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Abstract

Effect of the microstructural changes after friction stir processing on the corrosion behaviour
of rare earth added QE22 magnesium alloy is studied. The composition of QE22 alloy is 2.60
wt% Ag, 1.73 wt% Nd, and 0.68 wt% Zr, and balance magnesium. Its hardness varied from 90
VHN for FSP zone to 76 VHN for the base metal zone. Electrochemical tests performed in
3.5wt% NaCl solution showed that FSPed alloy with ultrafine grained magnesium matrix with
dissolved (Mg12Nd2AQ) precipitates and refined second phase (Mgi12Nd) precipitates displays
a significantly lower corrosion resistance. There are large number of micro-galvanic cells and
it weakens the barrier to corrosion propagation in magnesium matrix. Higher weight loss is
observed in immersion test, larger corrosion current values in polarization studies and lower
charge transfer resistance and capacitance values in EIS plots. The inferior corrosion resistance
of FSPed alloy is attributed to three factors. Firstly, deformation induced crystal defects made
the magnesium matrix more active. Secondly, the refined second phase (Mg12Nd) precipitates
formed a large number of micro-galvanic cells and promoted corrosion in the magnesium
matrix. Lastly the dissolution of continuous net like precipitates (Mg12Nd2Ag) in magnesium

matrix promoted corrosion in FSPed alloy.



Chapter 1

Introduction

Magnesium is an eight most common element of our earth crust and third most abundant
material [1]. Atomic number of magnesium is 12. It belongs to the alkaline earth metals of the
periodic table. Its oxidation number is +2. It is highly soluble in water. Magnesium has a
density of 1.738 g/cm® at 20°C which is almost one-fourth that of steel and two-third of
aluminium. Magnesium does not exist in pure form due to its high reactivity. It exists in the
form of (Mg?*). Magnesium alloys are projected as structural metallic material for 21 century
due to their high strength to weight ratio. Magnesium has an hcp structure. The lattice
parameters of pure magnesium at 25 °C are a = 0.32092 nm and ¢ = 0.52105 nm. The c/a ratio

1.6236, which makes magnesium nearly perfectly close-packed (c/a = 1.633) [2, 3].

According to the globally used designation of magnesium alloys the first
letters indicate the major alloying elements and are followed by numbers which represent the
elements in wt%. Magnesium and magnesium alloys have major applications in various places
like electronics, transportation, biomedical, automotive field and aircraft industries [4]. By
using magnesium alloys we can increase the vehicle fuel economy. Magnesium is a lightest
structural material. Generally, aluminium, zinc, manganese, silicon, copper, rare earth,
zirconium are added as an alloying elements in magnesium. Magnesium alloys may be either
cast or wrought. But cast alloy magnesium alloys are more commonly used. Since 2003,
wrought alloys are extensively used. The melting point of magnesium is approximately 923
K. It is highly flammable and reactive material. Due to their lower strength, ductility, and poor
corrosion resistance their application is limited to specific areas [5]. Magnesium alloys exhibit
some good properties such as high specific strength, castability suitable for high pressure die-
casting, ability to be turned and milled at high speed under controlled atmosphere. But it
exhibits some inferior properties like poor modulus of elasticity, low strength and low creep
resistance at high temperature, high shrinkage allowances. However, due to its lightweight
property, it is preferred choice in many places. Magnesium has a huge scope for use as

biodegradable metallic implants in a cardiovascular and musculoskeletal application.
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There are many ways to improve the mechanical properties, thermal stability at high
temperature and corrosion resistance of magnesium alloys. Mechanical properties and
corrosion resistance of magnesium alloy can be increase with grain size refinement and
addition of rare earth element. In grain size refinement mechanical properties are improved
according to the hall pitch relationship. There are many methods available to refine the grain
size like.g. Equal channel angular processing, friction stir processing, rolling and burnishing.
Equal channel angular processing is one of the most attractive and conventional methods of
grain size refinement but it is a time-consuming. In addition, mechanical properties are

improved due to the solid solution strengthening.

Grain refinement has some influence on the corrosion resistance of a material, which
also depends on other morphological and topographical features. It is observed that smaller
grain size can reduce the corrosion resistance of material. In some magnesium alloys like
AZ61, AZ31B, and grain refinement improved the corrosion resistance but in other alloys like
AZ91D alloy grain size refinement reduced the corrosion resistance. Pre and post heat
treatment process in ultrafine grain magnesium alloy also affected the corrosion resistance. Lot
of work has been done to reduce the drawbacks of magnesium and its exploit positive features.
This led to the development of several groups of alloys. The alloy development has been guided

by desire to improve-the following:
a) Specific strength

b) Ductility and density

c) Creep resistance

d) Corrosion resistance

a) Specific strength: In terms of specific strength, the most popular magnesium alloys are AZ
and AM series alloys. In these alloys the main elements along with magnesium and aluminium
are zinc (Z) and manganese (M). AM series alloys are generally suitable for die-casting
applications, and AZ series alloys are suitable for wrought applications. Their success is due

to the good combination of mechanical properties, workability, and castability [6].

b) Ductility and density: If we add lithium as an alloying element to magnesium alloys, it
increases the ductility and reduces the density. Lead and tin also help to increase the ductility

of magnesium alloys.
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c) Creep resistance: Alloying of magnesium by thorium can withstand the highest temperature
of 350°C. But due to radioactive nature, it has only limited applications [7].

d) Corrosion resistance: Poor corrosion resistance of magnesium alloys is a major problem.
Corrosion resistance of alloys depend on the grain size, internal stress, dislocation density,
texture, solution composition, alloying element, and the second phase. The standard potential

of magnesium (-2.375 V) is the most active potential of all structural materials [8].

Texture

Corrosion Dislocation

Internal resistance o
stress

Alloying Secc:]ndary
phase

element

Figure 1. Factors affecting rate of corrosion.

Although, severe plastic deformation (SPD) processing of metals leads to significant
improvement in mechanical properties, its effect on the corrosion resistance is not always
favourable. It has been demonstrated that SPD processing of QE22 alloy leads to improved
mechanical properties, however, its corrosion behaviour is not characterized in detail.
Therefore, the objective of the present study are to evaluate the corrosion behaviour of friction
stir processed QE22 (2.6 wt% Ag, 2.07 wt% Nd, 0.6 wt% Zr) alloy, and compare it with that
of the base alloy. Corrosion studies are performed in 3.5 wt% NaCl solution to determine the

effect of microstructure on corrosion properties.
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Chapter 2

Deformation process and phase diagram of magnesium alloys.

2.1 Friction stir process

Friction stir processing (FSP) is a surface engineering technology that can refine the
microstructures by surface modification, resulting in improved strength, ductility, fatigue,
formability, and other properties. Ultra fined grains can be produce with the help of FSP up to
a certain thickness. Non consumable larger diameter shoulder and profiled pin tool forcing into
the surface of workpiece and travelling on the surface. By the help of appropriate tool design
FSP process can be performed on larger area. Frictional heating and a large amount of
deformation occurs during FSP causing the material to flow around the tool and consolidate in
the tool’s wake. FSP zones can be produced to depths of 0.5 to 50 mm. It is observed that for
surface modification of non-ferrous alloy FSP has been used widely. Some advantages of FSP

are (1) doubling the strength of cast aluminium and magnesium alloy (2) increased fatigue life.

a)

X5

Figure 2. Schematic of friction stir process (a) rotation of tool before contact with the work

i
'

f

surface, (b) small diameter pin contact with work surface, (c) shoulder contact with work

surface, and (d) tool movement relative to the work surface [9].
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A schematic illustration of FSP is shown in Figure 2. For friction stir processing within a plate
or sheet, a specially designed cylindrical tool is rotated and plunged into the selected area. The
tool has a small diameter pin with a concentric larger diameter shoulder. When the rotating pin
comes in contact with material surface, heat is produced due to the friction that softens the
small upper surface of the material. Tool shoulder and length of entry probe control the depth
of penetration. When the shoulder contacts the metal surface, its rotation creates additional
frictional heat and soften a larger cylindrical area of metal column around the inserted pin.
During FSP, the non-consumable tool moves relative to the work surface with multiple passes,
until the fine grains would not formed. Hot working action would be formed by continuous
rotation of tool which softens the material in a narrow zone and simultaneously flow of material
would take place from the leading edge to its trailing edge. However, FSP is a local thermo
mechanical process that changes the local properties without affecting the properties of a bulk
material. The variation of temperature and strain rate with tool rotation during friction stir

process for different alloy is given in table 1.

Table 1: Variation of temperature and grain size with rpm used in FSP.

Composition Tool rotation in | Grain size (um) Temperature(K)
(rpm)

Al-8.9Zn-2.6Mg 400 0.68 583
Al-5.3Mg-0.5Mn 600 2.6 723
Al-5.3Mg-0.49Mn 400 0.7 573
Al-5.3Mg-0.49Mn- | 400 2.2 748

0.06Zr

Al-4.7Mg-0.35Sc 95 1.3 773
Al-5.6Mg-0.18Sc 95 1.7 773
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2.2 Magnesium alloy

2.2.1 Magnesium-Neodymium system
Park and Wyman [10] and Drits et al. [11] observed that the solubility of Nd in Mg at 819 K

eutectic temperature is 0.1wt % Nd as shown in Figure 3. Later, Joseph and Gschneider [12]
investigated the solubility of Mg in a-Nd as 8.2 wt% Mg at the 824 K. Nayeb-Hashemi and
Clark [13] developed the Mg-Nd binary phase diagram based on the data available in reported
literature. According to their analysis, five intermetallic compounds, MgNd, Mgz2Nd, MgsNd,
Mgs1Nd and Mgi12Nd along with terminal solid solutions of Nd and Mg, Mg in a-Nd, and Mg
in B-Nd exist in the Mg-Nd phase diagram. Afterwards, According to Delfino et al. [14] a
metastable phase Mg2Nd is detected only in quenched samples and mg-rich stable phase
Mgs1Nds has been found. Pahlman and Smith [15] found the vapour pressure of Mg in Mg-Nd
alloys in the temperature range 650-930 K by the Knudsen effusion technique. Ogren et al.
[16] obtained the enthalpy of formation of MgNd compound and carried out thermodynamic
modelling on the Mg-Nd system. In their assessment, the intermediate compounds MgN(d,

MgzNd, MgsNd, and Mg41Nds were treated as stoichiometric compounds.
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Figure 3. Mg-Nd equilibrium phase diagram [17].
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2.2.2 Magnesium- Zirconium system

Solid solubility of zirconium in magnesium is also favoured because both the elements have a
hcp crystal structure. However, magnesium exists in group Il with a valency of 2, while
zirconium is a transition element that exists in group IV with zero valency. As the valency
between solvent and solute metals becomes more unequal, solid solutions become more
restricted. Zirconium has an unfavourable valency for solid solution in a magnesium. A metal
of lower valency tends to dissolve a metal of higher valency more readily and vice versa. This
explains the low solubility of zirconium in magnesium and the high solubility of magnesium
in zirconium. Zirconium is unique in that it is the only commercially significant transition
element in groups 111, 1V, V, and VI used in magnesium-base alloys. More the electro positivity
in solvent metal and more the electronegativity in solute metal, greater is the tendency to restrict
solid solubility and form stable intermetallic compounds. The solubility of zirconium in
magnesium is low and increases with temperature. In magnesium-zirconium phase diagram an
alpha phase region has a maximum solubility of 0.87% of zirconium at 700°C. Adjacent to this
zone a two-phase region containing magnesium-rich alpha solid solution plus zirconium-rich
beta solid solution shown in Fig. 4. The structure becomes entirely beta when zirconium

exceeds 30.3 wt%.
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Figure 4. Mg-Zr equilibrium phase diagram [18].
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2.2.3 Magnesium-Silver system

The maximum solid solubility of silver in magnesium is 4 wt% at 747K as shown in Fig. 5.
The solubility of silver in magnesium varies with temperature. AgMga intermetallic compound
is formed at 80 wt% of magnesium. The Agi7Mgsa intermetallic compound is formed at 78
wt% of magnesium. AgsMg (a’) compound is formed between 10 wt% and 20 wt% below
665K. At low weight percentage of magnesium, the solubility of magnesium decreases with

increasing temperature. An Intermediate solution of MgAg (f3’) is formed which has a higher

melting point of 1098K.
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Chapter 3

Literature Review

3. Corrosion of severely deformed magnesium alloys

3.1. Galvanic corrosion

Galvanic corrosion is an electrochemical process in which two dissimilar metals are in contact
with each other in the presence of electrolyte, out of which one metal acts as anode and other
metal is acting as a cathode. Therefore, the material which behaves like an anode is corroded
preferentially shown in Fig. 6. Similar galvanic reaction occurs in the cell for producing useful
energy. There are many alloys in which more than one phase is corroded due to the galvanic
effect. In this literature review, we will see in which magnesium alloy galvanic effect is

responsible for corrosion.

The alloying elements in the magnesium always generate a second phase microstructure. Due
to this, the susceptibility to galvanic corrosion increases. We know that magnesium itself is a
very active metal. Generally, all the precipitates formed by alloying in magnesium have a high
or nobler Ecorr value.. Due to this when magnesium matrix encounters precipitates it corrodes
preferentially. This is called as micro galvanic corrosion. Micro galvanic corrosion generally
occurs due to the potential difference between magnesium matrix and second phase particles
Song et al. [20] clearly demonstrate the galvanic corrosion in AZ91D magnesium alloy. The
composition of AZ91D cast magnesium alloy was Mg-9wt%, Al-1wt% and Zn-0.206wt%, Fe-
0.0029wt%, Cu-0.0416wt%, Si-0.0007wt%, Ni-0.0008%, Be- 0.0011wt%. The microstructure
of AZ91D magnesium alloy consists of primary dendritic a-phase matrix with boundaries along
which a continuous eutectic micro-constituent consisting of fine (o+p) phase in lamellar
arrangement plus a coarse f-phase (MgizAl12) along grain boundaries exists. Equal channel
angular pressing is done in 1, 4, 8 and 12 passes to improve the mechanical properties of a
material. During ECAP passes the fine $-phase particle is uniformly distributed in the a-phase
matriX. f-phase is nobler than a-phase. Therefore, it acts as a cathode in the a-phase matrix.
Due to this, a lot of micro galvanic cells are formed in the ECAP passed sample. Secondly,
finer distribution of B-phase particle after ECAP reduce the barrier to retard the corrosion

propagation in the a-phase matrix [21]. Therefore, the lcorr value of ECAP sample is more in
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comparison to as received sample. The strain induced grain refinement increases the corrosion
rate resulting in more pits and higher weight loss in immersion test done in NaCl solution. The
large number of crystalline defects, high angle grain boundaries and dislocation offers a- phase

matrix more corrosion activation and decreases the corrosion resistance of a-phase matrix.

Anodic Reaction Cathode Reaction

Mg—Mg*+2e 2H,0+2¢ —2(0OH) +H,
B-phase (Mg;7Al;;)
Catiize?

Mg matrix (¢— phase) T

Inter-metallic Element s
(Al, Fe, Mn)

Figure 6. Galvanic corrosion between magnesium and secondary phase particles [22].

Galvanic corrosion rate depends onvarious factors such as the conductivity of the medium,
potential difference between the anode and cathode, the area ratio of cathode and anode, and
distance between the cathode and anode. Kim et al. [23] found the micro galvanic effect in an
AZ61 alloy. The chemical composition of an AZ61 alloy used was 6.43 wt% Al, 1.09wt%Zn,
0.01wt%Mn, 0.01wt%Si, 0.001wt%Cu, 0.004wt%Fe, 0.001wt%Ni and rest was magnesium.
This alloy consisted of nano sized particles of p-Mgai7Ali2 phase. Ultrafine grains are produced
with the help of HRDSR. In AZ61 alloy weight loss in immersion test decreased with decrease
in the grain size. It is observed that the weight loss in AZ61 alloy after HRDSR is 38.9 % lower
than that of as-received sample. Due to severe plastic deformation of the material, area fraction
of nano-sized B-phase particle is increased which provides a barrier to corrosion propagation.
It is possible only due to the less spacing between the nano-sized p-phase particles. When a

sample was annealed nano-sized B-phase distributed in a continuous manner along the grain
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boundary and it acts as a barrier against the spread of corrosion. However, when the space
between the nano-sizeds B-phase is large as in as received sample it forms a micro galvanic
cell due to which the corrosion rate is increased. Finer distribution of nano-sized B- phase
particles along the grain boundaries had low susceptibility to micro galvanic corrosion in the
HRDSR-processed sample. So there is no any evidence of micro galvanic corrosion in
processed sample. Coarse B- phase particles in without HRDSR- processed sample showed the
evidence of micro galvanic corrosion. Thus, refining the B-phase particles into nano-sized
structure reduces the susceptibility of micro galvanic corrosion between the a-phase matrix and
the B-phase. Sometimes along with 3-phase other intermetallic phases which consists of high
amount of iron and magnesium work as cathode and form micro galvanic couples. Similarly
when the precipitate is formed in the aluminium magnesium alloy, the concentration of
aluminium in the eutectic precipitate is increased as compared to the a-matrix, which shows a
different electrochemical behaviour and forms a galvanic cell. Pu et al. [24] illustrate the micro
galvanic corrosion in AZ31B magnesium alloy. The composition of AZ31B alloy is
2.50wt%Al, 0.60wt%Zn, 0.20wt%Mn, 0.10wt%Si, 0.050wt%Cu, 0.040wt%Ca, 0.0050wt%Fe,
0.0050wt%Ni and rest is magnesium. The material is subjected to burnishing operation. It is a
severe plastic deformation technique which can modify the surface structure. Due to the grain
refinement in the material impurities are dissolved into the grain boundaries so less cathodic
sites are available for galvanic reaction. Due to this the corrosion rate of material is decreased
[25]. According to this study, grain size alone does not influence the corrosion resistance of
material, but other factors like crystallographic orientation and residual stress are also
responsible. A material having a smaller grain size but the lesser basal texture is less corrosion

resistance as compared to the material having smaller grain size and strong basal texture.
3.2. Pitting corrosion

Pitting corrosion is defined as the removal of material from a small selected area when it comes
in to contact with corrosive environment. This is shown in Fig. 7. Pitting corrosion depends on
various microstructural features of materials like segregation, inclusion, and different phases.
It also depends on the environmental conditions like oxygen concentration, chloride ion
concentration, PH, flow rate etc. Naturally, magnesium is an active metal which undergoes a
pitting corrosion at its corrosion potential Ecor When subjected to chloride ions under non-
oxidizing environment [26]. In the presence of neutral and alkaline solution magnesium alloy
surface is subjected to an aggressive attack of chloride ions which is responsible for pitting

corrosion. So mostly, it is observed that pits always initiate adjacent to the second phase
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particles. Song et al. illustrate that due to the breakdown of the passive layer pits initiate from
the sides of second phase Al-Mg intermetallic particles. Sometimes high impurity level is also
responsible for pitting corrosion. Arbegast et al. [27] observed the pitting corrosion in AM60
alloy which was exposed to sodium chloride solution. Initially, the surface was covered with a
protective film. After the immersion in the sodium chloride solution, due to the aggressive
attack of chloride ions breakdown potential of the protective film goes up to the value of
corrosion potential of AMG60 alloy which is equal to (-1.53V). Due to this the magnesium
matrix around the intermetallic phase starts dissolving and forming a corrosion pit and

corrosion product Mg(OH):z is produced with hydrogen gas.

Corrosion Body Fluid Environment
Products _
OH S") Q4 OH

NI g2+ M g2+
Pit Formation

Figure 7. Pitting corrosion of magnesium in aqueous environment [28].

Pitting in a magnesium alloys follows an irregular path. It is not-spread in vertically downward
direction. It is spread in a lateral direction. Filiform corrosion is observed due to the galvanic
action on the metal surface as the head of the track is anodic while the tail is cathodic. This
type of corrosion is generally not seen in bare magnesium. It always initiates under the
protective layer [29]. Hochet al. illustrate that initially, corrosion shows both types of localised

corrosion- pitting as well as filiform corrosion.

Crevice corrosion is another type of localised corrosion. Crevice
corrosion does not generally occur in magnesium alloy. While filiform corrosion is one of the
special types of crevice corrosion and magnesium alloy can corrode due to the filiform
corrosion. Now the question arises is why it does not corrode due to the crevice corrosion.

Because crevice corrosion generally starts from a narrow gap its name is called crevice. Crevice
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corrosion occurs due to the moisture contents which help corrode the metal surface. Ghali et
al. [30] illustrate that crevice corrosion may start due to the hydrolysis of magnesium and

magnesium alloy,which means oxygen is not required for the initiation of a crevice.

3.3 Inter-granular corrosion

In some cases, this type of corrosion is seen in magnesium alloys due to the precipitation of
second phase particles along the grain boundaries as shown in Fig. 8. Grain boundaries are the
most suitable site for precipitation and segregation. An alloy which has an intermetallic phase
is more susceptible to inter-granular corrosion. Maker et al. [31] observed that inter-granular
corrosion is normally not seen in magnesium alloys. In the magnesium alloy, second phase

particles along the grain boundaries work as cathodes as compared to the magnesium matrix.

Figure 8. Schematic diagram of intergranular corrosion [32].
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3.4. Stress corrosion cracking (SCC)

Stress corrosion is a phenomenon which occurs when the material is subjected to a tensile
loading in a corrosive environment. It results in sudden failure of the material due to the growth
of crack as shown in Fig. 9. In magnesium alloys, SCC generally does not occur along the grain
boundaries. It mainly occurs across the grains, means that the transgranular type of fracture
will take place. However, SCC can occurs along the grain boundary like in Mg-Al-Zn alloy
due to the presence of MgizAli2 precipitate along the grain boundaries. Speidel et al. [33]
observed that alloying elements aluminium and zinc can increase the tendency of SCC. SCC

in magnesium generally follows two mechanisms.
(1) Anodic dissolution of crack tip results in continuous propagation of the crack.
(2) Multiple fracture events at the crack tip results in discontinuous crack propagation.

The first model is also called dissolution model and the second model is called brittle fracture
model. Loose et al. [34] observed that magnesium is highly resistant to SCC in alkaline

medium. However, in neutral solution, there is a chance of SCC due to chloride contents.

(Corrosion products) (Corrosion products)

M2
M2*

Tensile force €—— —3P» Tensile force

Advancing crack tip

Figure 9. Stress corrosion cracking due to tensile force in corrosive environment [35].
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3.5 Corrosion fatigue

Corrosion fatigue of magnesium alloys occurs due to cracks that propagate in a mixed trans-
granular or inter-granular mode. Corrosion fatigue crack growth rate is accelerated in
environments similar to those that accelerate SCC growth. The initiation and propagation of
fatigue cracks is shown in Fig. 10. Experimental results showed a significant reduction in the
fatigue strength in chloride containing solution. According to Stephens et al. [36] observed that
the failure of AZ91-T6 material due to corrosion fatigue is more pronounced in agqueous

solution in compare to air.

Initiation

Stage T Crack

Stage LI Cracld growth

Final fractur

Figure 10. Initiation and propagation of fatigue cracks in corrosive environment [37].
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Chapter 4

Characterization Technique

4.1 X-ray fluorescence technique

X-ray fluorescence (XRF) is the technique of emission of characteristic fluorescent radiation
from the material that has been excited by bombarding with high-energy X-rays. This technique
is widely used for elemental analysis and chemical analysis of metals, glass, and ceramics.
When materials are subjected to short-wavelength X-rays ionization of atoms take place due to
the ejection of one or more electrons. lonization will take place if the atoms are exposed to
radiation with energy greater than that of its ionization energy. Removal of an electron makes
the electronic structure of the atom unstable, and electrons in higher energy shell fall into the
lower energy shell in order to fill the hole left behind. This results in release of energy in the
form of a photon. The energy of photon will be equal to the energy difference between the two

orbitals involved.

4.2 Optical microscope

The optical microscope is referred as a light microscope that uses visible light and a system of
lenses to magnify the images of small objects. Optical microscopes are the oldest technique to
reveal the microscopic features. Optical microscope is very simple to operate although many
complex designs aim to improve resolution and sample contrast. The microscopic features like
grain size and precipitate size of as-received magnesium alloy was investigated under the light
microscope. The principle of optical microscope includes the creation of a magnified image of
an object specimen with an objective lens and the image is magnified furthermore with an
eyepiece lens to allow the user to observe it with the help of naked eyes. However, the last
image to be observed is an inverted virtual image. Microstructures of QE22 alloy were

examined using a Leica DMI 5000 M optical microscope shown in Fig.11.
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Figure 11. Leica DMI 5000 M optical microscope.

4.3 Scanning electron microscope (SEM)

SEM is one of the most widely used characterization methods for high resolution imaging and
micro analysis for solid surfaces. Therefore, the study of microstructure using SEM is very
much essential in order to understand the properties of the materials. SEM produces images of
a sample by scanning the surface using a beam of high energy electrons. The high energy
electrons after interacting with the sample produce characteristics X-rays, secondary electrons
and back scattered electrons as a result of an elastic and inelastic collision and scattering giving
information about phase structure and orientation of the sample, surface morphology and
texture, and chemical composition etc. SEM can capture images of the sample with dimensions
ranging from several microns to few nanometres. A schematic view of an SEM is shown in
Fig. 12. Morphology, topography and characteristic of the microstructure of magnesium alloy
before immersion test and after immersion test were investigated with SEM. EDS (energy
dispersive spectroscopy) was used to investigate the composition of precipitate in as-received
and friction stir processed (FSP) samples. Peaks matching with energy levels at which X-rays
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are received are displayed in EDS spectrum. These peaks correspond uniquely to a particular
element of the periodic table. The concentration of an element in second phase precipitate is
inferred by the intensity of the peak obtained in the EDS spectrum. The weight percentage of
an element in second phase precipitate was analysed using EDS. A QUANTA 200 FEG SEM

was used in this work.

>

.

-~

Figure 12. Schematic view of scanning electron microscope.

4.4 X-ray diffraction techniques (XRD)

Phase identification of corrosion products of magnesium alloy after immersion test was done
by X-ray diffraction technique (XRD) shown in Fig.13. Cobalt was used as a target material
for X-ray production. X-ray impinges on the material surface and is diffracted from a particular
planes which satisfy the Braggs law. The detector detects diffracted rays and result is shown in
the form of peaks. These peaks correspond uniquely to a particular element of the periodic

table. The existence of any phases can be detected corresponding to the existence of peaks. The
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concentration of phases can be inferred by the intensity of peaks obtained in XRD. A smartLab,
Rigaku japan X-ray diffractometer was used in this work.

Figure 13. X-ray diffraction equipment.

4.5 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is also known as electron spectroscopy. It is used for
chemical analysis. It is a surface analysis technique. It provides a gquantitative and chemical
state information of the material surface being studied. It is shown in Fig.14. The average depth
of analysis for an XPS measurement is approximately 5 nm. The principle involves the
detection of photoelectron emitted by the target material when X-rays of sufficient energy to
knock out the electrons are impinging on material surface. XPS was done on the surface of
magnesium alloy after immersion test to know the chemistry of surfaces like the formation of
oxides and their empirical formula. XPS principle involves the detection of binding energy of
photoelectron coming out of the sample. Peaks of binding energy versus intensity correspond
uniquely to a particular element of the periodic table. A PHI 5000 VersaProbe 111 XPS system

was used.
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Figure 14. Schematic diagram of X-ray photoelectron spectroscopy.

4.6 Transmission electron microscope (TEM)

Transmission electron microscopy (TEM) is a technique in which a beam of high velocity
electrons is transmitted through a thin specimen to form an image. The thickness of specimen
is in nm. An image is formed due to the interaction of high velocity electron with the sample
as the beam is transmitted through the specimen. Resolution of a TEM is higher than that of
the light microscope and SEM due to the smaller de Broglie wavelength of high velocity
electrons. This enables the instrument to detect fine details of material even as small as a single
column of atoms, which is thousands of times smaller than a resolvable object seen in a light
microscope. TEM has a huge scope in the physical, chemical and biological sciences. Electron
gun, image producing and recording system are the essential components of a TEM. Besides
the conventional transmission electron microscopy (CTEM), TEM can also appear in other
forms such as scanning transmission electron microscope (STEM) and high-resolution
transmission electron microscope (HRTEM). CTEM, STEM contains only a gun, an electron
spectrometer & detection system and a probe-forming lens. TEM generally requires a very thin
sample which can ensure the transmission of electrons and interaction with atoms either
elastically or in elastically. Hence, sample preparation techniques such as ion beam milling and

twin jet polishing are very much essential. Based on diffraction contrast different image modes
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like bright-field and dark-field of TEM can be achieved. Microstructure investigation of

magnesium alloy was done by transmission electron microscope which is shown in Fig. 15.

Figure 15. Transmission electron microscope.
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Chapter 5

Electrochemical Measurement Techniques

Corrosion phenomena involve electrochemical reactions and thus the corrosion properties of
the samples can be ascertained by studying those electrochemical reactions. Measuring current-
potential relations in the controlled environment can provide valuable information of corrosion
potentials, corrosion rates, behaviour and kinetics of the corrosion of specimen and many other
important data. In the present study, the corrosion characteristics of as-received and severely

deformed QE22 alloy was measured by three methods as mentioned below.

(@) Open circuit potential (OCP) measurement

(b) Potentiodynamic polarization technique

(c) Electrochemical impedance spectroscopy (EIS)

5.1 Open circuit potential (OCP)

The potential measured without the application of current or voltage in the electrochemical cell
with respect to the reference electrode is called open circuit potential of the working electrode.
In most corrosion experiments, OCP is measured first. In order to obtain considerably accurate
results, OCP should be measured and sufficient time is allowed to stabilize the OCP before
commencing the electrochemical measurements. A stabilized OCP indicates that the system
which is being studied has attained a steady state in which various corrosion reactions have
achieved equilibrium. OCP measurement is always followed by various electrochemical
experiments as it is a qualitative measurement and it cannot quantify the corrosion rates. In the
present study, corrosion rates of as-received and FSPed QE22 alloy are quantified with the help

of potentiodynamic polarization technique.
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5.2 Potentiodynamic polarization method

Potentiodynamic polarization method is used for the corrosion characterization of as-received
and FSPed sample from current-potential relationship. The potential of a specimen is scanned
in both positive and negative direction of the open circuit potential (OCP) and the
corresponding anodic and cathodic currents are measured and plotted by means of the software.
The measurements from the plot are used to determine carrosion behaviour of as-received and
FSPed sample in the corrosive environment. This technique can also be used to investigate the
effects of oxidizers and other corrosive environments on the specimen. Using this technique
corrosion behaviour of specimens with various modified microstructures can be compared and

an optimum condition can be examined based on the corrosion experiment results.

Usually current is plotted in logarithmic function with respect to the potential on a semi-log
chart. The plot thus obtained is called potentiodynamic polarization curve [38]. Using Tafel’s
extrapolation method, various corrosion parameters of as-received and FSPed QE22
magnesium alloy in the corrosive environment are evaluated. The parameters include Ecorr, Icorr

and Tafel constants.

5.3 Electrochemical Impedance Spectroscopy (EIS)

EISis an electrochemical measurement technique. It is a frequency domain measurement made
by applying a sinusoidal perturbation. EIS uses a small perturbations. These small deviations
from equilibrium potential are assumed to have a linear response. EIS is performed by
sweeping a wide range of frequencies at a single perturbation amplitude. Frequency ranging
from 10 KHz to 10 mHz are generally used. Impedance is defined as the opposition to the flow
of electric current having units of Ohms, Q. It is a function of frequency. Interpretation of EIS
data do based on models containing Equivalent Electrical Circuit (EEC) elements. Equivalent
circuit has combinations of circuit elements such as resistors, capacitors, and inductors. These
elements are attributed the physical processes in the system (e.g. double layer capacitance,
charge transfer resistance, polarization resistance). In Nyquist Plot data from each frequency
point is plotted between the imaginary part on the ordinate and the real part on the abscissa.
The high-frequency intercept of Nyquist plot corresponds to the electrolyte resistance (Rs) or
the ohmic resistance of the electrolyte. The low-frequency intercept corresponds to a
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combination of electrolyte resistance and polarization resistance (Rs+Rp). Therefore, diameter

of a Nyquist plot gives the value of polarization resistance.
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Chapter 6
Experimental Procedure

6.1 Friction stir processing

The composition of 6 mm thick plate of a wrought QE22 alloy is 2.60 wt% Ag, 1.73 wt% Nd,
and 0.68 wt% Zr, and balance magnesium. FSP was done in two passes with tool rotation of
800 rpm followed by 600 rpm at a feed rate of 100 mm/min. FSP tool had a shoulder diameter

of 12 mm and a taper-threaded pin was 3.4 mm long with 6 mm root diameter.
6.2 Vickers micro hardness test

Vickers hardness test is easier to use as compared to other hardness tests. The required
calculations in Vickers hardness tests are independent of the size of the indenter, generally,
pyramid shape diamond indenter is used to measure the hardness of materials. The Vickers
hardness test can be used for all the materials and has one of the widest scales among all
hardness tests. The unit of hardness given by the test is known as the Vickers Pyramid Number
(HV) or Diamond Pyramid Hardness (DPH). The hardness number is determined by load over
the surface area of the indentation and not the area normal to the force. Vickers micro hardness
tests were performed on FSP nugget zone and base metal zone in QE22 alloy using MVH-11
tester shown in Fig.16 to investigate the variation in hardness.

Figure 16. Vickers micro hardness tester.
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6.3 Open Circuit Potential (OCP)

Magnesium alloy of rectangular shape having 1 cm?area was the working electrode, saturated
calomel electrode (SCE) was the reference electrode and graphite was the counter electrode.
Tests were performed for a duration of 48h with a sampling rate of 0.5/s. Tests were performed
on the nugget portion of the FSPed sample and the base material. The standard flat Gamry
electrochemical cell was used. The picture of the potentiostat/galvanostat is shown in Fig.17.

Figure 17. PAR 273A galvanostat/potentiostat.

The instrument is capable of controlling accurate current potentials in all electrochemical cells.
The potentiostat responds rapidly to transitions in the form of steps in both potentiostatic and
galvanostatic mode. The potentiostat is attached with a computer with Windows 98 as an
operating system as the GPIB interface between the potentiostat. The potentiostat is
programmed using Powersuite® software. All the electrochemical analysis is done using the
same software with its modules such as Powercorr for potentiodynamic polarization curves.
The electrochemical cell consisted of graphite as a counter electrode and SCE with lugging

probe as a reference electrode. Fig. 18 shows the electrochemical cell used.
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Figure 18. Photograph of the electrochemical cell.

6.4 Potentiodynamic polarization

Bath of 3.5wt% NaCl solution was prepared using distilled water. The pH of the solution is
measured and recorded at the beginning of each experiment. The potentiodynamic polarization
curves were obtained with potential ranging from -250 mV to 250 mV with respect to SCE
with a sweep rate of 0.5 mV/s. Samples were cleaned with ethanol before testing. The samples
were conditioned for 1 h for initial stabilization. Tests were performed in room temperature.
All the tests were performed on the top surface of a nugget portion in an FSPed sample and

repeated by three times in order to get reliable results.
6.5 Specimen preparation and etchant solution

For potentiodynamic polarization tests, 3.5 wt% NaCl solution was used to identify the effect
of FSP on the magnesium alloy. Rectangular specimens of exposed area 1 cm?were used for
determination of corrosion rate in both as-received and FSPed samples. For electrochemical
tests and optical microscopy, samples were first mechanically polished to achieve mirror like
finish by using successively finer grades of 320, 800, 1200, 1500 and 2000 grit emery papers
and fine cloth polishing using diamond paste. The disc polisher is shown in Fig. 19. Samples
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were cleaned with ethanol before testing. For immersion tests specimen were polished with
600 grit size emery paper followed by cleaning with ethanol. After immersion tests, the
corrosion products were removed with chromic acid solution whose composition is given in
Table 2. This was followed by washing with distilled water and drying. The composition of

etchant solution used for optical microscopy are given in Table 3.

Table 2: Composition of chromic acid solution used for remove the corrosion product.

Chemical Concentration
Chromium oxide 10 gram

Silver nitrite 1 gram
Distilled water 400 ml

Table 3: Composition of etchant solution

Chemical Concentration
Picric acid 4 gram

Ethanol 70 ml

Acetic acid 10 mi

Distilled water 10 mi

Figure 19. Schematic of polishing machine.
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Chapter 7
Results and Discussions

7.1 Microstructure

Fig. 20 and 21 (a) show the optical and SEM microstructures of as received QE22 alloy sample
whose average grain size is 50+10 pm. Linear intercept method was used to determine the grain
size of as-received sample. Fig. 21 (a) and (b) show the composition of precipitate in atomic
percentage and weight percentage for both as-received and FSPed sample. Fig. 21 (a)
corresponds to point A in the as-received sample. Fig. 21 (b) corresponds to point B in the
FSPed sample. Alloy consists of Mgi2Nd eutectic network along the grain boundaries and at
the triple junctions of magnesium matrix. The average size of Mgi2Nd eutectic after FSP
measured using ImageJ software is 8+£1.2 um. Fig. 22 (a) corresponding to the cross section of
a specimen shows that FSP has refined the grain size significantly due to severe plastic
deformation (SPD). The morphology of Mgi2Nd drastically changed from elongated to the
globular. There is a significant decrease in the size of Mgi12Nd after two passes due to which
the surface area of second phase precipitate is increased. Fig. 22 (b) shows uniform distribution
of Mgi2Nd2Ag precipitate in as-received QE22 alloy. Fig. 22 (c) shows the dissolution of
Mg12Nd2Ag precipitate after the FSP process. Fig. 23 (a) and (b) show the distribution of

alloying elements in both as-received and FSPed samples.

Figure 20. Optical micrograph of as received QE22 alloy showing equiaxed microstructure.
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Figure 21. (a) SEM micrograph of as-received QE22 alloy with EDX pattern of minor phase.
(b) SEM micrograph of QE22 alloy after friction stir process with EDX pattern of minor phase.
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Figure 22. (a) Optical image of cross section of FSPed specimen, TEM images of (b) as-
received, and (c) FSPed QE22 alloy.
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Figure 23. EDS mapping of (a) as-received, and (b) FSPed QE22 alloy.
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7.2. Mechanical properties

Fig. 24 shows the variation of micro hardness across the FSP zone. The distance between the
two indentations is 5 mm which is greater than the dimension of the indentation it helps to
avoid the effect of strain hardening due to indentation. Hardness increased from 76 VHN for
base metal to 90 VHN for the FSP region. The nugget region showed a greater hardness due to
increasing the number of grain boundaries, which are responsible for restricting the movement
of dislocations. Uniform distribution of fine precipitates (Mgi2Nd) is also responsible for

increasing the hardness of nugget region.
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Figure 24. Variation of micro hardness across the nugget zone in friction stir processed QE22
alloy.
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7.3 XRD analysis of as-received and FSPed sample

Fig. 25 shows an XRD pattern of both as-received and FSPed sample. XRD peaks are obtained
at 1%minute scan rate. In Fig. 24 the intensity of some peaks in the FSPed sample is little bit
higher or some is lower than that of an as-received sample. These intensity differences are
occurs due to change in crystal orientation. Fig. 26 (a) and (b) show the shifting of peaks in
rightward direction after the FSPed process due to residual tensile stresses. XRD peaks only

show the presence of magnesium in QE22 alloy due to the low weight percentage of alloying

elements.
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Figure 25. XRD pattern of both as-received and FSPed sample.
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Fig 26. XRD pattern of both as-received and FSPed sample (a) between 37.2° to 37.8° (b)
between 55.8° to 56.3°.
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7.4. Open circuit potential

Fig. 27 shows the variation in OCP of FSPed and as received samples over 48 h of immersion
time. It shows the variation of electrode potential with immersion time. Large fluctuations are
observed in both as received and FSPed sample conditions. Initially, the OCP values of the
FSPed sample increased quickly in comparison to as-received sample and the initial OCP
values are higher after the FSPed process. However, after 1 h of immersion OCP value of the
as received sample is nobler than that of FSPed samples that shows that the anodic dissolution
rate in FSPed is more than that of the as received sample. After 10 h there is a rapid fluctuation
in the OCP value of as-received sample and it moved towards the nobler potential than that of
the FSPed sample. FSPed samples takes minimum time to reach higher OCP values. On the
basis of OCP value we can judge the corrosion rate of FSPed and as-received samples. Other

tests are required to observe the behaviour of magnesium alloy under corrosive environment.
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Figure 27. OCP curves of QE22 magnesium alloy in 3.5 wt% NaCl solution.
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7.5 Polarization measurements

Fig. 28 shows the potentiodynamic polarization curves of both as received and FSPed QE22
alloys. Stable passive region is not formed in either alloy conditions. The values of corrosion
current (icorr) and corrosion potential (Ecorr) are obtained from Tafel extrapolation. The values
of corrosion potential, Ecorr and corrosion current, icor are summarized in Table 4. The Ecorr
value of FSPed samples move towards the nobler potential in compare to as-received sample.
However, Ecorr is a thermodynamic parameter that does not represent corrosion kinetics. In Fig.
28, Ba is a slope of anodic polarization curve and (Bc) is a slope of cathodic polarization curve
and the value of Bc is greater than Ba, implying that cathodic reactions are responsible for

controlling the corrosion rate in both the samples.

The icorr value and therefore the corrosion rate in FSPed samples is greater in comparison to the
as received samples. This implies that grain refinement increased the corrosion rate of this
alloy. A possible reason is the formation of micro galvanic cells due to increase in the area
fraction of refined Mgi12Nd phase. Due to this, localised corrosion will transform into uniform
corrosion. Another possible reason is micro scale residual stresses during FSP can reduce the
activation energy barrier for atoms to leave the lattice and dissolve into the solution.
Polarization resistance, Rp, value of as-received sample is higher in comparison to FSPed
sample. There is no significant change in the kinetics of cathodic and anodic reactions after
grain refinement. Polarization resistance is calculated with the help of icor, Ba, Bc by using the

Stern-Geary equation.

- Ba B
N Z'S(ﬁa + ﬁC)iCOT'T'

R

Based on this equation, Rp value of as-received sample is more in comparison to FSPed
sample.
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Figure 28. Polarization curves of QE22 alloy in 3.5 wt% NaCl solution.

Table 4. Electrochemical parameters of magnesium alloys in 3.5 wt% NaCl solution.

Sample Ecorr icorr (A/lCM?)  Ba Be Rp,
condition (mV vs SCE) (mV/decade) (mV/decade) KkQ.

vs. SCE vs. SCE cm?
As-received -1630 20 5.5+0.4x10°  40+15 -180+10 0.40+0.03
FSP -1600+20 8.2+ 0.4x10°  45+15 -220+20 0.296+0.04
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7.6. Immersion test

Immersion method is a direct method to estimate the corrosion behaviour of materials. Uniform
corrosion rate is directly related to the weight loss during an immersion test. Normalized weight
loss per cm? after immersion tests is shown in Fig. 29. In initial 1 h, as-received sample
exhibited 0.031g lower weight loss as compared to the FSPed sample. In 24 h immersion test,
the as-received sample showed 0.011g lower weight loss in compare to the FSPed sample. In
72 h immersion test, the as-received specimen showed about 0.039g lower weight loss in
compare to the FSPed sample. In 24h the percentage weight loss in FSPed sample is less in
compare to-1h immersion test, which implies that the stacked corrosion products show little
protection effect. The pH of the solution after 72 h of immersion testing increased from 7 to
9.2. The increase in pH value of solution occurred by the dissolution of Mg(OH)2[39]. Fig. 31
shows the SEM images of surface morphologies of QE22 alloy samples before and after

immersion test.

There is a significant difference in surface morphologies of FSP and as-received sample. Fewer
macroscopic pits could be observed in the as-received sample in 1 h immersion test, but in the
FSPed sample large amount of material is removed from magnesium matrix that shows that it
corroded more as compared to as-received sample. After 24 and 72 h of immersion test, the
pits merged and converted into uniform corrosion [40]. There was a large amount of corrosion
product stacked on the surfaces after 24 and 72 h immersion tests. The XRD pattern analysis
(Fig. 30) shows that the corrosion product mainly consists of Mg(OH)2. Exactly similar pattern
was obtained for corrosion products on the as received QE22 alloy. Due to large number of

porosity with cracks in corrosion product Mg(OH):2 it provides less protection [41,42].
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Figure 29. Results of the immersion tests conducted for (a) 1 h (b) 24 h, and (c) 72 h for as-
received and FSPed QE22 alloy.
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Figure 30. XRD pattern of corrosion product on the surface of FSPed QE22 alloy after 72 h
immersion test.
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Figure 31. SEM micrographs of (a) as-received alloy after immersion for 1 h, (b) FSPed alloy
after immersion for 1 h, (c) as-received alloy after immersion of 24 h, (d) FSPed alloy after
immersion of 24 h, (e) as-received alloy after immersion of 72 h (f) FSPed alloy after
immersion of 72 h.
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7.7 Surface characterization

XPS was performed on the surface of the corroded specimens of as received and FSPed samples
to determine the chemistry of surface. XPS spectra obtained from the specimen exposed to 3.5
wt% NaCl solution for 24 h are shown in Fig. 32, 33, 34, 35. Intensity of peaks in FSPed sample
is more as compared to as-received sample. Strong signal of Mg(OH)2 can be detected on the
specimen surface. In Fig. 33 element silver existed in the form of Ag20 state and magnesium
existed in the form of Mg?* state and along with oxygen in the form of Mg(OH): state. In Fig.
34 element zirconium existed in the form of ZrO2 and neodymium exist in the form of Nd20s.
In Fig. 35 element carbon existed in the form of CO3% and C-C/C-H state. C1s peaks indicated
that the small amount of carbonate present on the specimen surface. It is existed due to the

surface contamination during the cleaning action of the specimen [43].
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Figure 32. XPS survey curve of both as-received and FSPed samples subjected to 3.5 wt%
NaCl solution for 24 h.
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Figure 33. XPS spectra of surfaces on both specimens subjected to 3.5 wt% NaCl solution for
24 h (a) Ag3d, (b) Mg2s.
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Figure 34. XPS spectra of surfaces on both specimen subjected to 3.5 wt% NacCl solution for
24 h (a) Zr3d, (b) Nd3d5.
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Figure 35.XPS spectra of surfaces on both specimen subjected to 3.5 wt% NaCl solution for
24 h. (a) C1s (b) O1 spectra.
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7.8 Electrochemical impedance spectroscopy

EIS tests are performed to detect the change of surface characteristics during the entire
immersion period. Fig. 37 shows Nyquist plot of both as-received and FSPed samples after
immersion in aqueous solution for different time intervals. Arc of a Nyquist plot is related to
metal dissolution rate during the corrosion process in which the diameter of arc is associated
with charge transfer resistance [44, 45]. At low frequency, the Nyquist plots reveal a second
arc that indicates inductive behaviour of all the samples. However, in our study we neglect the
effect of inductance. Two things are revealed from the Nyquist plots of both as-received and
FSPed samples. Firstly, the diameter of capacitive arc of FSPed QE22 alloy sample is smaller
than that of the as-received sample. Secondly, the diameter of capacitive arc decreased
continuously as the immersion time increased indicating a gradual weakening of corrosion

resistance.

Fig. 36 shows the equivalent Randle circuit. In circuit, Rp represents the charge transfer
resistance during corrosion reaction, Rs represents the electrolyte resistance, and Cq represents
the double-layer capacitance or oxide film capacitance. Table 5 summarizes all the elements of
Randle circuit from EIS test of alloy samples immersed for different durations. It shows that
charge transfer resistance of the as-received sample is higher in comparison to FSPed sample.
The corrosion resistance of metals also depends on nature of oxide film [46, 47]. In initial
immersion, FSPed samples show higher capacitance compared to as-received sample but after
immersion for 6 h and 24 h, the as-received sample shows higher capacitance as compared to
FSPed sample. It implies that as-received sample has better corrosion resistance as compared

to FSPed sample.

Figure 36. Equivalent circuit of Nyquist plot of as-received and FSPed QE22 alloy samples.
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Figure 37. Nyquist plots of impedance spectra of a specimen immersed in 3.5 wt% solution.

(a) as-received sample (b) FSPed sample.
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Table 5: Results of EIS showing Randle circuit fitting elements for QE22 alloy for different

immersion conditions.

QE22 alloy Randle circuit Immersion time, h
condition element
0 6 24
As received Rp (Ohm.cm?) 165.3 47.7 33.8
Rs (Ohm.cm?) 24.5 22.3 23.5

Cai faraday/cm? 309.6 x10°%  117.5x10°® 105.1x10°

FSPedalloy R, (Ohm.cm?) 65.2 25.7 12.8

Rs (Ohm.cm?) 23.9 22.8 22.7

Ca faraday/cm? 338.1x10%  115.9x10° 63.72x10°

7.9. Discussion

The anodic (generation of an electron) and cathodic (consumption of electron) reactions
happening during the corrosion of QE22 alloy are given by reactions (2) and (3), respectively.

Magnesium hydroxide is formed as per reaction (3).

Mg — Mg?" + 2¢~ (1)
2H20 + 2e" — H2 + 20H (2
Mg?*+20H"  — Mg(OH)2 3)

In rare earth added magnesium alloys, the second phase particles have been reported to exhibit
noble potential [48]. These precipitates are preferential sites for hydrogen evolution. The
overall corrosion morphology depends on the microstructural characteristics, which include (1)

size of second phase particles, (2) distribution of second phase particles, (3) grain size of the

57



matrix, (4) number of crystalline defects. It is reported that grain refinement can improve the
corrosion resistance of a material [49, 50]. Copper, titanium, pure aluminium show better
corrosion resistance after grain size refinement [51, 52]. However, QE22 alloy after FSP
showed poor corrosion resistance in 3.5 wt% NaCl solution. Microstructural characteristics and
corrosion mechanism of FSPed samples are associated with this negative phenomena. The
corrosion resistance of magnesium matrix depends on the detailed microstructural features like
dislocation density, grain boundaries, grain sizes and area fraction of cathodic second phase

particles which form micro galvanic cells.

Effect of FSP on the corrosion resistance of QE22 alloy

Surface crystallite defects increases the susceptibility of formation of oxide film [53-54].
Severe plastic deformation converts the microstructure into fine grains which are shown in Fig.
22(a). Deformed QE22 alloy corroded more easily than undeformed as-received sample.
Similar phenomena were also found in pure magnesium after ECAP [55]. It is clear that
corrosion is accelerated due to the defects like grain boundaries and dislocation [56]. According
to this, the stored energy in the deformed grains become easier to be corroded. Along with this
there is microgalvanic corrosion due to cathodic second phase precipitate. Together these lead
to uniform corrosion, which is shown in Fig. 31. A smaller diameter of a capacitive arc is
obtained in the Nyquist plots in FSPed sample, which is illustrated in Fig. 37. The diameter of
a capacitive arc is related to the corrosion behaviour of material. More the diameter more will
be the corrosion resistance and vice versa. Similar results are found in potentiodynamic
polarization tests. The icorr value in FSPed sample is more in compare to as-received sample
which is shown in Fig. 28. In immersion tests, more weight loss is found in FSPed sample as
compared to as-received sample shown in Fig. 29. So similar trends are found in immersion
tests, EIS tests, and potentiodynamic polarization tests. From the above discussion, the factors
that weakened the corrosion resistance are- increased the number of micro galvanic cells due
to increase in surface area of refined second phase particles, and increase in dislocation density

and other crystalline defects due to severe plastic deformation of the material.

From Fig. 27, the OCP values and Ecorr values of FSPed samples are nobler than that of as-
received samples in initial immersion time period. In the study on corrosion of ECAPed pure

magnesium, oxide film in atmospheric air and partial protective film of (Mg(OH)2) in aqueous
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solution is related to initial OCP values and Ecor. But still there is no any idea about nature of
oxide film. It is expected that the nature of oxide on Mg-Al alloys has a layered structure of
MgO/Mg-Al-oxide/substrate [57]. Surface crystalline defects are more prone to the nucleation
of oxide film. so the probability of formation of oxide film in FSPed sample would be more
which is responsible for shifting the initial OCP value towards the nobler potential. The
moment surface contacted with 3.5wt% NaCl solution, a partially protective film of Mg(OH)2
would be formed on the surface. It is expected that the surface film will consist of three layers.
The inner layer rich in magnesium, intermediate layer consisting of MgO, and outer layer
consists of Mg(OH)2 which is porous in nature [58]. Due to porosity in partially protective

films, they provide a poor barrier to penetrate chloride ions into the magnesium matrix [59].

The moment chloride ions reach the surface of magnesium matrix, faster corrosion reaction
happens due to enhanced activation of FSPed QE22 alloy. A large amount of hydrogen gas
would be produced due to faster reaction kinetics easily breakdown of a partial protective film
would happen in compare to as-received sample which can be confirmed by a reduction in
OCP values after getting the maximum values as illustrated in Fig. 27. In FSPed samples,
surface film is formed quickly as compared to the as-received sample which have similar
porosity as that of as-received sample. Similarly, during anodic polarization more fraction of a
partially protective film would be formed on FSPed sample due to the crystalline defects as
compared to as-received samples. This resulted in nobler Ecorr Values than that of as-received
samples in polarization tests. The moment the applied potential reach the Ecorr Value, partially
protective film of an FSPed sample would break quickly in compare to as-received samples

and larger icorr Value is obtained.
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Effect of second phase particles after FSP on the corrosion resistance of magnesium alloy.

As-received sample has a huge number of second phase particles besides the grain boundaries
and triple junction that play two roles- primarily it works as a cathode in the galvanic coupling
of QE22 magnesium alloy. Moreover, it works as a corrosion barrier to the corrosion
propagation in grains. Second phase is found to be inert in chlorine solution in comparison with
magnesium matrix [60]. In the as-received sample, there is a continuous net like distribution
of nobler particles (Mgi2Nd2Ag) which is shown in Fig. 22 (b) which results in retarded the
corrosion propagation in the grains and reduce the corrosion rate. In the assessment of the two
contrary special effects of second phase precipitate, micro-galvanic corrosion and corrosion
barrier effect [61], the corrosion behaviour of QE22 alloy can be explained. If the second phase
is in small fraction it works primarily as a galvanic cathode and accelerates the corrosion of
magnesium matrix. If the second phase is in high fraction and there is a net like continuous
distribution it works as a barrier against the corrosion propagation in magnesium matrix. In
the present work, the FSPed sample greatly changed the morphology of the second phase
particles. After FSP process, the second phase precipitates (Mgi2Nd) are homogenously
distributed along the grain boundaries and triple junction in the magnesium alloy. This leads to
the formation of a large amount of micro galvanic cells. Another continuous net like
precipitates (Mgi12Nd2Ag) is dissolved after FSP which is shown in Fig. 22(c). Therefore, two
reasons are responsible for increase in the corrosion rate of FSPed sample- (a) formation of a
larger number of micro-galvanic cells due to refined (Mgi2Nd) precipitates, and (b) dissolution

of (Mg12Nd2Ag) precipitate, which removed the barrier effect of these precipitates.
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Chapter 8

Conclusions and Scope for Future Work

8.1 Conclusions

Fine grained QE22 alloy was obtained through FSP and tests were performed in 3.5 wt% NaCl

solution. Effects of microstructure and crystalline defects were analysed.

In QE22 magnesium alloy fine grains are obtained after 2 pass FSP due to sever plastic
deformation in comparison to as-received sample. The crystalline defects due to strain induced
grain refinement reduce the activation barrier to convert magnesium into its ions and reduced
its corrosion resistance. This is evident from higher weight loss in immersion tests, larger icorr

values in Tafle tests, and lesser diameter of Nyquist plot observed in EIS tests.

Due to porous nature of Mg(OH)2 layer partially protective film is formed on the surface of
magnesium alloy, as per the enhanced intensities of oxides and hydroxides observed in XPS
results. Due to large number of crystalline defects in FSPed sample more fraction of oxide
film would be formed and a large amount of hydrogen gas would be produced due to faster

reaction Kinetics. So breakdown of oxide film would take place rapidly.

Lower corrosion resistance of a plastically deformed QE22 alloy is closely related to the
distribution of second phase precipitates. Due to increase .in the surface area of (Mgi2Nd)
precipitates resulting from its refinement, number of micro-galvanic cells is increased and due
to the dissolution of (Mg12Nd2Ag) precipitates barrier to the corrosion propagation in QE22 is

decreased.
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Scope for Future Work

Following work can be undertaken in future to explore further in corrosion behaviour of
magnesium alloy after severe plastic deformation. Corrosion study on QE22 alloy can be
performed after different heat treatments and comparison can be done with respect to

morphology and microstructure.
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