca and Mg,Ca are

absent [150-152].
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Fig. 4.8 Grain size of (a) 0.5 Ca, (b) 1 Ca, and (c) 2 Ca alloys.
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4.4 Mg-Zn-Gd Alloys
4.4.1 XRD and microstructure analyses

Fig. 4.9 reveals the XRD diffraction patterns of the developed alloys. Apart
from the common magnesium peaks, the patterns are different from each other,
suggesting that the alloys contained different second phases. The diffraction pattern of
Mg-5Zn showed peaks that correspond to the MgZn,. In 2 Gd, 3 Gd, 4 Gd and 10 Gd,
peaks that correspond to the MgsGd type phase are seen with a small deviation in 26
from the standard peaks due to the dissolution of Zn in the MgsGd phase. This phase
could be identified as (Mg, Zn)sGd phase. In addition to (Mg, Zn)s;Gd phase, peaks
corresponding to MgsGdZng are also observed in 2 Gd, 3 Gd and 4 Gd alloys. In
contrast, 10 Gd alloy showed peaks for Mg;,GdZn (X-phase), in addition to those of
(Mg, Zn);Gd. The diffraction patterns of Mg—Zn-Gd alloys in the present study are
indexed with reference to Mg-Zn-Y phases as the data available for Mg-Zn-Gd phases
are limited. It is seen that the peaks for Gd containing phases deviated slightly from the
standard peaks of Y containing phases. No peaks for Mg-Zn or Mg-Gd binary phases

are seen in the XRD patterns of the ternary alloys.
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Fig.4.9 XRD results of the Mg-Zn-Gd alloys.
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Fig. 4.10 presents the optical and SEM images of the developed alloys.
Discontinuous secondary phases are seen to disperse in the matrix and the secondary
phases are identified by means of EDS analysis. From the XRD and EDS analysis the
phase formation in 0 Gd is confirmed to be MgZn,. It is seen that the volume fraction of
the second phases increased from 2 Gd to 10 Gd alloys, due to the increase in Gd
content. 2 Gd alloy shows a less number of second phases but with different
morphologies like small sized spherical particles, rod shaped structure and bulk sized
phases. 3 Gd alloy shows the presence of a small fraction of a network like structure in
addition to the earlier mentioned morphologies. From the EDS analyses, it is seen that
for both 2 Gd and 3 Gd alloys, the spherical and network like phases contained more Zn
than Gd in both the alloys. The Zn/Gd ratio as seen in Table 4.1, are found to be close
to the ideal Zn/Gd ratio of 1.5 for (Mg,Zn)sGd (W-phase) for the spherical and rod
shaped phases [153-160]. For the bulk phases, the Zn/Gd ratio is around 6, the ideal
ratio for MgsGdZng (I-phase) [160,161]. When the Gd content is increased from 3 to 4
wt.%, the microstructure appeared to have a higher number of second phases than 3 Gd
alloy. A semi continuous network rib bone shape morphology in 4 Gd alloy is identified
to be (Mg,Zn)3Gd and the bulk sized phases have the ratio close to the I-phase. For 10
Gd alloy, a network shaped continuous phase is seen. The volume of the second phase
is increased drastically in 10 Gd alloy compared with other alloys. The EDS results is
similar to the composition of (Mg,Zn);Gd phase in 3 and 4 Gd alloys. A few small
particles containing almost equal amounts of Gd and Zn are also observed. The phases

are expected to be Mg;2ZnGd (X-phase) from the EDS and XRD analyses [161-163].
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Fig. 4.10 Optical and SEM microstructures of (a) 0 Gd, (b) 2 Gd, (c) 3 Gd, (d) 4 Gd,
and (e) 10 Gd alloys.
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Table. 4.1 EDS analyses results of the different phases present in the Mg-Zn-Gd alloys.

\Y[s) Zn Gd Calculated

(at.9%) (at.2%0) |(at.%0) Phase

0Gd A 66.39  33.61 - MgZn,
B 4259  48.93 8.48 Mgs;GdZng
2 Gd C 5422 2474 21.04 (Mg,Zn)sGd
D 4945 2531 2524  (Mg,Zn)sGd
E 43.6 48.6 7.8 MgsGdZng
3Gd F 48.55 29.4 22.05  (Mg,Zn);Gd
G 47.62 2653 2585 (Mg,Zn);Gd
H 5344 2321 2335 (Mg,Zn);Gd
4 Gd I 44.3 45.75 9.95 MgsGdZng
J 5225 24.64 2311 (Mg,Zn)sGd
10 Gd K 81.55 9.17 9.28 Mg1.ZnGd

Fig. 4.11 Grain size of (a) 0 Gd, (b) 2 Gd, (c) 3 Gd, (d) 4 Gd, and (e) 10 Gd alloys.

In the present study, as expected, different phases are present with different
Zn/Gd ratios and it can be said that the volume of secondary phases decreases as the
Zn/Gd ratio increases. In addition, among the alloys investigated, the morphology of

the (Mg,Zn);Gd is different with varying Zn/Gd ratios. For the Mg-Zn system, the
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samples are solutionized at 500 °C for 20 hours and aged at 200 °C for 1 hour to
measure the grain sizes. The average grain size is found to be decreasing till 3 wt.% Gd
addition and further addition caused coarsening of the grains. As seen in Fig. 4.11, the
average grain size is seen to be around 300, 250, 200, 300 and 500 pum for the 0 Gd, 2
Gd, 3 Gd, 4 Gd, and 10 Gd alloys. The formation of I-phase can effectively restrain the

grain growth and the low diffusibility of Gd contributes to suppression of grain growth.

4.5 Mg-Zn-Gd-Ca Alloys

4.5.2 XRD and microstructure analyses

- {'nr\lg.?..n:
» a-Mg
v (Mg Zn) Gd

Angle (20)

Fig. 4.12 XRD results of the Mg-Zn-Gd-Ca alloys.

Fig. 4.12 shows the XRD results of the as-cast experimental alloys. It is
observed that the alloys are mainly composed of a-Mg, (MgZn)s;Gd and Ca,MgsZns
phases [164-169]. These are further confirmed by the EDS analyses. The optical and
SEM images of as-cast Mg-5Zn-3Gd-xCa alloys (0.5, 1 and 2 wt.%) are depicted in
Fig. 4.13. For the alloy with 0.5 wt.% Ca, semi continuous precipitates appear both in

the interdendritic region and along the grain boundaries, as shown in Fig. 4.13. It is
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observed that the volume of precipitates along grain boundaries increases and become

more continuous as the Ca content increases above 0.5 wt.%.
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Fig. 4.13 Optical and SEM microstructures of (a) 0.5 Ca, (b) 1 Ca, and (c) 2 Ca alloys.

The EDS results (Fig. 4.14) of the different phase formations are given in Table
4.6. It is seen that for 0.5 Ca alloy, the main phases present are W-phase with traces of

Ca content and Ca;MgsZn3. When the Ca addition is increased to 1 wt.% and above, in
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addition to the W-phase, the volume fraction of Ca,MgsZn3 phase increases in both 1
Ca and 2 Ca alloys. The Mg content in W-phase also changes with the increase in Ca
content as seen in Table. 4.2 [167-170]. The Mg content in the W-phase is 64.76 at.%
as the Ca content is 0.5%, while it decreases to 59.7 at.% and 52.13 at.% as the ca
content increases to 1 and 2 wt.% respectively. As the Ca content increases from 0.5 to
2.0 wt.%, the W-phase deceases and the volume of Ca,MgsZn; phase increases. The
average grain size (Fig 4.15) of the alloys changes from approximately 223 um to 424
um and 510 um respectively. As discussed earlier, the grain size of Mg-5Zn-3Gd alloy
was in the range of 200 um. It is observed that Ca addition will not significantly

contribute to reduction in grain size due to the coarsening of Ca,MgsZns particles.
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Fig. 4.14 EDS results of (a) 0.5 Ca, (b) 1 Ca, and (c) 2 Ca alloys.
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Table. 4.2 EDS analyses results of the different phases present in the Mg-Zn-Gd-Ca

alloys.

Mg Zn Gd Ca Calculated

(at.20) (at.20) (at.%0) (at.20) phase
73.55 15.44 11.01 Ca;MgsZns
05Ca 64.76 17.19 16.63 142  (Mg,Zn);Gd
81.47 10.95 7.58 CaMgsZn;
1Ca 59.70 20.38 18.92 130  (Mg,Zn);Gd
76.12 13.66 10.22  CayMgsZn;
2Ca 52.13 22.31 23.54 2.02  (Mg,Zn);Gd

Fig. 4.15 Grain size of (a) 0.5 Ca, (b) 1 Ca, and (c) 2 Ca alloys.

4.6 Conclusions

From the present study, it is understood that the addition of rare earth element
Gd and Ca has significant effect on the microstructures of the Mg-Al and Mg-Zn alloys.
The main conclusions are as follows.

e When Gd is added in varying wt percentages to Mg-Al alloy, a thermally stable
Al,Gd phase is formed in the matrix and the Mgi7Al12 phase is found to be
refined.

e When Ca is added to Mg-Al-Gd alloys, the Ca atoms are incorporated into the
B- Mgi7Al;; phases and in addition to Al,Gd phases, Al,Ca phases are formed
above 1 wt.% Ca addition. The grain size is found to be decreased till 1 wt.% Ca

content.
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e Microstructures of Mg-Zn-Gd alloys varied with Zn/Gd ratio. It is observed that
as the Zn/Gd ratio increases, volume of secondary phases decreases. When the
Zn/Gd ratio is in the tested range of 7-3, the main phases present in the alloys
are (Mg,Zn);Gd and MgsZngGd. It is observed that the continuity and volume
fraction of (Mg,Zn);Gd phase increases with increase in Gd content. In addition
to the (Mg,Zn);Gd phase, Mg:2ZnGd phase is formed when the Zn/Gd ratio is
decreased to 1. It is seen that the morphology of (Mg,Zn);Gd phase becomes
more continuous with decrease in Zn/Gd ratio.

e With increasing Ca content to Mg-Zn-Gd alloys, the volume of W-phase
decreases and the Ca,MgesZns phase increases. The grain size is found to be

increased with increase in Ca content.
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Mechanical Properties of the Developed Alloys

5.1 Introduction

The mechanical properties evaluation of the Gd and Ca added Mg-Al and Mg-
Zn alloys are discussed in this chapter. The mechanical properties such as macro
hardness, room and high temperature (150 °C) tensile properties (UTS, YS and % Elon)

of the developed alloys are evaluated and correlated with microstructures.

5.2 Mg-Al-Gd Alloys

Table 5.1 Mechanical properties of the Mg-Al-Gd alloys.

HT (150 °C)
Hardness UTS YS
(BHN) (MPa)  (MPa)
50.1 165.21 84.61 4.0 115.87 58.10 5.5
0Gd (+1.5)  (+13.52) (+14.57) (+0.1) (¢5.68) (+7.75) (0.4)
53.9 179.33 96.22 4.2 143.44 65.22 5.6
05Gd (+2.8)  (#12.34) (#12.23) (+0.2) (+10.67) (+9.43) (+0.3)
60.3 187.75 112.42 4.3 152.02 69.32 5.9
1Gd (+1.2)  (+13.31) (49.65) (+0.5)  (¢3.43) (5.21) (0.4)
> ad 66.2 210.03 116.21 4.6 159.34 74.22 6.4

(£1.6)  (210.73) (7.17)  (#0.7)  (29.49) (#5.53) (+0.5)

The mechanical properties of as-cast Mg—-9AI-xGd alloys at RT and 150 °C are
presented in Table 5.1. Addition of Gd yields significant beneficial effects on the
mechanical properties. The lattice constant of Gd is very similar to that of Mg. The
lattice constants of Gd and Mg are a = 0.36360 and ¢ = 0.57826 nm, and a = 0.32094
and ¢ = 0.52104 nm respectively. Due to size difference between Gd (0.233 nm) and

Mg (0.162 nm) atoms, Gd is difficult to solid solute in Mg alloy, but tends to form rare
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earth compounds. It is seen that by the Gd addition, the hardness value of alloy
increases from 50.1 BHN, and the highest value of 66.2 BHN is obtained for 2 Gd
alloy. Moreover, the hardness of alloys are increased by increasing the percentage of
Gd addition, mainly due to increase in the volume of Al,Gd phase and the Gd
dissolution into the matrix. Moderate improvement in UTS (8%) and YS (12%) are
noticed with 0.5 wt.% Gd added alloy can be attributed to solid solution strengthening
and reduction in the stress concentration by refining the microstructure [8,77,141,171].
The 2 Gd alloy at room temperature shows 27% and 36% increase of UTS and YS
respectively compared to 0 Gd alloy due to the formation of Al,Gd phase which
restricts the dislocation movement and grain boundary sliding [171-177]. The strength
of the grain boundary is greater than the strength of the grain at room temperature.
During tensile deformation, the dislocations move inside the grain until they reach the
grain boundary, where the motion is opposed. More dislocations get piled up as a
cluster at the boundaries thereby generating a repulsive stress field. Then the
dislocations apply the driving repulsive force to reduce the energy for dislocation
diffusing across the boundary. The higher the repulsive stress applied to move the
dislocation, the higher the yield strength would be [178]. So, a decrease in the grain size
favors the increment of yield strength. The average grain size is seen to be around 200,
140, 120, and 100 pum for the 0 Gd, 0.5 Gd, 1 Gd and 2 Gd alloys respectively (Fig.
4.4). At 150 °C, the maximum strength values (UTS & YS) are obtained for 2 Gd alloy
(159.34 and 74.22 MPa, respectively). In 0.5 Gd alloy, Mgi7Al; is the main
strengthening phase, which has a low melting point of 462 °C and has poor thermal
stability. The Mg;7Al;, phase can readily coarsen and soften at the temperatures above
120 °C. The cubic crystal structure of Mg;7Al;2 is incoherent with the h.c.p. magnesium

matrix, leading to the fragility of Mg: Mgi7Al;, interface. All of the above lead to the
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poor high temperature tensile properties of Mg-9Al alloys at 150 °C [179,180]. It is
observed that the addition of Gd helps in improving the strength at 150 °C. The
maximum strength values obtained for 2 Gd alloy is possibly due to the formation of
thermally stable intermetallic Al,Gd precipitates. At higher temperatures, the strength
of the grain boundaries are weak compared to the strength of the grains and fine-grain
strengthening would be less effective but they do serve as an obstacle during
dislocation motion. The presence of thermally stable Al,Gd particles restrict the
dislocation motion and increase the alloy density both at room and high temperatures.

More Al,Gd dispersion yields higher tensile and yield strengths [181].

5.3 Mg-Al-Gd-Ca Alloys
Table 5.2 Mechanical properties of the Mg-Al-Gd-Ca alloys.

HT (150 °C)
uTsS Elon uTsS YS
(MPa) (%)  (MPa) (MPa)
66.2 21003 11621 46  159.34 7422 6.4

Hardness

(BHN)

0ca (£1.6)  (#10.73) (7.17) (#0.7)  (#9.49) (¢5.53) (x0.5)
69.4 22433 12905 48 17416 9127 57
05Ca (+1.7)  (#11.31) (#6.23) (20.4) (29.49) (5.75) (x0.3)
78.1 236.45 14011 54 18607 99.74 5.8
1Ca (£15)  (#452) (5.23) (#0.5)  (#9.49) (5.35) (x0.4)
Ve 71.6 22063 11553 47 17204 7682 5.2
a

(+1.1)  (#5.25) ($6.42) (20.4) (£7.43) (£3.52) (x0.2)

The influences of Ca addition on the mechanical properties of Mg-9Al-2Gd are
given in Table 5.2. Compared to the base Mg-9Al-2Gd (0 Ca) alloy, at room and high
temperatures, the ultimate tensile strength and yield strength of 1 wt.% Ca added alloy
are significantly increased. The Gd dissolution into a-Mg matrix plays the role of solid

solution strengthening, while Al-Gd compounds formed in the matrix and at grain
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boundaries effectively prohibit the growth of grains and the dislocation movement, thus
giving enhanced mechanical properties. The 0.5 wt.% Ca addition refined the Mg;7Al;,
phase and increase in Ca content above 1 wt.% leads to the formation of a reticular
Mgi7Al1, phase. By increasing Ca upto 1 wt.%, the ultimate tensile strength, yield
strength and elongation of the alloys are found to be increased. The solid solubility
limit of Ca in magnesium is around 0.43 at.% at 517 °C and the further Ca addition
leads to the formation of Al,Ca phase along grain boundaries, resulting in the
improvement of ultimate tensile strength and elongation [182]. The grain size of Mg-
Al-Gd-Ca alloy (Fig. 4.8) are seen to be decreasing till 1 wt.% Ca addition, thereby
enhancing the grain boundary strength and in the improvement of YS. Compared to the
0 Ca and 0.5 Ca alloys, the presence of Al,Ca phase attributes to the increment in
strength of 1 Ca alloy. The presence of coarse Al,Ca particles would reduce alloy
strength and ductility in the alloys. Although the formation of phases like Al,Ca and
Al,Gd increases the thermal stability of the alloy, the presence of Mgi;Al;, partly
impairs it. The bee B-Mgi7Al, phase being incoherent with the hep a-Mg matrix is also
a limiting factor in strengthening. At high temperatures, the decomposition of Al,Ca is
more difficult than that of Mgi;Al;.. This Al,Ca phase is capable of effectively
blocking the movement of the dislocations and the sliding of the grain boundaries, and
thus increasing the high-temperature stability of the materials. It can be deduced that Ca
has two distinct effects on the mechanical properties of materials; one is the
enhancement of hardness and strength and the other one is the retention of these
properties after exposure to high temperature. It is well accepted that, according to the
Hall-Petch relationship, the strength and hardness both increase as the size of the
microstructural elements decreases. Particle hardening and solid solution hardening

caused by the dissolution of Ca atoms in the matrix and second phase particles
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promotes the hardness and strength of the Ca-containing alloys. The slightly reduced
strength of the alloys with higher percentage of Ca, however, could be due to the grain
growth and disintegration of the Al,Ca phase as a result of exposure to high
temperatures and reduction in grain boundary coverage by this phase. So, it can be
concluded that the role of Al,Ca phase is ambivalent: strengthening and weakening can
be observed. The Al,Ca particles being relatively small, strengthening is found to be

predominant till 1 wt.% Ca addition.

5.3.1 Creep properties

Table 5.3 Creep properties of the selected Mg-Al-Gd-Ca alloys.

I Alloy Min Creep Rate Time

Code (/sec) (Hours)
0Gd 294%10 56
2 Gd 96x10 289
1Ca 150% 10 553

Out of various developed Mg-Al alloys, the Mg-9Al, Mg-9AI-2Gd and Mg-9Al-
2Gd-1Ca alloys are selected to study the creep properties. Table 5.3 illustrates the
minimum creep rate of alloys at 150 °C with an initial stress of 50 MPa. Mg-9Al-2Gd-
1Ca exhibits the lowest creep rate among the investigated alloys. As discussed earlier,
the presence of Al,Gd and Al,Ca intermetallic in Mg-9AI-2Gd-1Ca alloy effectively
creates back stress that slow down the dislocation movement. The higher thermal
stability of Al,Gd and Al,Ca phase restricts the softening and coarsening at elevated
temperature which resulted in better creep resistance. The existence of high melting
point phases offered high thermal and structural stability to the alloys; hence the

deformation at elevated temperature was limited. In addition, diffusion of elements also
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contributed to the coarsening of the intermetallics during creep. For instance, Al has
high diffusivity in Mg matrix at high temperatures that contributes to the poor creep
resistance of Mg-Al alloys. However, the addition of Gd and Ca reduced the amount of
Al available to diffuse by forming thermally stable phases. In general, the high creep
properties of Mg-9AI-2Gd-1Ca could be attributed to the higher melting point

intermetallics.
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Fig. 5.1 Creep curve of 0 Gd, 0.5 Gd, and 1 Ca alloys.

5.4 Mg-Zn-Gd Alloys

Table 5.4 shows the related mechanical properties of the alloys at room
temperature as well as at elevated temperatures. It shows that addition of Gd can
notably increase the YS of the alloy, but after a certain limit the YS values are found to
be decreasing with increasing Gd content. The highest strength level is obtained in 3 Gd
alloy, and the UTS and YS are 212 MPa and 102 MPa respectively. This is attributed to
the volume fraction of second phases and the presence of MgsZnsGd phase (I-phase).
The I-phase with its quasiperiodic lattice leads to coherent interface with Mg matrix

[133]. Due to the coherent interface, I-phase particles are stable against moving and
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coarsening. Therefore, the I-phase particles can effectively obstruct dislocations
slipping and so significantly strengthen the alloy. Earlier works on Mg-Zn-Y alloy
show that the mechanical property is seen to degrade greatly with the increasing
volume fraction of the W-phase. The interface between the cubic structured W-phase
and the Mg matrix is incoherent and thus weak. Pile up of dislocations at the interface
leads to the initiation of crack and easy propagation along the interface [183-186]. This
reduces both UTS and ductility. The (Mg,Zn)sGd phase observed here is similar to the
W-phase. Additionally, it is seen that the Mg,Zn);Gd phase (W-phase) and Mgi1,ZnGd
phase (X-phase) formations increase and become more continuous with increasing Gd
and these are known to deteriorate the mechanical properties due to their coarseness
and their location on grain boundaries. This is another reason for the decrease in
strength with increasing Gd after 3 wt.%. Hence, it can be said that the I-phase particles
found in the microstructure contributed to the improvement in strength. Low interface
energy and quasi-periodic lattice structure make the I-phase to have good bonding
properties with matrix. The high symmetry make I-phase isotropic in nature, thereby
imparting better plastic compatibility with matrix during deformation and the activity of
non-basal slip systems, thus I-phase dispersing in grain boundary would largely
improved deformation capability of 3 Gd alloy. Higher mechanical properties would
have been obtained, if the I-phase was finer in size and distributed uniformly
throughout the matrix. To obtain good particle strengthening at the grain boundary, the
interface between the particle and the matrix should be coherent. Hence the weak
interface between (Mg,Zn)s;Gd phase and the a-Mg matrix in these alloys significantly
lowers the elongations in Gd added alloys compared to 0 Gd alloy. With the increasing
(Mg,Zn)3Gd phase, the interface becomes weaker. Thus, the strength of the alloys

decreases with increasing Gd after 3 wt.%. The reason for low elongation for the alloy
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containing large number of intermetallic particles can be the same case of Mg-Zn-Y
alloys, where the low elongation was due to formation of geometrically necessary
dislocations were surrounding the secondary particles, eventuating in decohesion from
the matrix [162]. According to the well-known Hall-Petch relation, grain refinement
has an effect on the increase of yield strength. The average grain size (Fig. 4.11) is
found to be decreasing till 3 wt.% Gd addition and further addition caused coarsening
of the grains. Gd is a surface active element and can easily segregate at the liquid-solid
interface or get absorbed onto the growth front [128]. It can then change both the solid—
liquid interfacial energy and surface energy of the crystal, thereby poisoning the growth
steps possibly resulting in grain refinement. As the test temperature increased to 150
°C, the YS, UTS reduced significantly and the elongation to failure increased

correspondingly.

Table. 5.4 Mechanical properties of the Mg-Zn-Gd alloys.

RT HT (150 °C)
Hardness UTS YS Elon UTsS YS Elon

(BHN) (MPa)  (MPa) (%) (MPa) (MPa) (%)
51.3 155.22 91.58 6.1 121.34 68.06 6.5

0 Gd
(+1.6)  (211.12) (#5.62) (20.2) (¥12.22) (¢5.13) (#0.3)
62.1 189.54 9466 56 14287 84.24 6.1
2 Gd
(#2.3)  (£15.26) (212.04) (x0.1) (+10.06) (+10.72) (+0.5)
654 21216 10222 46 15534  98.02 5.4
3 Gd
(£15)  (£10.77) (27.52) (0.1) (¥11.41) (£3.42) (0.1
66.3 19266 91.68 44 13245  67.40 5.4
4Gd
(#1.3)  (£13.42) (210.50) (¥0.3) (+8.07) (+11.58) (+0.1)
70.7 15441 8157 32 12392 6176 5.2
10 Gd

(£24)  (£9.54) (£6.22) (#0.1) (¥6.09) (£7.61) (20.2)
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5.5 Mg-Zn-Gd-Ca Alloys

The mechanical properties at room temperature and high temperature (150 °C)
including hardness and tensile properties are listed in Table. 5.5. It is seen that, within
the tested range, the highest properties are obtained for the Mg-5Zn-3Gd (0 Ca) alloy
and the addition of Ca is found to be detrimental to the tensile properties of the alloys.
As mentioned earlier, the addition of Ca decreases the amount of (Mg,Zn);Gd along
grain boundaries, which may lead to decrease in YS and improvement in elongation

[167,187].

Table. 5.5 Mechanical properties of the Mg-Zn-Gd-Ca alloys.

RT HT (150 °C)
Hardness uTs YS Elon UTS YS Elon

(BHN) (MPa) (MPa) (%) (MPa) (MPa) (%)
65.4 212.16 102.22 4.6 155.34 98.02 5.4

0ca (£15)  (210.77) (#752) (20.1) (£11.41) (£3.42) (20.1)
66.4 19861 9524 51  157.18 8953 5.8
05Ca (+2.4)  (210.22) (#9.20) (+0.5) (£6.33) (£5.47) (0.2)
68.3 17716 9067 57 14244 8411 6.3
1Ca (+1.3)  (211.04) (#13.71) (20.2) (£14.57) (£5.88) (0.2)
Ve 722 164.77 8145 59 12168 7106 6.5
a

(+1.8)  (£14.20) (£7.25) (£0.3) (+11.60) (¢8.04) (20.3)

As the Ca content is increased beyond 0.5 wt.%, the volume of Ca,MgsZn;
increases and mainly distribute along the grain boundaries. Among the Ca added alloys,
0.5 wt.% Ca alloy vyields relatively high tensile properties, which is possibly due to the
difference in the size and distribution of the (Mg Zn)s;Gd phases along the grain
boundaries. It is well known that fine, uniform phases along the grain boundaries act as
an obstacle to dislocation motion thereby enhancing the mechanical properties

[188,190]. It is seen that as the volume fraction of Ca,MgsZns phases increase with
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increase in Ca content and the tensile properties are found to decline. The grain size of
the developed alloys (Fig. 4.15) are increased after 0.5% Ca addition, and the large
Ca,MgsZn; phases and cannot effectively restrict the grain growth and detoriates the
properties [191]. Therefore, the hindering effect of coarse secondary phase on grain
growth is weakened, thereby resulting in grain coarsening and the YS value decreases.
So, to design Mg-Zn-Gd alloys with Ca additions for high properties, the aim should be

to reduce the Ca,MgsZn3 content.

5.6 Conclusions

From the present study, it is understood that the addition of rare earth element
Gd has a positive effect on the mechanical properties of the Mg-Al and Mg-Zn alloy
systems. The main conclusions are as follows:

e The hardness of the Gd-containing Mg-Al alloys is evidently improved by the
Gd addition and the maximum hardness of 66.2 BHN is obtained with 2 wt.%
Gd addition.

e The tensile properties of the Mg-Al alloys alloys are enhanced by the Gd
addition both at room and high temperature and the optimum combination of
properties are obtained with 2 wt.% Gd, which is attributed due to the presence
of thermally stable intermetallic Al,Gd precipitates at the grain boundaries
which effectively suppress the dislocation motion and grain boundary sliding.

e The hardness of the Ca containing Mg-Al-Gd alloys are evidently improved and
the maximum hardness of 78.1 BHN is obtained with 1.0 wt.% Ca addition.

e The ultimate tensile strength and yield strength of 1 wt.% Ca addition in Mg-Al-
Gd alloys are significantly increased due to the presence of Al,Gd and Al,Ca
phases at the grain boundaries which effectively suppress the dislocation motion

and grain boundary sliding.
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Mg-5Zn-3Gd alloy exhibited higher UTS, YS at RT as well as at high
temperatures (150 °C), due to the presence of Mgs;ZngGd (I-phase), which
effectively strengthened the material. However, the elongation was poor due to
the brittle and coarse (Mg,Zn);Gd phase at the boundaries. Due to the lower
volume of MgsZneGd phases and continuous (Mg,Zn);Gd phase, alloys with Gd
content greater than 3 wt.% showed lesser strength properties compared to that
of Mg-5Zn-3Gd alloy. The beneficial effect of I-phase on the tensile properties
were not fully achieved in Mg-5Zn-3Gd, as most of the I-phase particles were
bulk in the as cast condition.

With increasing Ca content to Mg-Zn-Gd alloys, the UTS and YS of the as-cast
alloys decrease and an improvement in % Elon is observed which is due to

decline in the volume fraction of the (Mg,Zn);Gd phase.
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OGETUCEIgM Corrosion & Wear Behavior of the Developed Alloys

6.1 Introduction

Detailed corrosion (immersion and electrochemical tests) and wear properties of
the developed Mg-Al and Mg-Zn alloy systems are discussed in this chapter. All the
corrosion tests are done at room temperature in 3.5 wt.% NaCl solution. Dry sliding
wear experiments were carried out using the pin-on-disc wear testing machine operated
under the normal loads of 10, 20, 30, 40 and 50 N. The wear rates at constant sliding
speed (2 m/s) have been estimated and analyzed. Furthermore, wear surface of each
wear-tested sample have been examined. The corrosion and wear properties are

correlated with the respective microstructures.

6.2 Corrosion Properties
6.2.1 Mg-Al-Gd Alloys
6.2.1.1 Electrochemical test
The potentiodynamic polarization behavior of the developed alloys are depicted
in Fig. 6.1(a) and the polarization features such as icor and Ecorr OF the alloys, measured

from polarization curves are presented in Table 6.1.

Table 6.1 Electrochemical results of the Mg-Al-Gd alloys.

0 Gd 0.5 Gd 1Gd 2 Gd

icorr 1535 0.275 0.102 0.085
(mA/cm?) (+0.031) (+0.021) (:0.042)  (+0.004)

Ecorr -1.565 -1.556 -1.560 -1.530
(V) (+0.024) (+0.033) (+0.010)  (0.036)

The Ecorr Values of the investigated alloys varied between -1.565 V and -1.530

V. It is seen that the Gd additions have shifted the cathodic portion of the curves
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towards lower current densities. The corrosion current is an actual measure of corrosion
rate, representing the material’s corrosion behavior in a greater degree. The current
density values are seen to decrease with increase in the amount of Gd addition
suggesting that the increase in corrosion resistance. It is noticed from Table 6.1 that the
corrosion current densities (icorr) Of the alloys with Gd addition is lower than that of the
0 Gd alloy with appreciable reduction for 2 Gd alloy which is two order magnitude
lower than that of 0 Gd alloy implying that the 2 Gd alloy has highest corrosion
resistance. The corrosion process of Mg-Al alloys in NaCl solution undergoes two main
reactions. One is the anodic dissolution reaction and the cathodic hydrogen evolution

reaction [176]. The reaction equations are listed in Equations (3-7).

Anodic Reaction: Mg — Mg** + 2¢ (1)
Al — AP +3e” (2)

Cathodic Reaction: 2H,0 + 2e"— H,1 +20H™ (3)
Corrosion Product: Mg** + 20H™ — Mg(OH),| (4)
Als* + 30H™ — AI(OH)3| (5)

The electrochemical results indicate that Gd is effective in enhancing the
corrosion resistance of Mg-Al intermetallic alloys by suppressing the hydrogen
evolution. Grain boundaries play an important role in affecting the alloy’s corrosion
resistance. Some investigations show that the secondary phases at grain boundaries act
as the hindrance for corrosion, thereby attributing to better corrosion resistance
[192,193]. When the Gd content reaches to 2 wt.%, the grain size is smaller compared
to the other alloys imparting the best corrosion resistance. The variations in corrosion
current with the addition of gadolinium due to the reduction of Mgi;Al;, or
compositional homogenization. The Mgi7Al;, precipitates act as microcathodes,

causing internal galvanic corrosion thereby accelerating the corrosion process [175].
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When gadolinium is added, the Al present in the alloys are utilized to form Al-Gd
phases thereby lowering the Al content available to form Mg;7Al1; precipitates. It has
been validated that the potential difference between Mgi7Al1; and the o phase, is
relatively larger than the potential difference between Al,Y and o phase [194].
Similarly, the micro-galvanic cathode caused by the potential difference will be
weakened with Al,Gd gradually replacing Mg;7Al:12. Eventhough the Al,Gd acts as the
main corrosion resisting phase, it also acts as cathode, inducing galvanic effects,
because the Al,Gd surrounding Mg matrix gets preferentially dissolved suggesting the
cathodic nature of the same relative to the Mg matrix [6,68,175,176]. But the additions
upto 2% do not produce many such micro-electrodes and results in corrosion resistance.

The electrochemical impedance spectroscopy (EIS) behavior of the studied
samples is represented as Nyquist plot and the simulated fittings are presented in Fig.
6.1(b) and found to be well fitted with the experimental spectra. The diameter of the
capacitive semicircle in nyquist plot is highly associated with corrosion resistance;
larger diameter implies higher corrosion resistance [72]. Among the studied alloys, 2
Gd alloy exhibited a larger diameter whereas, 0 Gd alloy showed the lowest diameter
indicating that corrosion resistance of alloys increased with increase in Gd content. The
fitted EIS values of the experimental alloys are summarized in Table 6.2. In the
equivalent circuit (Fig. 6.1(c), Rs represent the solution resistance between the reference
electrode and specimen. A constant phase element (CPE), usually represented as Q, is
an equivalent electrical circuit component that models the behavior of a double layer
that is an imperfect capacitor. Q; and Q. represent the two constant phase elements
which are used to obtain a good fit, considering the inhomogeneous reaction rates at the
electrode surface, electrode surface roughness, varying thickness and non-uniform

current distribution during corrosion [195]. R; and R, are the respective resistance
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elements corresponding to Q; and Q.. The R; values of the samples (in the high
frequency domain) are increased in the following order: 0 Gd < 0.5 Gd < 1 Gd alloy < 2
Gd. Among the studied alloys, 2 Gd alloy showed the highest resistance indicating its
increased corrosion resistance. The Q value is related to corrosion reaction area i.e. low
Q value implies that relatively low area of the exposed surface is corroded. The fitted
values of Q shows continuous decrease in the following order: 0 Gd > 0.5 Gd > 1 Gd
alloy > 2 Gd. The thin layer of oxide due to the interaction of alloy surface with air and
the corrosion product formed during the corrosion acted as a protective cover to the
surface in the NaCl solution to some extent. Similar values of Q obtained with all the

tested alloys indicated that the protection offered by the corrosion product was similar.

-1.2 190
(a) (b)
13-
2G4 Lo
144
; 154 .M
4 -
FEE T E
= 5 and
2 0Gd
B o :
g 1G4 § n
e 0.5 Gd
1.9+ [
-0 T T T T T T T T T T T T
10 68 b0 55 5D 48 A0 A 30 2SS - = T T T T T T T T T T T
1 @ I 4 ¢ B e 1D M W W e e
bog i i ASem™ ) »
L' (ohmem”)
(c)
RS LY LY
rr irr
R R,
—1 1
L === 1

Fig. 6.1 (a) Tafel plot, (b) Nyquist plot, and (c) Equivalent circuit model of the Mg-Al-
Gd alloys.

In general, for bare substrates, the high frequency capacitive loop represents the
formation of oxides or hydroxides at the metal-solution interface as the result of
corrosion occurring during the test. The values of ‘n’ for all the alloys are close to

unity, indicating a capacitance behavior. However, the deviation observed in the ‘n’
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values is normally due to non-uniform current distribution. The presence of inductive

loop indicates the occurrence of pitting corrosion in the samples.

Table 6.2 The fitted EIS values of the Mg-Al-Gd alloys.

0 Gd 0.5 Gd 1Gd 2 Gd
Rs (Q.cm?) 9.467 9.356 9.714 9.549
n 2 -6 -6 -6 -6
Qi1 (s"/Qem’) 54 16410 35.06 x10 26.27x10 22.17 x10
Ny 0.9656 0.7833 0.8696 0.9662
R: (Q.cm?) 65.49 79.42 82.66 180.2

2 -6 -6 -6 -6
Q2 (s" /Q.cm”) 45.64x10 37.21 x10 34.26 x10 23.06 x10
n, 0.8909 0.8956 0.9745 0.8868
R, (Q.cm?) 33.41 39.83 42.83 50.72

6.2.1.2 Immersion test

To substantiate the electrochemical results, immersion tests were carried out by
immersing all the alloys in 3.5 wt.% NacCl solution for 72 hours. Fig. 6.2 shows the
macro images of corroded samples of developed alloys for varying time of 6, 24, 48
and 72 hours. With increasing immersion time, the Gd added alloys are seen to be less
corroded. The surface becomes covered with loose white corrosion products which is
assumed to be Mg(OH),. The corrosion initiation in the various developed alloys can be
clearly seen after 6 hours of immersion. Corrosion initiates from the edges in all
samples due to irregularity and the sharp edge. After 24 hours, the 0 Gd alloy shows
pitting and uniform corrosion and almost 70% of the area is corroded. For 0.5 and 1 Gd
alloys, localized pitting corrosion is seen at almost 40% and 20% of the exposed area
respectively. For 2 Gd alloy, the initiation of corrosion can be seen which is much less
when compared to the base alloy. After 48 hours, increased pitting corrosion is noticed

for all the alloys. It is seen that the corrosion behavior of 0.5 and 1 Gd alloys are almost
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similar in nature. After 72 hours, the metallic luster of 0 Gd alloy is completely lost
while 0.5 and 1 Gd alloys show similar uniform pitting corrosion throughout the
surface. From Fig. 6.2, under the same test conditions, the metallic luster is quite
retained in 2 Gd alloy and suffered less corrosion compared to the other alloys, which
may be due to a more uniform and compact corrosion product film formation. The main
corrosion form of magnesium alloy is usually pitting corrosion, and from the
thermodynamics theory, due to different corrosion potentials, the polarization effect of
B phase influences the a phase thereby increasing the corrosion rate of o phase and
hence corrosion pits are easily formed in the o phase [192,193]. With the addition of
Gd, the corrosion potential moves to negative direction and due to the atomic size
difference between Gd and Mg atoms, Gd becomes difficult to solid-solute in
magnesium alloy and forms rare earth compounds. Another effect of Gd addition is
grain refinement which reduces the micro-galvanic effect. Gd also acts as a purifying
element, by removing the impurities in the alloy and hence the corrosion resistance of
magnesium alloys are enhanced [192-194]. The gap in between the B phases is large in
0 Gd alloy compared to the other alloys and is not effectively blocked by the corrosive
products formed between B and o phase resulting in pits and increased corrosion rate.
Smaller sized grain and the narrow gap between precipitates in 2 Gd alloy improve the
passive film thereby inhibiting anodic dissolution, and prevents the occurrence of pits.
Fig. 6.3(a) depicts the variation of corrosion rate (mm/year) of experimental
alloys as a function of immersion time in 3.5 wt.% NaCl solution. It is seen that the
corrosion rate of all alloys increase with respect to immersion time. In the case of Gd
added alloys, the corrosion rate is minimal especially in the case of 2 Gd alloy

compared to the base alloy which indicates the positive effect of Gd addition.
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From the XRD results (Fig. 6.3(b)), it is observed that various hydroxide and
oxide layers like Mg(OH),, AI(OH)s, Al,O3 and Gd,O3 seems to have developed after
the immersion test. It is suggested that adding RE to Mg alloys may improve the
passivation of the alloy via incorporation of REs in the surface film of Mg(OH), or
stabilize corrosion product films to suppress further corrosion [196-198]. The improved
corrosion resistance of the 2 Gd alloy can be explained as the incorporation of oxidized
Gd by substituting magnesium cations thereby preventing the incorporation of chloride
anions in the Mg(OH), lattice resulting in the decreased susceptibility of the passive

film breakdown.

6 hrs 24 hrs 438 hrs 72 hrs

15 mm

Fig. 6.2 Macro images of the corroded Mg-Al-Gd alloys at different immersion time.
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Fig. 6.3 (a) Corrosion rate, and (b) XRD results of the corroded Mg-Al-Gd alloys.

6.2.2 Mg-Al-Gd-Ca Alloys
6.2.2.1 Electrochemical test
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Fig. 6.4 Tafel plot of the Mg-Al-Gd-Ca alloys.

Table 6.3 Electrochemical result of the Mg-Al-Gd-Ca alloys.

0Ca 0.5Ca 1Ca 2 Ca

icorr 0.085 0.259 0.261 0.331
(mA/cm?) (+0.004) (+0.042) (+0.053) (+0.032)

Ecorr -1.530 -1.552 -1.524 -1.491
(V) (+0.036) (+0.026) (+0.036) (+0.023)
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The electrochemical polarization curves of the developed alloys are presented in
Fig. 6.4 and the polarization features such as icor and Ecor Of the alloys, measured from
polarization curves are given in Table 6.3. The Ecr values of the investigated alloys
varied between -1.55 V and -1.49 V. The current density values increases with increase
in the amount of Ca in the following order: 0 Ca< 0.5 Ca<1 Ca<2 Ca. Itis seen that
the icorr Values of all the Ca added alloys are one order magnitude higher than that of
Mg-9AI-2Gd (0 Ca) alloy suggesting that Ca addition reduce the corrosion resistance.
The increasing Ca content shifted the polarization curves to more positive potentials
which is due to the formation of Al,Ca phase. According to the electrochemical results,
the Ca addition hinders the corrosion resistance of Mg-Al-Gd alloys.
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Fig.6.5 Nyquist plot of the Mg-Al-Gd-Ca alloys.

Nyquist plot of the studied samples and the simulated fittings (Fig. 6.5) are
found to be well fitted with the experimental spectra. Among the studied alloys, 0 Ca
alloy exhibited a larger diameter whereas, 2 Ca alloy exhibited lowest diameter

indicating that corrosion resistance of alloys decreased with increase in Ca content.
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Fig.6.6 Bode plots (a) log Zmoq V/s log Freq and (b) Phase angle v/s log Freq of the Mg-
Al-Gd-Ca alloys.

The Bode plots are represented by log Zmog V/s log Freq (Fig. 6.6(a)) and Phase
angle v/s log Freq (Fig. 6.6(b)) respectively. Generally, for bare substrates, the high
frequency capacitive loop indicates the oxide or hydroxide formation at the metal-
solution interface due to corrosion during the test. The intermediate frequency loop
represents the mass transfer region in the solid phase caused by the diffusion of Mg?*
ions coming out through oxide or hydroxide layer or through the corrosion products on
the bare sample. The low frequency inductive loops are normally due to the relaxation
of the adsorbed species [199,200]. The high frequency region in Fig. 6.6(a) represents
the solution resistance (Rs). It is seen that there is not much significant variation in the
Rs value. A sudden dip in the curves at low frequency region for 2 Ca alloy could be
interpreted as the effect of degraded corrosion resistance. The Zmog 0f samples at lower
frequency region (0.1 Hz) decreased in the following order: 0 Ca (200 cm?) > 0.5 Ca
(165 cm?) > 1 Ca (120 cm?) > 2 Ca (96 cm?). The highest Zmeq Value of 0 Ca alloy
represents its enhanced corrosion resistance among the studied alloys.

The equivalent circuit model to fit the EIS data are presented in Fig. 6.7 and the
fitted EIS values of the experimental alloys are summarized in Table 6.4. The R; values

of the samples (in the high frequency domain) decreased in the following order: 0 Ca >
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0.5 Ca > 1 Ca > 2 Ca. Among the studied alloys, 0 Ca alloy showed the highest
resistance indicating its increased corrosion resistance. The fitted values of Qi shows
continuous increase in the following order: 0 Ca< 0.5 Ca< 1 Ca <2 Ca. It is observed
that the Q values are increasing with the addition of Ca implying that more area is being
subjected to corrosion. The similar values of Q observed in all the studied alloys
indicated that the protection offered by the corrosion product was similar. The values of
‘n’ for all the alloys are close to unity, indicating a capacitance behavior. As discussed
earlier, the deviation observed in the ‘n’ values is normally due to non-uniform current
distribution. The presence of inductive loop indicate the occurrence of pitting corrosion
in the samples. The L; values are seen to be increasing with increasing Ca content and

the maximum value is obtained for 2 Ca alloy indicating its degraded corrosion

resistance.
Q
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Fig. 6.7 Equivalent circuit model of the Mg-Al-Gd-Ca alloys.

Table 6.4 The fitted EIS values of the Mg-Al-Gd-Ca alloys.

‘ 0Ca 0.5 Ca ‘ 1Ca 2Ca
Rs (Q.cm?) 9.549 9.613 9.989 9.541

2 -6 -6 -6 -6
Q1 (s"Qem’) 95 17410 36.05x10 39.87 x10 43.81 x10
Ny 0.9662 0.8868 0.886 0.8814
R: (Q.cm?) 180.2 1705 1545 93.08

2 6 6 = '5
Q2 (s"/Quem’) 9306 x10 55.765 x10 46.98x10  65.26 x10
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N 0.8868 0.9756 0.931 0.9432
R, (Q.cm?) 50.72 40.806 41.41 48.54

Ly (H) 1.734 7.865 31.653 38.612

6.2.2.2. Immersion test

0Ca

0.5 Ca

2Ca

15 mm

Fig. 6.8 Macro images of the corroded Mg-Al-Gd-Ca alloys kept at different immersion

time.

To validate the electrochemical test results, immersion tests are done in 3.5
wt.% NaCl solution for a period of 72 h. The corrosion morphology of the alloys after
removing corrosion products are shown in Fig. 6.8. The amount of pits are found to be

more for Ca added alloys with increasing time revealing the increased corrosion rate
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(Fig. 6.9(a)). The XRD pattern of the corroded alloys is presented in Fig. 6.9(b). There
are main peaks observed are Mg(OH), and Al(OH)3, respectively. When the content of
Ca addition is over 1 wt.%, the diffraction peak of CaCO3; was observed due to the
reaction of Ca with the atmospheric CO, [201,202]. However, the Ca-containing phases
are expected to be corroded than the Mg matrix due to the higher electrical potential of
these intermetallic compound particles [201-203].

It is known that the main corrosion product, Mg(OH), is porous, so the
surrounding solution continuously penetrate through the layer and react with the inner
fresh magnesium substrate. When the continuous Mg;7Al1; phases with nobler potential
than Mg matrix are corroded, the solution easily goes into the interior of alloys [9]. The
immersion test of the developed alloys show that the corrosion rate increases with

increase in Ca content.
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Fig. 6.9(a) Corrosion rate, and (b) XRD results of the corroded Mg-Al-Gd-Ca alloys.

The presence of Mgi;Al;, particles in the matrix accelerate the corrosion rate
due to galvanic coupling between the second-phase particles and the a-Mg matrix
[204,205]. Even though the Al,Gd acts as the main corrosion resisting phase, it may
also acts as cathode, inducing galvanic effects, because the Al,Gd surrounding Mg

matrix gets preferentially dissolved suggesting the cathodic nature of the same relative
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to the Mg matrix [68,69,206]. Ca addition degrade the protectiveness of the passive
film [24], resulting in increased pitting. Due to the very limited solubility of Ca in Mg
at ambient temperature, such degraded protectiveness of the passive film cannot be
understood by the increment of Ca content within the o-Mg matrix. Instead, such
degradation of the passive film can result from the reduction of solid solubility of Al in
the a-Mg matrix by Ca alloying, as has been reported previously [205,207]. In addition,
the formation of the passive film may occur in a more inhomogeneous manner with
increasing Ca content, which enlarges the local potential difference. The Al,Ca
particles act as cathodic sites relative to the a-Mg matrix thereby providing preferable
sites for pit initiation. After passive film breakdown, the corrosion rate of the alloys is
determined by the general corrosion rate of the a-Mg matrix. This is understandable
when considering that passive films on Mg alloys are hardly repassivated, as has been
extensively reported [207]. The general corrosion rate of the alloys tends to increase as
the Ca content increases; this can be primarily attributed to the degradation of the
passive film by alloying with Ca. Besides, the presence of Mg;;Aly, particles, which
being nobler than the a-Mg matrix, act as microcathodes, causing internal galvanic
corrosion thereby accelerating the corrosion process. Therefore, the deteriorated
corrosion resistance observed in the Ca-containing Mg-Al-Gd alloys can be attributed
to the combined effect of alloyed Ca on the degradation of passive film as well as the

enhancement of microgalvanic corrosion.

6.2.3 Mg-Zn-Gd Alloys
6.2.3.1 Electrochemical test

The potentiodynamic polarization behavior of the developed alloys depicted in
Fig. 6.10 and the polarization features such as icr and Ecorr Of the alloys, measured from

polarization curves are presented in Table 6.5.

128



-1.4

1Gd—>
0Gd
=1.5 31Gd
1.6 S
-1.7 10 Gd
4G4
-1.8 <
=1.0 <
C 48 40 -38 .30 25 .20

log i (th';

Fig. 6.10 Tafel plots of the Mg-Zn-Gd alloys.

Table. 6.5 Electrochemical results of the Mg-Zn-Gd Alloys.

0 Gd 2 Gd 3 Gd 4 Gd 10 Gd
icorr 2.073 0.991 0.892 2.010 3.026
(MA/cm®)  (£0.024) (0.010) (x0.021) (+0.011) (+0.046)

Ecorr 1683  -1.632  -1652  -1.662  -1.698
(V) (£0.013) (0.021) (x0.010) (+0.033) (+0.024)

It is observed that the polarization curves between the anodic and cathodic
branches is unsymmetrical. The slope of log i versus applied potential is found to be
sharper in the anodic side. The complicated nature of the anodic polarization curves is
due to the simultaneous combination of anodic dissolution and cathodic hydrogen
evolution in the anodic region. Localized corrosion is yet another probable reason
which could make the anodic process unstable. The E.,r values of the investigated
alloys varied between -1.63 V and -1.698 V. Gd addition upto 3 wt.% shifted the
cathodic portion of the curves towards lower current densities suggesting that the
cathodic hydrogen evolution reaction decreased resulting in an improved corrosion

resistance. The corrosion current densities (icorr) Of the alloys with Gd addition is lower
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than that of the 0 Gd alloy, with appreciable reduction for 3 Gd alloy which is one order
magnitude lower than base alloy implying that this alloy has highest corrosion
resistance. In the present study, the alloys are tested in the as cast condition, and they
consisted of coarse second phases at the grain boundaries. During corrosion most of the
second phases in the Mg alloys are nobler than the magnesium matrix, forming galvanic
couples with the matrix thereby acting as cathodic sites [176]. The volume of the
second phases increases as the Gd content in the alloy increase, and more continuous
networks of second phase are observed. Moreover, in addition to the volume fractions,
the types of second phases and their morphologies also differ from alloy to alloy. 2 Gd,
3 Gd and 4 Gd alloys consisted of I-phase and (Mg,Zn);Gd phase and 3 Gd alloy
contains the maximum volume fraction of I-phase accounting for the improved
corrosion resistance. As the Gd content is increased above 3 wt.%, more continuous
(Mg,Zn)3Gd phase are seen in the microstructure thus accounting for decreased
corrosion resistance . The electrochemical results indicate that Gd upto 3 wt.% is
effective in enhancing the corrosion resistance of Mg-5Zn alloys by suppressing the
hydrogen evolution.

The electrochemical impedance spectroscopy (EIS) behavior of the studied
samples are represented as Nyquist plot (Fig. 6.11) and the simulated fitting circuit is
shown in Fig. 6.12, which is found to be well fitted with the experimental spectra.
Among the studied alloys, 3 Gd alloy exhibited a larger diameter whereas 10 Gd alloy
showed lowest diameter indicating that corrosion resistance of alloys decreased with
increase in Gd content above 3 wt.%. The fitted EIS values of the experimental alloys

are summarized in Table 6.6.
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Fig. 6.11 Nyquist curves of the Mg-Zn-Gd alloys.

Table 6.6 The fitted EIS values of the Mg-Zn-Gd alloys.

0Gd 2Gd 3Gd 4 Gd 10 Gd
- Re(Q.em? 9455 9621 9022 9689 9333
Q: (s"Q.cm®) 50.32x10°  46.21x10°  4259x10°  52.41x10° 60.59 x10°
N 0.8875 0.8796 0.8592 0.9813 0.8342
R: (Q.cm?) 75.56 89.14 93.03 77.27 71.24
Q. (s"/Q.cm?)  9.07 x10° 7.177x10° 5644 x107 11.656 x10° 9.043 x10™
N, 0.8885 0.8569 0.9323 0.9123 0.8649
R, (Q.cm?) 19.14 25.22 27.99 21.48 25.17
L (H) 21.57 17.92 14.84 23.33 30.51

The R; values of the samples (in the high frequency domain) varied in the
following order: 10 Gd <4 Gd < 0 Gd < 2 Gd < 3 Gd. Among the studied alloys, 3 Gd
alloy showed the highest resistance indicating its increased corrosion resistance. The
fitted values of Q; are in the following order: 10 Gd >4 Gd >0 Gd >2 Gd >3 Gd. It is
observed that the Q values are decreasing till 3 wt.% Gd addition implying that the area
being corroded is getting decreased. The values of ‘n’ for all the alloys are close to

unity, indicating a capacitance behavior. However, the deviation observed in the ‘n’
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values is normally due to non-uniform current distribution. The L, values are seen to be
increasing with increasing Gd content above 3 wt.% and the maximum value is

obtained for 10 Gd alloy (30.51H) indicating its degraded corrosion resistance.
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Fig. 6.12 Equivalent circuit model of the Mg-Zn-Gd alloys.

6.2.3.2 Immersion test

Previous studies on the corrosion behavior of Mg-Al alloys suggested that the 3
phases degrade the corrosion resistance when they were at the grain boundaries in bulk
and discontinuous form [176,208]. RE additions as major alloying elements in Mg
alloys such as Mg-La, Mg—-Ce, Mg—Nd and Mg-Y alloys have shown that the increase
in RE elements increases the corrosion rates of the alloys owing to the presence of the
second phases and that the galvanic effect [209-212]. To verify the corrosion behavior
of the studied alloys, post-corrosion test microstructures are analyzed. Fig. 6.13 depicts
the typical macrostructures of immersion tested alloys for different times after
corrosion products were removed. The preliminary results of the present study indicate
that the corrosion resistance of the Mg-Zn-Gd alloys decreased as the second phases in
the alloys increased beyond 3 wt.% Gd. The corrosion rate (Fig. 6.14) of 3 Gd alloy
was around 3 mm/yr, whereas, the corrosion rate of 10 Gd alloy was around 21 mm/yr,
which is 7 times higher after 72 hours. Thus, the decline of corrosion resistance can be

confirmed with the increase in Gd content.
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Fig. 6.13 Surface macrographs of the Mg-Zn-Gd alloys for different time periods.

Due to galvanic corrosion, the continuous dissolution of matrix around the
intermetallics has led to undermining of the intermetallics. The dissolution of second
phases themselves in the later stages of corrosion is another possibility if the stability of
the second phases was altered by NaCl solution, and stronger alkalinization of the
surface corrosion products after long immersion times. The difference in chemical
composition of the same intermetallic phase in the alloys may also influence the
severity of micro-galvanic process. Moreover, the types and morphologies of second
phases differed from alloy to alloy. 2 Gd alloy consisted of mainly (Mg,Zn)s;Gd phase
with a morphology of rod and small spherical shape. Hence, less corrosion was
observed. In 3 Gd alloy, in addition to (Mg, Zn)sGd phase, an increase in the volume of

MgsZneGd phase are observed. The I-phase enhances the corrosion resistance of an
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Mg-Zn-RE alloys [135]. It is seen that the volume of the second phases increased as the
total amount of alloying elements increased, and more continuous networks of
(Mg,Zn)3;Gd phase are observed in 10 Gd alloy attributing to higher corrosion rate.
Moreover, the Mg;2ZnGd (X-phase) present in the matrix might also have influenced
the corrosion process. Previous studies on Mg-Zn-Y alloys show that the increase in

the volume of X-phase increased the corrosion rate due to the galvanic coupling effect.
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Fig. 6.14 Corrosion rate of the Mg-Zn-Gd alloys for different time periods.

The pH value of 3.5% NaCl solution was found to be 7.15 at 37+£0.5°C before
the test and it is seen to increase to 10.30, which can stimulate the formation of
Mg(OH), which inturn can partially protect the area thereby partially suppressing the
localized corrosion. Various other oxide layers like Zn(OH), and Gd,O3 are also seen in
the XRD analysis (Fig. 6.15). It is found that the levels of Zn(OH), and Gd,O3 have
remained almost constant for all Gd added alloys but the intensity of Mg(OH), and
ZnO is more for 3 Gd alloy, which might have contributed to the better protection of
the alloy. For 10 Gd alloy, it is seen that the intensity of ZnO layer formed is very less

leading to decline in corrosion resistance.
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Fig. 6.15 XRD analysis of the corrosion products of the Mg-Zn-Gd alloys.
6.2.4 Mg-Zn-Gd-Ca Alloys

6.2.4.1 Electrochemical test
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Fig. 6.16 Tafel plots of the Mg-Zn-Gd-Ca alloys.

Fig. 6.16 depicts the potentiodynamic polarization curves of Mg-Zn-Gd-xCa
alloys, and the corrosion potential (Ecor) and corrosion current density (icorr) are shown
in Table. 6.7. The E¢or values of the developed alloys varied between -1.652 V and -

1.574 V. The i value is remarkably increased (by one order magnitude), indicating
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that the corrosion resistance of Mg-Zn-Gd-xCa alloy deteriorates with increasing Ca
addition. The electrochemical potential of Ca;MgsZns phase is higher than o-Mg,
therefore the Ca,MgsZns phase acts as active cathodes thus driving the a-Mg substrate
to dissolve rapidly through galvanic corrosion [213,214]. The size, distribution and
morphology of secondary phases also influence the corrosion resistance of an alloy.
The increase in volume fraction of Ca,MgsZns phase due to increase in Ca content also
retards the corrosion resistance.

Table. 6.7 Electrochemical results of the Mg-Zn-Gd-Ca alloys.

‘ 0 Ca 0.5 Ca 1Ca 2 Ca

icorr 0.892 1.342 1.215 2.038
(mA/cm?)  (£0.021) (+0.033)  (£0.016)  (+0.020)
Ecorr -1.652 -1.593 -1.574 -1.581
(V) (+0.010) (0.012)  (#0.015)  (+0.008)

The electrochemical impedance spectroscopy (EIS) behavior of the studied
samples are represented as Nyquist plot and the simulated fittings are shown in Fig.
6.17 and found to be well fitted with the experimental spectra. Among the Ca added
alloys, 0.5 Ca alloy exhibited a largest diameter whereas 2 Ca alloy showed the lowest
diameter indicating that the charge transfer resistance is remarkably decreased with
increase in Ca content above 0.5 wt.%. The fitted EIS values of the experimental alloys
are summarized in Table 6.8 and the circuit is shown in Fig. 6.18. The R; values of the
samples (in the high frequency domain) varied in the following order: 0 Ca > 0.5 Ca >
1 Ca > 2 Ca. The increased R; value of 0 Ca shows its increased corrosion resistance.
The fitted values of Q; are in the following order: 0 Ca < 0.5 Ca<1 Ca< 2 Ca. The
increment in the Q; values are directly proportional to the area being corroded. As

discussed earlier, similar values of Q observed in all the studied alloys indicate that the
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protection offered by the corrosion product is similar. Capacitance behavior is indicated
by the ‘n” value close to unity for all the alloys and slight deviation observed is due to
non-uniform current distribution. Pitting corrosion is indicated by the presence of
inductive loop at lower frequencies in the samples. The L; values are seen to be
increasing with increasing Ca content and the maximum value is obtained for 2 Ca

alloy (22.84 H) implying that the Mg substrate suffers pitting corrosion.
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Fig. 6.17 Nyquist curves of the Mg-Zn-Gd-Ca alloys.

Table 6.8 The fitted EIS values of the Mg-Zn-Gd-Ca alloys.

0Ca e ‘ 1Ca ‘ 2 Ca

R, (Q.cm?) 9.022 9.324 10.274 10.166
Qi(s"/Qem®)  4259x10°  48.8x10° 22.7x10 34010

N 0.8592 0.9045 0.9432 0.885

R: (Q.cm?) 93.03 67.53 56.34 30.45
Q:(s"Qem®)  5eaax10’  6.88x10 891x10°  10.46x10

n, 0.9323 0.9458 0.9941 0.8212

R, (Q.cm?) 39.99 27.65 23.05 17.83

L. (H) 14.84 16.64 19.92 22.84
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Fig. 6.18 Equivalent circuit model of the Mg-Zn-Gd-Ca alloys.

6.2.4.2 Immersion test

0 Ca 0.5 Ca 1Ca 2Ca

6 hrs

24 hrs

48 hrs
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Fig. 6.19 Surface macrographs of the Mg-Zn-Gd-Ca alloys for different time periods.

Macro-image examination of immersed Mg-Zn-Gd-xCa samples at different
times (after removal of corrosion products) in 3.5 wt.% NaCl are presented in Fig. 6.19.

Increased localized corrosion is seen and pitting corrosions becomes prominent in Ca
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added alloys after 6h, indicating that Ca accelerates the corrosion of Mg-Zn-Gd-Ca
alloy after 0.5 wt.%. The corrosion rate (Fig. 6.20) is seen to increase from 3 mm/year
(Mg-5Zn-3Gd alloy) to 8.8 mm/yr at 72 hours for the 2 wt.% Ca added alloy. The
galvanic corrosion between secondary phase and o-Mg attributes to the decreased
corrosion resistance of the alloy. The secondary phase acts as micro cathode, thereby
accelerating the corrosion of the alloys when Ca content increases [215,218].

It is seen that the entire surface of Mg-Zn-RE-Ca alloy are covered by insoluble
corrosion products. When 0.5 wt.% of Ca added to Mg-Zn-RE-Ca alloy, the corrosion
rate is minimal and the surface is covered by insoluble Mg(OH), and white particles.
The Mg(OH), is converted into a more soluble MgCl, by the chloride ions in the
solution. As discussed earlier, the pitting corrosion is due to the second phases having
more positive corrosion potential compared to the Mg matrix. The addition of 1 and 2
wt.% Ca to the alloy causes corrosion products and cracks compared with O Ca alloy. 2
Ca alloy suffered severe corrosion attack and hence the formation of many large
corrosion pits on the surface. Fig. 6.21 depicts the XRD patterns of the corrosion

products. The main peaks observed are Mg(OH),, Zn(OH),, Gd,03 and MgCOs.
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Fig. 6.20 Corrosion rate of the Mg-Zn-Gd-Ca alloys for different time periods.
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The Mg(OH), peaks intensities are seen to be increased with increasing Ca
content and is due to the considerable amount of Mg(OH), formed on the of specimen
surface. Mg(OH), has a HCP structure and easily undergoes basal cleavage, caused by
the formation of crack on the corrosion product layer [216-218]. It can be also observed
that the absorbance of the spectra from the Mg(OH), was significantly lower in 0 Ca

alloy which led to a lesser cracks compared to that in the other alloys.
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Fig. 6.21 XRD analysis of the corrosion products of the Mg-Zn-Gd-Ca alloys.

6.3 Wear Properties
6.3.1 Mg-Al-Gd Alloys

As seen from the hardness data, the Gd addition make the alloy harder, which is
mainly due to the formation of Al,Gd phase, whose volume fraction increased with
increasing the Gd concentration. Due to Gd addition, the Mg;7Al;, phase is substituted
by more thermodynamically favorable Al,Gd phase. The increase in hardness would
directly increase the wear resistance of the alloys [57,81,82,219]. The weight loss of
samples with varying Gd additions are measured using the pin-on-disc tester and the

calculated wear rate is presented in Fig. 6.22.
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Fig. 6.23 SEM micrographs of the worn (a) 0 Gd (b) 0.5 Gd (c) 1 Gd, and (d) 2 Gd
alloys tested at 5kg.

It is observed that there is considerable decrease in the weight loss by increasing
the content of Gd, which is consistent with the increase in hardness due to the formation

of harder Al,Gd phase, whose volume increases with increase in Gd. The weight loss of
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0 Gd alloy is about 18% more than that of 2 Gd alloy. The enhanced wear resistance
can also be attributed to the higher thermal stability of Al,Gd phase, compared to that
of Mgi7Al;,. During the dry wear test, due to increase in the sample surface
temperature, softening occurs for materials with low-melting temperatures. The
thermally stable Al,Gd phase effectively resists wear under such testing conditions. The
wear morphology results of the test specimens at 5 kg load are shown in Fig. 6.23. The
wear scar width (WSW) of as cast Mg-9Al alloy is 105 um. Large pieces of alloy are
seen to peel off from matrix, and the cracks propagate in a straightline. Taking into
consideration the hardness and second phase, the 2 Gd alloy has the lowest WSW value

of 56 pm indicating its higher wear resistance.

6.3.2 Mg-Zn-Gd Alloys

It is observed from the Fig. 6.24 (a) that with increasing Gd content, the wear
rate is found to decrease for the same load level till 3 wt %. This is attributed to the
strengthening of the alloys by the precipitation of hard MgsZnsGd particles. However,
with the application of higher normal loads for the same Gd content, the wear rate
increases drastically. This is obvious that at higher loads, the soft Mg matrix smears off
leading to higher wear in spite of the presence of hard particles. It is fascinating to note
that for Mg-5Zn-3Gd alloy, for all the loads, the wear rates are much reduced. It can be
also seen from Fig. 6.24 (b) that the wear resistance of 3 Gd alloy is quite appreciable
when compared to the other developed alloys. This is due to the presence of Mgs;ZnsGd
particles embedded in the o-Mg matrix which do not allow the Mg to smudge.
Quasicrystals plastically deformable at temperatures about half the melting point, but at
low temperatures most quasicrystals show high hardness and low friction coefficient.
This combination of properties can be effectively used to improve the wear resistance

of materials [220].

142



24 150

@ 10 Gd (®) 4]

20 4Gd md N3G
E e 2 Gd
-y 18- 3 Gd E 1w+
".". 164 1 |u:
B 0 Gd E o]
!' 14 = ] r
] 261 in &
E E T~ JGd
Z 104 = “: o

8 S04 10 Gd

6 1

0 2 Py “ 50 10 20 30 a0 0
Laoad (%) Load (N}

Fig. 6.24 (a) Wear rate, and (b) wear resistance of the Mg-Zn-Gd alloys.
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Fig. 6.25 Coefficient of friction of the Mg-Zn-Gd alloys.

Zhang et al. [221] investigated the friction and wear behavior of Mg alloys
containing I-phase containing and discussed their wear mechanisms. The variations of
the friction coefficients of the developed alloys at different applied loads are depicted in
Fig. 6.25. The friction coefficients decreased with increase in applied loads for all
alloys. When two hard materials come in contact, it leads to the formation of small
fracture particles which are picked up again and gradually forms a film on the wear
surfaces. Thus, the contact of dissimilar materials tranforms to contact of similar

materials, which attributes to the increase in friction coefficient. At a low loads, the
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contact temperature will be low and the hardness of alloys can be retained resulting in
higher friction coefficients. The friction coefficients initially decreases with increasing
Gd content and the lowest value is achieved at 3 wt.% after which the friction
coefficients increased. Quasicrystal phases have low friction coefficient and high
brittleness [220]. With the increase of Gd content, the quasicrystal phase volume
fraction increases. When Gd content is 3 wt.%, the low friction coefficient of
quasicrystal phase plays a key role in reducing the friction coefficient of the alloy. With
further increase of Gd content, the brittleness is increased with the increase in volume
fraction of (Mg,Zn);sGd phase. During sliding, some small pieces could be easily
removed from the surface by the shear and impact stress. Hence, the surface became
coarse, resulting in increased friction resistance and friction coefficient.

The wear scar width (WSW) of the developed alloys at 50 N load are depicted
in Fig. 6.26. All the worn surfaces are seen with distinct pattern of grooves and ridges
running parallel to one another ensuring the typical characteristic of sliding wear. Deep
scratches observed on the worn surfaces of all the tested samples may be attributed to
the hard asperities of counter face or detached particles that are removed from the pin
and placed on the contact surface. When the normal applied load reaches certain critical
thresholds, flash temperatures at contacting asperities could exceed the melting point of
the matrix alloy, thus increasing bulk temperature and causing gradual softening of the
Mg alloy. Continued sliding or increase in load would raise temperatures further,
leading to melting, which is due to the lower thermal stability of the Mg-Al alloys. The
micrographs reveal detachment of sheet-like wear debris from the worn surfaces. The
pin surface has been subjected to ploughing with obvious deep grooves or scratches.
The light scratches found on the worn surface may be attributed to the hard asperities of

counter face or detached particles removed from disk or pin. Taking into consideration
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the hardness and second phases, the 3 Gd alloy has the lowest WSW value of 72.5 um

indicating its higher wear resistance.

Fig. 6.26 Wear scar width of (a) 0 Gd (b) 2 Gd (c) 3 Gd (d) 4Gd, and (e) 10 Gd alloys.

6.4 Conclusions
By the addition of Gd, both the Mg-Al and Mg-Zn alloy systems have shown

improvement in corrosion as well as wear properties. The conclusions drawn from the

study are as follows:
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From the potentiodynamic polarization behavior of Mg-Al-Gd alloys, it is seen
that the Gd additions have shifted the cathodic portion of the curves towards
lower current densities suggesting increased corrosion resistance. The Mg-9Al-
2Gd alloy has the lowest icorr and the most negative Ecor, Which means that this
alloy has the strongest suppression effect in cathodic hydrogen evolution and
the highest corrosion resistance. The diameter of the capacitive semicircle in
Nyquist plot is the largest for Mg-9Al-2Gd alloy which confirms its corrosion
resistance.

The increasing Ca content in Mg-Al-Gd alloys shifted the polarization curves to
more positive potentials which is due to the formation of Al,Ca phase. The icorr
values of Ca added alloys are one order magnitude higher than the base alloy
and the i values are seen to slightly increase with increase in Ca wt.%
implying the decline in corrosion resistance. The diameter of the semicircle in
the nyquist plot is seen to be decreased with increase in Ca content which
confirms the degraded corrosion resistance of alloys. At 72 hours of immersion
test, the corrosion rate of Ca added alloys increased to 44 % of that of base
alloy.

Corrosion resistance of the Gd added Mg-Zn alloys increased till 3 wt.% and
then declined. From the potentiodynamic polarization behavior, it is seen that
the Mg-5Zn-3Gd alloy has the lowest icr and the most negative Ecor, Which
points that this alloy has the strongest suppression effect in cathodic hydrogen
evolution and the highest corrosion resistance. The diameter of the capacitive
semicircle in Nyquist plot is the largest for the same alloy which confirms its

corrosion resistance.
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The increase in corrosion rate of the Gd added Mg-Zn alloys above 3 wt.% can
be attributed to the presence of continuous (Mg, Zn);Gd phase and Mg;,ZnGd
phases at the boundaries. The corrosion rate of Mg-5Zn-10Gd alloy is around 7
times higher than Mg-5Zn-3Gd alloy after 72 hours.

The corrosion resistance of Ca added Mg-Zn-Gd alloys are found to be
deteriorating with increase in Ca content. In addition to the W-phase,
Ca,MgsZn; phases also act as cathodic sites and accelerate the corrosion rate.

It is observed that there is a decline in the wear rate by increasing the content of
Gd to Mg-Al alloys, which is consistent with the increase in hardness due to the
formation of harder Al,Gd phase, whose volume fraction increases with
increase in Gd. The Wear Scar Width (WSW) of the Mg-9AI-2Gd alloy is
decreased by 46%, compared with the cast Mg-9Al alloy indicating its enhanced
wear resistance.

There is considerable decrease in the wear rate upto 3 wt.% Gd addition to Mg-
5Zn alloy which is attributed to the strengthening of the alloys by the
precipitation of hard MgsZneGd particles. With further increase of Gd content,
the brittleness increased with the increase in volume fraction of (Mg,Zn)s;Gd
phase. The Wear Scar Width (WSW) of the Mg-5Zn-3Gd alloy is decreased by
36%, compared with the cast Mg-5Zn alloy indicating its enhanced wear

resistance.
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Chapter 7 Summary & Conclusions

7. 1 Introduction

During the past half century, much progress has been made on the application
of magnesium and its alloys in the automotive and aeronautical industries. The prime
advantage of magnesium is its low density (1.74 g/cm®) and high specific strength.
Many researchers have made efforts to replace materials being used in automobile
industries such as steel and aluminium with a material having low density and high
specific strength. Magnesium, is having a density of only 20 % that of steel and 60%
that of aluminium. The development of Mg alloys with enhanced mechanical, corrosion
and wear properties have been considered and investigations undertaken. The elemental
additions of Sb, Ca, RE, Sr, Si, etc which leads to the formation of thermally stable and
morphologically favorable intermetallic phases have been extensively studied. These
intermetallic phases effectively block the dislocation motion and restrict the grain
boundary sliding during creep. Among these elements, rare earth additions have many
merits such as purifying the alloy melt, modifying the castability, refining the
microstructure, improving the mechanical properties and anti-oxidization properties.
The present work attempts to understand the microstructure, mechanical and wear
properties of Mg-Al and Mg-Zn alloys with varying Gd. Moreover, it is necessary to
refine the a-Mg phase and modify the phases in alloys to improve their properties.
Hence the effect of varying Ca wt.% on the optimal Mg-Al-Gd and Mg-Zn-Gd Mg-Si
are also studied.

The present chapter highlights the significant conclusions drawn from the
present work. Also, the contributions and scientific impact of this study have been

examined in order to draw a roadmap with directions for future research.
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7.2 Summary

The commercially used AZ and AS series Mg alloys, having reasonably high
aluminium content, are most significant and economically competitive. However, they
are unsuitable for power train applications in automobile industry owing to its poor
mechanical properties at elevated temperature due to the presence of thermally unstable
Mgi7Al;, phase. RE addition is the best choice for attaining the aforementioned
properties by the formation of RE-containing intermetallic phase results in
improvement in high temperature tensile properties of Mg-Al alloys. Gadolinium (Gd)
can reduce the formation of B- Mg;7Al1; phase by consuming aluminium to form
thermally stable intermetallic Al,Gd phase, and also has an electrochemical potential
almost near to that Mg. Introduction of hard intermetallic Al,Gd phase can greatly
enhance the wear resistance at room as well as high temperatures. Hence, studies on
increasing the application of Mg-Al magnesium alloy for powertrain application with
supportive wear and corrosion resistance with individual and combined effect of Gd
with Ca is highly essential.

The icosahedral quasicrystal phase (I-phase) in Mg-Zn-RE alloys show a good
combination of strength and ductility due to the strong interface between the I-phase
and the Mg-matrix, which is due to the high symmetry and the quasiperiodicity of the I-
phase. I-phase is very helpful for the mechanical properties of Mg alloys. Due to high
hardness and low friction coefficient of I-phase, Mg alloys reinforced with I-phase
particles usually have superior wear resistance. In order to fabricate the Mg alloy
reinforced with I-phase, it is crucial to explore the formation range of I-phase in one
alloy system. The relation between composition, microstructure and properties of Mg-
Zn-Y based system in both as cast and heat treated conditions is well documented in

the literature. However, the Mg-Gd-Zn system is relatively new, and has not been
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investigated in detail. Mg-Zn-Gd is one of the very important systems as its
microstructure consists of many different phases, such as I, W, X and laves phases,
depending on the ratio of Zn to Gd contents, thus imparting different properties. Thus,
the mechanical properties of these alloys can be tailored accordingly by altering the Zn
and Gd contents.

Hence, to develop new Mg-Al-Gd and Mg-Zn-Gd alloys with high strength,
wear and corrosion resistance, a thorough knowledge on the structure-property
correlation of these alloys is essential. In the present investigation, alloys containing
individual and combined effect of Gd with Ca are prepared, and their microstructure,
mechanical corrosion and wear properties are evaluated in the as-cast condition. The
conclusions drawn from each alloy system are summarized below.

7.2.1 Mg-Al Alloys
The structure-property evaluation of the Mg-Al alloys with addition of Gd and Ca are
as follows:
= The microstructure of Mg-9Al consists of massive -Mg;7Al;2 and a-Mg.
= When Gd is added in varying wt percentages to Mg-9Al alloy, in addition to the
refinement of Mg;,Al;, phase a thermally stable Al,Gd phase is formed in the
matrix.
= When Ca is added to Mg-9AI-2Gd alloys, the Ca atoms are incorporated into the
B- Mgi7Al;, phases and in addition to Al,Gd phases, Al,Ca phases are formed
above 1 wt.% Ca addition.
= Better mechanical properties are obtained on Mg-9Al-2Gd-1Ca alloy due to
suppression of discontinuous Mg;7Al;2 phase formation and the presence of
Al,Gd and Al,Ca phases at the grain boundaries which effectively suppress the

dislocation motion and grain boundary sliding.
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= The corrosion resistance with Gd addition is mainly due to (1) improved film
stability surrounding the $-Mgi7Al12 phase due to the formation of Al,Gd phase
at the grain boundaries, (2) low volume fraction of B-Mg;7Al1, phase, (3)
presence of more protective oxide films and (4) reduction in grain size.

= Ca addition is observed to be detrimental to corrosion resistance.

= Formation of themally stable Al,Gd phase in Mg-9Al alloys enhances the wear

resistance of the alloys.

7.2.2 Mg-Zn Alloys
The variation of properties by the addition of Gd and Ca to Mg-Zn alloys are
summarized below:
= The microstructure of Mg-5Zn alloys comprises of MgZn, and a-Mg.
=  When the Zn/Gd ratio is in the range of 7-3, the main phases present in the
alloys are (Mg,Zn);Gd and Mgs;ZngGd. In addition to the (Mg,Zn)sGd phase,
Mgi,ZnGd phase is formed when the Zn/Gd ratio is decreased to 1.
= |t is seen that the morphology of (Mg,Zn);Gd phase becomes more continuous
with decrease in Zn/Gd ratio.
= With increasing Ca content, the volume of (Mg,Zn)3;Gd phase decreases and the
Ca,MgeZn; phase increases.
= Mg-5Zn-3Gd alloy yields higher mechanical properties due to the presence of
MgsZnsGd, which effectively strengthens the material. However, the elongation
is poor due to the brittle (Mg,Zn)s;Gd phase at the boundaries.
= The increase in corrosion rate of the Mg-5Zn alloys with Gd above 3 wt.% can
be attributed to the presence of continuous (Mg, Zn);Gd phase and Mg;,ZnGd
phases at the boundaries. In Ca added alloys, in addition to the W phase,

Ca,MgeZn; phase act as cathodic sites and accelerate the corrosion rate.
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= The decrease in the wear rate upto 3 wt.% Gd addition to Mg-5Zn alloys is
attributed to the hard Mgs;ZnsGd particles. With further increase of Gd content,

brittleness increased with the increase in volume fraction of (Mg,Zn);Gd phase.
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Scope of Future Work

e A detailed TEM study to identify the mechanism responsible for improving the
properties of Gd added Mg-Al and Mg-Zn alloys.

e A study on the effect of heat treatment on Mg-Al and Mg-Zn alloys.

e Creep studies for Mg-Al-Gd, Mg-Al-Gd-Ca, Mg-Zn-Gd, Mg-Zn-Gd-Ca alloys and
study the creep mechanisms responsible for improving the high temperature
properties.

e The corrosion behavior of magnesium alloys in coolants is still unclear and has not
been systematically investigated. The compatibility of magnesium alloy in coolants
that are developed for non magnesium alloys is yet another concern. The
conventional coolant consists of 30-70 vol% ethylene glycol (EG) and and some
inhibitors like molybdate, phosphate, borate, nitrate, nitrite, tolyltriazole, benzoate
and silicate. The corrosion behavior of the developed magnesium alloys in ethylene

glycol need to be investigated at ambient temperature.
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