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ABSTRACT

Wrought magnesium alloys are lightest engineering material and it has quite special
properties which lead to particular applications. In specific, their highest strength to
weight ratio, good machinability and high damping capability makes magnesium alloys
tremendously attractive in aerospace, electronics, marine and automobile industries.
Indeed, Magnesium alloys have poor tensile strength, ductility and corrosion resistance
properties associated with other engineering materials like aluminium alloys, steels and
super alloys etc. Therefore, many researchers worked on equal channel angular pressing
of magnesium alloys to improve the mechanical properties and corrosion resistance. In
this work, the effect of channel angles on material properties were investigated during
equal channel angular pressing of AZ80/91 magnesium alloy using processing route-R
at 523K, 598K and 663K processing temperature. Channel angles of 90° and 110°,
common corner angle of 30° have been considered for the study. It has been revealed
that the channel angle has a significant influence on deformation homogeneity,
microhardness, ultimate tensile strength, ductility and corrosion behaviour of AZ80/91
magnesium alloys. Specifically, AZ80/91 Mg alloys processed through 90° channel
angle i.e die A is considered as optimal die parameter to improve above-said material
properties. Investigation showing with reference to as-received AZ80 and AZ91 Mg
alloy indicates 11 %, 14 % improvement of UTS and 69 %, 59 % enhancement in
ductility after processing through 4P through die A (90°) at 598K respectively. Also,
the corrosion rate reduces to 97 % and 99 % after processing the sample with 4P-ECAP
die A (90°) at the same processing temperature for AZ80 and AZ91 Mg alloys
respectively. This is mainly due to grain refinement and distribution of Mgi7Al:.
secondary phase during ECAP. Further, this work investigates the effect of annealing
and aging treatment on microstructure and corrosion behaviour of as-received and
ECAPed AZ80/91 Magnesium alloys. Here, annealing at 523K, 623K, and 723K were
accomplished, meanwhile samples were cooled in the furnace after 6 h and 12 h of
diffusion annealing treatment. In this study, samples were characterized by using
optical microscopy (OM) and scanning electron microscopy (SEM) and

electrochemical corrosion behavior of annealed AZ80/91 Mg alloy has been



investigated. With this, an attempt has been made to enhance the corrosion resistance
of the AZ80/91 Mg alloy by changing its microstructure and re-distribution of
secondary phase during annealing and aging treatment. It was found that corrosion rates
are minimum at higher annealing temperature and aging time because of uniform
distribution of secondary B-phases in Mg matrix, evidently shown in the microstructure
of the heat-treated AZ80/91 Mg alloy. As a result, the annealing treatment at 723K for
12 h aging is desirable to enhance the corrosion resistance. Further enhancement of as-
received and ECAPed AZ80/91 Mg alloys were observed after High Velocity Oxy-Fuel
(HVOF) coating of 316 stainless steel powder. Our results revealed that 316 stainless
steel coating on ECAP-4P AZ80/91 Mg alloys were uniform and compact on substrate
with a thickness of 805 pm. Furthermore, HVOF-coating process of 4P-ECAP
significantly reduce corrosion rate at 3.5wt.% NaCl solution making it promising for
industrial applications. The corrosion behaviour and effect of the ECAPed fine-grained
magnesium alloy and coarse-grained as-received AZ80/91 Mg alloy was investigated
in a 2.5wt.% NaCl, 3.5wt.% NaCl solution and Natural Sea Water (NSW) in order to
explore the corrosion performance of ECAPed magnesium alloys in various
environments. From, electrochemical corrosion experiments and surface morphology
observations evidently shown that grain refinement exhibited improved corrosion
resistance of the AZ80/91 alloy in all environments, also which shown a protective
passive film on the surface to shield corrosion.

Keywords: Equal Channel Angular Pressing, Magnesium Alloys, Microstructure,
Grain Refinement, DRX, Mechanical Properties, Microhardness, Corrosion, Scanning
Electron Microscope, X-ray Diffraction, Annealing, aging, High-velocity oxy-fuel

coating, Natural Sea Water.
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CHAPTER 1

INTRODUCTION

1.1 BACKGROUND

Wrought magnesium alloys are one of the most promising lightweight materials of
special interests in structural applications due to their homogeneous microstructure and
improved mechanical properties compared to as-cast Mg alloys (Zhongyu et al., 2013).
Mg alloys are one of the most reactive metals that have poor corrosion resistance and
low mechanical properties, which limits its applications in industries. Therefore
enhancement of mechanical properties and corrosion resistance have led to greater
interest in magnesium alloys because of its special applications (Noor et al., 2008; Miao
et al., 2016; Tan et al., 2016; Bao et al., 2017). Presently much effort is required for
preparation of magnesium alloys with a grain size lower than 1 pum, i.e. ultrafine-
grained (UFG) materials in order to improve the strength and corrosion resistance of
Mg alloys, many researchers worked and finally developed a severe plastic deformation
(SPD) process which greatly contributes towards grain refinement and distribution of
secondary phases to enhance mechanical and corrosion properties (Shaeri et al., 2016).
However, in SPD, ECAP is most developed and frequently used metalworking
technique for significant materials hardening due to increasing dislocation density and
considerable grain size reduction to sub-micro-level (Brunner et al., 2009). Finally,
ultra-fine grain structure and uniformly distributed secondary phase particles increase
re-passivation tendency, which exhibits the improved mechanical properties and
corrosion resistance. Further, annealing treatment and consequently ageing as well as
High-Velocity Oxygen Fuel-coating process on ECAPed Mg alloys significantly
reduce corrosion rate at 3.5 wt.% NaCl solution making it promising for industrial

applications.

1.2 MAGNESIUM ALLOYS AND ITS APPLICATIONS
Magnesium alloys were used since Sir Humphry Davy first produced pure Magnesium
in 1808 (Zivié et al., 2014). Mg is an alkaline earth metal (Group 11A) with hexagonal

closed pack (HCP) crystal structure. Magnesium is the lightest metal among all



categories of metals. Magnesium alloys have excellent material properties like strength-
to-weight ratio, good fatigue and impact strengths, and large thermal and electrical
conductivities and excellent biocompatibility (Mezbahul-islam, et al., 2014). Its low
density is one of the most promising property and a key material to increase fuel
efficiency and to reduce environmental pollution. Indeed alloying elements not only
revise the mechanical properties and also it shows the significant impact on corrosion
behaviour because of alloying elements form secondary particles which are noble or
active towards corrosion (Pardo et al., 2008). Therefore in order to enhance the
mechanical and corrosion properties of Magnesium alloys, Al, Zn, Sn, Ca, Sc, Si and
rare earth (RE) are usually selected as strengthening elements. The addition of alloying
elements is to promote the strengthening of base metal and it also shows better
corrosion resistance. RE addition improves the formability of wrought Mg alloys
(Rossouw et al., 2016). There are 17 rare earth (RE) elements which are identified
through literature (Esmaily, et al., 2017). Considering, Aluminum has a comparatively
lower density and high solid solubility in magnesium, therefore firstly, Mg base metal
combined with 2 to 10 % Al and slight addition of Zinc 0.5 to 3 %, manganese 0.1 to
0.4 % formed AZ alloys, AZ series magnesium alloys which are readily available. This
poses good mechanical properties and corrosion resistance at a lower temperature but
at elevated temperature mechanical properties of the materials reduces and material
deterioration can be observed thus the inclusion of Rare Earth, Zinc, silver, thorium and
zirconium content significantly improves the mechanical properties and corrosion
resistance. Indeed the addition of zinc to AZ Mg alloys are limited to 1-3% because of
its micro shrinkage characteristics, also above 3% of Zn accelerates corrosion and
addition of zirconium acts as a strong grain refiner for magnesium. Li addition to Mg
reduces the density by about 1.35g/cm?® which is much lower than other Mg alloys like
AZ31, AZ61, AZ80, ZK60 etc and also improves the ductility. Additionally, Mg alloys
have major applications in automobile, aerospace and medical field (Dziubinska et al.,
2016; Sahu et al., 2015; Rossi et al., 1998; Aghion et al., 2000; Kappes et al., 2013).
However, inadequate research towards the application of Mg and its alloys in the
marine field was observed. Rossi et al. (1998) investigated the use of Mg as a sacrificial
anode for the protection of offshore steels and aluminium structures. Table 1.1 presents

the properties comparison between wrought aluminium, magnesium and iron.
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Table 1.1 Properties of magnesium aluminium and iron (Pathak et al., 2012)

Properties Magnesium (Mg) | Aluminium (Al) | Iron (Fe)
Crystal Structure HCP FCC BCC
Density at 20°C (g/cc) 1.74 2.70 7.86
Al is ~2.9 x and Mg is ~4.5 x lighter than Fe
Coefficient of thermal 25.2 23.6 11.7
expansion 20-100 X 10°/°C
Elastic Modulus (10°psi) 6.4 10 30
Melting Point (°C) 650 660 1536
Standard reduction potential -2.37 -1.66 -0.447
(V vs. standard Hydrogen The higher reactivity of Mg and Al atmosphere
Electrode ) than Fe Mg can act as a sacrificial anode
Cost Mg>Al>Fe

Magnesium alloys must be used in applications where less mass and high specific
strength are required. According to the specific modulus and high specific strength,
magnesium alloys show better values than aluminium and many commercial steels.
Which makes it more attractive towards industrial applications (Blawert et al., 2004;
Kulekci 2008; Profile et al., 1994). Specifically, the automobile sector, aerospace,
marine and electronics industries. Indeed, magnesium alloys are used in automotive
vehicle parts such as front end structures, transmission case, cam cover, seat frames,
header bow, steering wheel cores and instrumental panel etc. are shown in figure 1.1
(a). Some of the aerospace applications of magnesium alloy include aircraft service
door inner panel, window frame, rudder pedal impeller blade and cockpit instrumental
panel as shown in figure 1.1 (b). Also, Mg alloys are using it as implants for orthopaedic
application and sacrificial anode in the marine field as shown in figure 1.1 (c) and (d)
respectively. However, Magnesium alloys have become an attractive alloy in the
development of strategic industries and cannot be substituted by any other alloy for
typical applications due to its high specific strength and physical properties and easy
machinability. But it has low mechanical strength, ductility and corrosion resistance
properties. Therefore, current research work focuses on the strengthening of

magnesium alloys specifically AZ Mg alloys.



Impeller with twisted blade

Figure 1.1 Applications of magnesium alloys in a) Automobile (Dziubinska et
al., 2016) b) Aircraft (Dziubinska et al., 2016) c) Biomedical: implants for
orthopaedic application (Waizy et al., 2001) and d) Marine field (Adapted from
http://electricalfundablog.com)



1.3 STRENGTHENING MECHANISMS

Magnesium and its alloys were first introduced as a structural material in 1909 (Luo et
al., 1994). The most primitive commercial alloying elements were aluminium and zinc.
Mg-A1-Zn castings were used widely, but they suffered from low mechanical strength
and corrosion problems in wet environments. It is believed that the above material
properties can be improved through strengthening mechanisms. The strengthening
mechanisms of magnesium-based alloys are commonly described to four well-known
mechanisms. (i) Precipitation strengthening: this involves strengthening of grains due
to the formation of precipitates. (ii) Solution strengthening: this involves the
strengthening of the alloys phases because of dissolved secondary phases. (iii) Grain
refinement and sub grain strengthening: this strengthening mechanism occurs due to
hindering of dislocation movement by the presence of grain and sub grain boundaries.
(iv) Dislocation density strengthening: this strengthening of the magnesium-rich phase
grains is attributed to obstructing of dislocation movements formed within the alloys
due to prior plastic deformation (Ishikawa et al., 2005; Cheng et al., 2010). The grain
refinement or grain boundary strengthening was found to be a promising method to
improve material properties of magnesium alloys (Cheng et al., 2014; Ghader Faraji et
al., 2012).

The most effective approach to improve both mechanical properties and corrosion
resistance of magnesium is grain refinement and distribution of secondary phases
through equal channel angular extrusion process. In addition, numerous studies stated
that grain refinement induced by severe plastic deformation (SPD) is an effective
method to improve both mechanical and corrosion properties of Magnesium alloys due
to Hall-Petch strengthening and uniform distribution of precipitates, respectively
(Mostaed et al., 2014; Qi et al., 2012).

1.3.1 Introduction to Severe Plastic Deformation

Severe plastic deformation (SPD) process which greatly contributes towards grain
refinement to enhance mechanical properties of the metal which leads to super-elastic
properties with respect to temperature (Shaeri et al., 2016). Various SPD processes such
as  Equal channel angular pressing (ECAP), High-pressure torsion (HPT),



Accumulative roll bonding (ARB), Reciprocating extrusion-compression (REC),
Repetitive corrugation and straightening (RCS) are employed to modify the
microstructure to improve the strength, ductility and hardness of the magnesium alloys
(Verlinden et al., 2018; Estrin et al., 2013). However, in SPD, ECAP is most developed
and frequently used metalworking technique for significant materials hardening due to
increasing dislocation density and considerable grain size reduction to sub-micro level.
Grain size reduction of metals or alloys increases the strength of the material by
accumulating large strain into work-piece and without changing the shape of the

material.
1.3.1.1 Equal Channel Angular Extrusion Process

Segal proposed this experimental technique in 1977 in Russia to improve the yield
strength of materials through grain refinement (Zrnik, et al., 2008; Ghader Faraji et al.,
2012). Figure 1.2 depicts, principle of ECAP and illustrates the schematic of equal
channel angular press (ECAP) with its terminologies the die consisting of two equal
channels intersecting at an channel angle (¢) and corner angle (V) the material is
pressed under load P, which induces intense plastic strain via simple shear without
equivalent change in the cross-sectional dimension of the workpiece, It has unique
qualities compared to the other methods of grain refinement, which is to build up plastic
strain in the material at shear region, by increasing the number of passes which leads to
reduction of the grain size in the material and it is more flexible compared to other SPD
techniques. Moreover, the strain distribution in the process depends on the friction
uniformity, die channel and corner angle. Indeed the grain size of the polycrystalline
materials generally plays a significant role, thus the strength of the all polycrystalline
material depends on average grain size ‘d’. The relationship between the yield strength
and average grain size is clearly explained through Hall-Petch relation given in equation
(1.1) explicitly materials yield strength is inversely proportional to the square root of
the grain size (Avvari et al., 2015,).

k
oy =0p + \/—% (1.1)
Where g, is the yield strength, o, (MPa) is the friction stress for dislocation movement,

ky (MPa-mmY?) is the strength coefficient for the normal stress and “d’ is the grain size.



For AZ31B magnesium alloys the friction stress g, ranges from 10 to 131MPa, the
strength coefficient ky ranges from 5.0 to 12MPa-mm*? (Wang et al., 2014). The ECAP
consists of two-channel intersects at a particular angle called channel angle ($) and the
subtended intersection point of the channel is called corner angle (). Based on this
geometry factor, the total strain developed in the ECAPed sample can be calculated and
is given by the Eq. (1.2). The total accumulated strain (geq) is N*y given in Eq. (1.3),
(Azushima et al., 2008). Also, it is reported that the lower channel and corner angle
gives larger accumulative strain to get ultra-fine grains in the materials. Ultrafine
microstructure with equiaxed grains which is separated by grain boundaries having high
angles of misorientation can be accomplished most easily when imparting a very
intense plastic strain with a value of channel angle (¢) is very close to 90°, from Eqn.

(1.2) the strain imposed on a single pass through the die is very close to one (1).

_ L L
y—\/g(Zcot ( > ) + W cosec ( . )) (1.2)
€eq = % (Zcot (?) + ¥ cosec (MTW)) (1.3)
y= shear strain geq €Quivalent strain

In equal channel angular extrusion, the metal is pressed through the die using a plunger
with a specific die and corner angle ¢ and ¥ respectively. The process has four basic
processing routes in ECAP (Figure 1.3), such as Route A: here the samples are pressed

without any rotations.

Grains Before ECAP ECAP Grains After ECAP

Coarse Grains Grain
Boundarv

NS
N f‘).{!

Y

y

Ultra Fine Grains (UFG)

Figure 1.2 Schematic of equal channel angular extrusion. (Agwa et al., 2016)



Route Ba: the specimen is rotated by 90 degrees in a clockwise direction between
consecutive passes. Route Bc: the specimen is rotated by 90 degrees in counter-
clockwise direction between consecutive passes. Route C: The specimen is rotated by
180 degrees between the passes, there is a provision to rotate the work-piece between
the successive pressing in order to activate the shear planes and direction. From the
above-said routes, ultra-fine grains can be obtained. It was reported that the route Bc
IS most effective and route A is least effective in grain refinement. Also, the author
summarized the effectiveness of ECAP processing routes that are in the order of route
Bc> route C > routes A and Ba to facilitate the process. Muralidhar et al., (2015)
introduced the new ECAP route Route-R on wrought AZ61 magnesium alloys at 483K
for grain refinement. Here the specimen is inverted to the original position in each
ECAP passes (Figure 1.3), subsequently; the average grain size of the AZ61 alloy is
reduced from 66um to 16 um, 14.1 um and 10 um for Route A, route Bc and route R
respectively. It is clear that route-R ECAP processing produces enhanced ultra-fine
grains (UFG) compare to route Bc.

Route A

v N \
Route B;: ‘[ @@ nouw QE
& N
& & R .

Route R

Figure 1.3 Different processing routes of ECAE (Avvari et al., 2015)



1.3.1.2 Factors affecting grain refinement in ECAP

Equal channel angular pressing is capable of refining the grain sizes of metallic
materials to sub-micro-meter level. This section presents the effect of ECAP process

parameters on grain refinement.

i) Die geometry: The accumulation of effective strain magnitude in a single passage
through the ECAP die is inversely proportional to the ¢ and ¥ channel angle and corner
angles respectively. Also, it is most effective in grain refinement. (Avvari et al., 2018
and Djavanroodi et al., 2010)

ii) Processing temperature: ECAP processed at a lower temperature improves the
mechanical properties. Accordingly, by increasing processing temperature, it increases
the grain size and also this reduces the dislocation density (Kumar et al., 2015; Argade
etal., 2012 and Zhu et al., 2000)

iii) Processing routes: There are five fundamental routes of ECAP, route Bc and route
R are considered as optimum routes for getting UFG microstructure in the ECAPed
samples (Avvari et al., 2015; Furukawa et al., 2001; Zhu et al., 2000)

iv) Backpressure: This improves the plastic strain in the material, prevents cracking
when ECAP working at lower temperatures. This leads to enhanced grain refinement
in the ECAPed sample and results in considerable improvement on mechanical
properties (Kang et al., 2010 and Shen et al., 2016)

v) Ram speed: Increased ram speed can be employed to attain a homogeneous
microstructure even at elevated temperatures. Typically the ram speed (mm/s) in the

range of 1-20mm/s prepared. (Valiev et al., 2006 and Sabirov et al., 2010)
1.4 INTRODUCTION TO CORROSION

“Corrosion is the deterioration of a material due to a reaction with its environment”.
Degradation implies deterioration of physical properties and the microstructure,
mechanical properties and the physical appearance of the materials. This can be a

weakening of the material due to a loss of cross-sectional area of the material. Materials



can be metals, polymers (plastics, rubbers, etc.), ceramics (concrete, brick, etc.) or
composites and alloys. But more attention is given to corrosion of metals because
metals are the most used type of structural materials and most of the corrosion of metals
is electrochemical in nature. Further sections discuss the corrosion thermodynamics,
kinetics and Mg corrosion (Edward et al., 2004; Froes et al., 1998).

1.4.1 Corrosion of magnesium alloys

Corrosion is the deterioration of a material because of a reaction with its environment.
During Mg corrosion, Mg dissolves as Mg?* which reacts with water, generates
hydrogen bubbles, creates hydroxyl groups and increases pH. Micro-bubbles that get
larger and float in the air are generated from pitting or active corrosion sites. Dissolved
divalent Mg?* ions react with hydroxyl groups (OH™) and precipitate as Mg hydroxide
(Mg (OH)2).

H, Bubble

Mg** + 2e .

™ pH 1

f. H,O + 2£ — H, + 20H

Mg*' + 20H" — Mg(OH),
O
s -%

e A
Mg(OH), Precipitation

Figure 1.4 Atmospheric corrosion of magnesium (Yun et al., 2009)

Also, a passive interlayer of Mg(OH)2 or MgO is formed on the degradation surface.
Magnesium and its alloys generally show a less corrosion resistance in agqueous
Environment, this limit its use in marine applications (Edward et al., 2004 and Liu et
al. 2009). In general, Mg failure fall into one of four categories: pitting corrosion,

galvanic corrosion, stress corrosion cracking and Intergranular corrosion (Zeng et al.,
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2006; Ghali et al., 2004; Sekar et al., 2019). However, Corrosion of magnesium in an
aqueous environment takes place according to the following anodic and cathodic
reactions leading to the formation of gaseous hydrogen and magnesium hydroxide. The
magnesium hydroxide produced acts as passive film and provides protection to the bulk
materials as shown in figure 1.4 (Yun et al., 2009). The electrochemical corrosion of

Mg in water corresponds to the sum of the two half-cell reactions (Agarwal et al., 2016).

Mg (s) + 2 H20 (ag) —— Mg (OH)2 (s) + H2 (g) (Overall reaction)
The reaction includes anodic dissolution of Mg according to:

Mg — Mg* +2e (Anodic reaction)
The corresponding cathodic reaction is the evolution of hydrogen

2H,O0+2e —— Hx+ 2 OH" (Cathodic reaction)
Mg? + 2 OH- — Mg (OH): (Product formation)

Magnesium has a very less standard electrode potential with a value of -2.37 VsHe with
respect to the hydrogen electrode potential taken as zero and at 25°C it is less noble
than most metals (Li et al., 2010).

1.4.2 Corrosion Thermodynamics

Metal corrosion occurs because due to all metals are unstable (high energy) and have a
tendency to revert to their more stable (lower energy) states by combination with
elements present in their environment (Song et al., 1999; Song et al., 2003). The
possibility of this combination or reaction occurring can be linked thermodynamically
to the free energy change for the reaction. The Gibbs free energy change (AG), therefore
it can be used as a measure of the corrosion occurring. Values of free energy change
can be obtained from the relationship given in Equation 1.4. Which indicates that the
thermodynamic tendencies for corrosion can be discussed in terms of an

electrochemical parameter (E) called the electrode potential (Gonzélez et al., 2012).
AG = — nF4E (1.4)

Where: n is no of electrons passed,;
F = Faradays constant, 96500 coulombs/equivalent;

AE = E-Eo; and Eg is the equilibrium electrode potential.
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1.4.3 Corrosion Kinetics

Corrosion kinetics refers to the scientific measurement of the stability of chemical
species present during corrosion for various substrate materials. Corrosion Kkinetics
examine the polarization of reactants in terms of their cathodic and anodic tendencies.
The use of polarization curves for the study of corrosion reactions can be traced back
to the 1930s with the work of Wagner and Traud. However, the representation of the
mixed potential behaviour is often associated with Professor Evans who has
popularized this representation of corrosion polarization measurements (Figure 1.5)
(Sukiman et al., 2012). These polarization diagrams can be quite useful for describing

or explaining parallel corrosion processes.
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Figure 1.5 Polarization curve (Sukiman et al., 2012)
According to the mixed-potential theory underlying these diagrams, any
electrochemical reaction can be algebraically divided into separate oxidation and

reduction reactions with no net accumulation of electrical charge. Under these

circumstances the net measurable current is zero and the corroding metal is charge
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neutral, which is all electrons produced by the corrosion of a metal have to be consumed
by one or more cathodic processes. While it is relatively easy to estimate the corrosion
potential (E corr) from the sharp peak observed at —0.96 Vsce, when the current crosses
zero (infinity on a log scale), the projected lines are required to find the intercept
indicating where the cathodic and anodic currents actually cancel each other. The
corrosion current density (lcorr) can be obtained by dividing the anodic current by the

surface area of the specimen. (Liu et al., 2009)
1.5 INTRODUCTION TO ANNEALING AND AGING TREATMENT

Annealing is a heat treatment technique in which the Mg alloys is heated up to the
recommended annealing temperature for a prescribed holding time followed by
controlled cooling in order to change the properties of the magnesium alloys by altering
the microstructure. The different types of annealing treatments with different objectives
exist depending on the alloy system and prior processing methods. Diffusion annealing
produces the most ductile and workable conditions for wrought Mg alloys (Xu et al.,
2018 and Silva et al., 2014).

The microstructural modification to enhance the mechanical and corrosion
behaviour of magnesium alloys is a well-established approach in the materials research
(Lietal., 2017). Altering the microstructure of Mg alloy has also presented substantial
effects on modifying different structure sensitive properties. During annealing and
aging process, the material undergoes recovery, partial recrystallization, or full
recrystallization and grain growth (Naik et al., 2019). Which effects on re-distribution
and partial dissolution of secondary phases, results in improved formability and

corrosion resistance.
1.6 COATING OF MAGNESIUM ALLOYS

Magnesium and its alloys are capable materials for lightweight structures such as in
aircraft, marine and in automobile industry due to their high specific strength. But, the
use of magnesium alloys is limited by their low corrosion resistance. Surface
modifications such as painting, electroplating, anodizing and conversion coatings have

been used now to improve their surface properties (Sidhu et al., 2005; Poinern et al.,
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2012). In addition to those conventional approaches, recent investigations have shown
that the thermal spray method has enormous potential for the surface modification of

magnesium alloys.
1.6.1 Working principle of high-velocity oxy fuel coating

The thermal spray technology offers a variety of techniques, among those techniques,
the High-Velocity Oxy-Fuel (HVOF) spray process is of greater importance because it
is possible to produce very dense coatings with outstanding corrosion and wear
resistance (Oksa et al., 2011).
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Figure 1.6 High-Velocity Oxy-Fuel (HVOF) process (Ann Gan et al., 2017)

In HVOF process (Fig. 1.6), the powder material is liquefied and propelled at a
high velocity toward the surface with the use of oxygen and fuel gas mixtures.
Propylene, propane, hydrogen, acetylene, methane, ethylene, kerosene, LPG, etc. are
used as fuels. The HVOF process consists of a spray gun, powder-feed unit, flow-meter
unit, and an air and gas supply unit. The amount of powder essential for deposition can
be controlled by using the powder feed-rate meter. In the combustion chamber, the
powder material enters the flame, where it converts molten or semi-molten state,
depending on the melting temperature and the feed rate of the powder material. The
flame temperature for the HVOF process is approximately 3000°C. The molten or semi-
molten particles are then propelled out of the gun at very high velocities toward the
substrate. Powder particles, typically within the range 10-63 um, attain velocities of

300-800 m/s at the substrate to be coated. The quality of the coatings significantly
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depends on the velocity and temperature of the powder particles impinging upon the
substrate surface (Mardali et al., 2018).

1.7 THESIS ORGANISATION
The outline of the thesis has been divided into the following sections:
CHAPTER 1

In this chapter, the background of magnesium alloys and severe plastic deformation
process, the introduction of magnesium alloys and their applications have been
described. The chapter also discusses the equal channel extrusion process, the corrosion
behaviour of magnesium, corrosion rate measurement through corrosion Kinetics and

corrosion prevention by annealing treatment and high-velocity oxygen fuel coating.

CHAPTER 2

This chapter presents a complete literature review relating to the works reported on the
effect of microstructure on mechanical and corrosion properties of magnesium alloys
after processing through equal channel angular press and also present recent
developments in improvement of corrosion resistance through heat treatment. Finally
coating have been studied and reported. In addition, the effect of different environment

on corrosion resistance of magnesium alloys is also dealt with.

CHAPTER 3

The chapter deals with the material selection, die fabrication, material preparation,
experimental setup, procedure and methodology involved in the research work. This
chapter also mentions the procedure involved in the measurement of grain size.
Moreover, the details of the equipment used for material characterization and corrosion

test have also been described in this chapter.

CHAPTER 4

Investigation on the effects of die geometries on the material properties such as grain
size, ultimate tensile strength, ductility and corrosion resistance of the ECAPed
AZ80/91 magnesium alloys are presented in this chapter. Also, the effect of ECAP

processing temperature on grain size was addressed through microstructure. Further,
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the corrosion behaviour of AZ80/91 Mg alloys was evidently discussed with corrosion

morphologies in this chapter.

CHAPTER 5

The chapter deliberates with the annealing and aging treatment of as-received and
ECAPed AZ80/91 magnesium alloys and its testing and characterization. In this
chapter, the effect of various annealing temperature and aging time on corrosion
resistance have been discussed through microstructure, polarization curves and
corrosion morphologies. Further, High-velocity oxygen fuel coating is extended for the
complete prevention of ECAPed AZ80/91 magnesium alloys. Also, deals with the
corrosion behavior of as-received and ECAPed AZ80/91 magnesium alloys in different

concentration of NaCl and marine environment.

CHAPTER 6

Lastly this chapter deals with the conclusions of the investigations carried out through
this research work. Further it also proposed future scope of research based on the

present study.
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CHAPTER 2

LITERATURE REVIEW

2.1 INTRODUCTION

This chapter presents the review of research work which is associated with the corrosion
behaviour of equal channel angular pressed magnesium alloys. The effect of ECAP die
angles and processing routes on grain size, impact of environment on corrosion
performance of as-received and ECAPed Mg alloys. The surface morphology of
corroded surface has been reported. Predominantly, the effect of grain refinement on
mechanical and corrosion characteristics have been reviewed. Further, effect of
annealing and aging treatment was reported and an overview of prevention of corrosion
for improving the corrosion resistance of as-received and ECAPed magnesium alloy

has been presented.
2.2 WROUGHT MAGNESIUM ALLOYS

Wrought magnesium alloys are of special interest as lightweight structural components
as a result of their more homogeneous microstructures and improved mechanical
properties compared to as-cast components. Letzig et al. (2007) have reported the effect
of microstructure on the tensile/compression deformation behaviour of the AZ and ZK
series alloys, from the investigation it was found that AZ80 wrought Mg alloys
exhibited highest ultimate tensile strength (UTS) and yield strength (YS) followed by
ZK30 and ZK60. With respect to the alloys used in this study, the commercial wrought
magnesium alloy AZ80 is of special interest for die forging. Wrought magnesium
alloys were first used in large quantities during the 1930s, for aircraft engines and
armaments in the form of extruded, rolled, and forged alloys (Chris Davies and Barnett.,
2004). Colleen (2005) reported Mg-Al based wrought alloys suitable for engineering
applications because of their relative ease of extrusion and adequate mechanical
properties. Mohd Ruzi H et al. (2009) reviewed the machinability of wrought Mg alloys
from the report it was concluded that the machinability of wrought magnesium alloys
can be improved by increasing the processing temperature. Moreover, wrought Mg
alloys are poor corrosion resistance, poor creep resistance as well as fatigue failure but
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these can be improved by various techniques of surface treatments, alloying additions
and by achieving fine or ultra-fine grain structure. Zheng et al. (2014) Figure 2.1,
depicts the mechanical strength and degradation rate of as-cast, wrought and
SPD/ECAPed processed Mg-based alloys. The yield strength and % elongation of cast
product is less compared to the wrought product, which is further increased by severe
plastic deformation or ECAP technique. Furthermore, the cast Mg product is prone to
corrosion, whereas wrought Mg alloys or SPD processed Mg alloys have shown
resistance to corrosion. That is wrought Mg alloys exhibited high strength and lower
corrosion rate when compared to cast alloys. Then, Agnew et al. (2004) have suggested
that wrought Mg alloys most promising material and which has a significant impact on
engineering applications and R&D research. Therefore, based on literature our research

work focusing on wrought Mg alloys (AZ-series).
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Figure 2.1 a) Yield tensile strength vs % elongation (b) YTS vs degradation rate of the
as-cast and wrought and SPD processed Mg alloys. (Zheng et al., 2014)

Also, Poggiali et al. (2014) have discussed the evolution of the microstructure for
commercial pure magnesium was processed by ECAP from the as-cast condition and
also processed by rolling followed by ECAP. This work revealed that processing by

rolling followed by ECAP is an effective route to obtain homogeneous grain
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distribution with finer grain sizes and also improves the ductility. Here, strengthening

of magnesium alloys were achieved by processing through rolling and by ECAP.
2.3 STRENGTHENING MECHANISMS

In modern years, there is an increasing interest in the development of high strength
magnesium-based alloys. The few studies indicated that the Mg-based alloys show
higher tensile strength and elongations after implementing the strengthening
mechanism. Basically, the strength of a magnesium alloy is dependent on how
dislocations in its crystal can be easily propagated. These dislocations generate stress
fields within the material depending on their character. Normally, the following
strengthening mechanisms such as solid solution strengthening (SS), precipitates
strengthening (PS) and grain boundary strengthening (GBS) are relevant in extruded
and processed magnesium materials established at room temperature (Wu et al., 2014;
Maruyama et al., 2016).

2.3.1 Solid solution strengthening and alloying

Solid-solution strengthening results from solutes hindering the glide of dislocations.
Existing theories of strength depend on solute/dislocation interactions but do not
consider dislocation core structures, which need an accurate treatment of chemical
bonding (Bennett et al., 2010; Yasi et al., 2010). Here, we focus on strengthening of
Mg, the lightest of all structural metals and a promising replacement for heavier steel
and aluminium alloys. Joseph et al. (2010) developed the strengthening model and is
validated with available experimental data for several solutes, including Al and Zn,
considered the most common solutes in Mg. resulting, improvement in mechanical
properties of magnesium alloy. Caceres and Rovera (2001) investigated the solid
solution strengthening on the hardness and strength in the Mg alloys with aluminium
content between 1 and 8 wt.%, as a result, the hardness increases and strength vary
linearly with the aluminium content. Gao et al. (2009) studied the effect of rare-earth
elements Gd and Y on the mechanical properties of Magnesium solid solutions
mechanism. It was observed that hardness and strength increases with the increasing

Gd content. Also, Luo et al. (2011) show that an addition of zinc < 2% can significantly
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improve the tensile strength of the Mg—0.2% Ce alloy. The results disclosed that Zn
increased tensile strength through solid solution strengthening mechanism and the

addition of Ce increased the ductility.
2.3.2 Precipitation Strengthening

Precipitate particles are exploited for strengthening in many commercially available
magnesium alloys. The precipitates that typically form in magnesium alloys take the
form of rods or plates lying on particular crystallographic planes, with the precipitate
morphology depending on the alloy system and heat treatment. It is identified that
different precipitate types and thermal treatment lead to markedly different
strengthening responses. Few studies in the literature are strengthened to the above
statement. Specifically, Gao and Nie (2007) reported strengthening precipitation in an
Mg-8 wt.% Zn alloy, aged isothermally at 200°C, observed the MgaZn7 and MgZn..
Robson et al. (2011) have been confirmed the effect of precipitation strengthening
against mechanical data for alloy AZ91. As a result, ageing provides improved
mechanical strength and ductility due to phase precipitation. Similarly, Zhao et al.
(2014) studied the Microstructure evolution of the AZ80 magnesium alloy and
precipitation behaviour of Mgi7Al12 phase in different heat treatment conditions. As a
result, the dissolution of Mg17Al12 phase and the grain coarsening was observed. During
aging, discontinuous precipitates were preferentially started at the grain boundaries and
then continuous precipitates appeared in the grain interiors. After solution and aging

treatment, an improved combination of strength and elongation was obtained.
2.3.3 Grain boundary strengthening

Magnesium alloys have an HCP crystal structure and there are only three independent
slip systems on the basal plane, which is less than the five independent slip systems
required for uniform deformation. This slip system makes the development of
magnesium alloy, especially wrought magnesium alloys extremely limiting of its
applications. To improve the mechanical properties and formability of wrought
magnesium alloy, many studies have investigated the use of grain refinement or grain

boundary strengthening through various plastic deformation processes (Avvari et al.,
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2014). Shahzad et al. (2009) studied the effect of grain size on mechanical properties
during extrusion of AZ80 Mg alloys, from the result it was reported that compared to
the as-cast condition, the as-extruded alloys possess much finer grain size and
consequently higher Yield Strength, Ultimate Tensile Strength and tensile elongation.
Huang et al. (2009) have reported the as-rolled sheet exhibits a combination of high
strength (TS: 329 MPa) and high ductility (elongation: 25%) when a heat-treatable
AZ80 Mg alloy subjected to differential speed rolling (DSR) at a large thickness
reduction per pass of 33%.

2.4 OVERVIEW OF SEVERE PLASTIC DEFORMATION

The strengthening capability of the Magnesium alloy is strongly affected by severe
plastic deformation. In recent years, high-pressure torsion (HPT), multi-axial forging
(MAF) and equal channel angular pressing (ECAP) technique have been utilized for
enhancing mechanical properties, corrosion resistance and formability of the Mg alloy
by microstructure modifications. In addition, the ECAP has the potential to produce

high strength and corrosion-resistant magnesium alloys.
2.4.1 Effect of microstructure on mechanical properties

The review described here is aimed at understanding contribution of microstructure on
mechanical properties after processing through various severe plastic deformation
techniques. Here, Arpacay et al. (2008) examine the microstructure evolution and the
hardness variations during HPT of AZ80 at room temperature. The grain structure
becomes more homogeneous and finer with an increasing number of HPT revolutions.
Initially, with minimum number of revolutions, the grain refinement occurs only locally
in the vicinity of grain and twin boundaries. Pronounced grain refinement was observed
in the specimen after 15 revolutions. Many grains in the nanometer range, i.e. having
the size below 100 nm were found. The hardness of the HPT samples do not vary with
an increasing number of revolutions. This can be explained by the relatively large
indentation size covering many fine grains and by rapid strengthening of the sample so
that maximum hardness is reached already after 1 revolution. Chen et al. (2012) studied

the grain refinement in an as-cast AZ61 magnesium alloy processed by multi-axial
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forging. The results show that the microstructure can be effectively refined with
increasing equivalent strain during MAF. Also, this process produces a fine-grain AZ61
alloy with a grain size of 8 um. This fine-grained alloy has an excellent strength

accompanied by reasonable good tensile ductility.

2.4.2 Impact of microstructure on corrosion behaviour

A literature on the effect of microstructural changes on the corrosion behavior of
magnesium alloys have been reported in this section. Specifically, Zhang et al. (2017)
described the microstructure and corrosion resistance of HPT-processed Mg-Zn-Ca
alloy. The corrosion resistance of the HPT processed Mg alloy increased due to the
uniform dense distribution of second phases after the process. Bahmani et al. (2019)
investigated the microstructure evolution of the extruded ZAXM4211 Mg alloy. The
grain size was significantly refined and uniform after MDF due to dynamic
recrystallization, as a result, corrosion resistance of the MDFed alloy was remarkably
improved. Gajanan et al. (2019) have reported the effect of grain refinement and its
impact on corrosion resistance after the combined processes of multi-direction forging
and equal channel angular pressing. This study outstandingly obtained a 94% reduction
of corrosion rate for AZ80 Mg alloy after MDF-3 passes followed by an ECAP-2 passes

(0.77mm/y) process compared to as-received Mg alloy.
2.5 EQUAL CHANNEL ANGULAR PRESSING OF MAGNESIUM ALLOYS

2.5.1 Result of die parameters in equal channel angular extrusion

Many researchers worked on the effect of die parameters on deformation homogeneity,
plastic stress and plastic strain through FE analysis. Djavanroodi and Ebrahimi (2010)
investigated the effect of channel angle and friction coefficient on the deformation
behaviour of aluminium alloy during ECAP through FE method. The analysis was
carried out by considering the channel angle of 60°, 75°, 110°, 120° and constant corner
angle 25°%nd also friction coefficients of 0.001 and 0.3. The study revealed that the
amount of strain and distribution of strain increases with decreasing ECAP die channel
angle and increases the coefficient of friction. Djavanroodi et al. (2012) simulated

combinations of four die channel angles such as ¢ = 60°, 90°, 105° and 120° and two
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corner angles w = 0°, 15° and pass numbers up to eight passes have been simulated by
route A. Patil et al. (2015) investigated the effect of ECAP channel angle and inner and
outer corner radii through 3D FE analysis. Obtained results in terms of peak pressure,
strain and strain inhomogeneity were reported and analyzed using analysis of mean
(ANOM). Main effects and interaction effects of all geometric parameters were
computed by means of analysis of variance (ANOVA). From the simulation, it was
noticed that the peak pressure is mainly influenced by channel angle (¢). Also from the
study, it is revealed that to achieve the preferred strain the most important die
parameters are channel angle (¢) and corner angle (y). Along with this Park & Suh
(2001), researcher simulates the effect of the corner angle on deformation behaviour in
ECAP.
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Figure 2.2 Various equivalent strain values for different channel angle and an outer arc

of curvature (Furuno etal., 2004)

FE simulation revealed that a sharp corner die produces more uniform deformation than
the round corner dies under frictionless condition. Thus, ECAP is presently being
extensively examined because of its ability to produce fine-grained microstructures in

metals. The effect of channel angle and its influence on deformation homogeneity and
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strain distribution is significantly stated in the literature through finite element analysis
(FEA). Ding et al. (2009) studied the effect of ECAP channel angle on the Grain
Refinement of Magnesium from the study it was found that 90° channel angle exhibited
lower grain size with respect to number of passes compare to die having channel angle
120°. Also, the study revealed that the fine grain structure and improved tensile strength
can be obtained by using reduced ECAP processing temperature. Kocisko et al. (2014)
investigated the influence of ECAP geometry on the effective strain distribution
through FEM simulation by considering ¢= 90°, 100°, 110° a 120°, outer corner angle
(w) and inner corner angle (r) were being varied. The results from simulations have
indicated that if the outer corner angle increases, mean effective strain decreases. After
two ECAP passes (route C). Han et al. (2009) examine the effect of die geometry on
the variations of normal and shear deformations with a deformation rate tensor. The
study concludes that maximum shear deformation was activated in the region near the
line of intersection of the two die channels in die with a lower curvature angle (¥#<48°).
For different channel angle (&) and outer arc of curvature (%), the variation in
equivalent strain is represented in figure 2.2. Reports of all theoretical simulations do
not give sufficient details of its effect on mechanical properties and corrosion behaviour
of the workpiece. The experimental study on the effect of channel angle is not yet
reported, and therefore, our work aims to accomplish the research gap. In our present
work, an attempt has been made to study the deformation behaviour of AZ80 Mg alloy
by pressing the sample through two different channel angles (¢) 90° and 110° by treating
corner angle (y) 30° as constant in both cases. Further, a study of microstructure,
mechanical properties and corrosion behaviour of AZ80 and AZ91 magnesium alloys
after ECAP were reported and discussed in the results and discussion section.

2.5.2 Influence of processing temperature and routes on grain size during ECAP

To improve mechanical properties several studies focused on grain refinement and
processing routes during equal channel angular press. During the ECAP process,
dynamic recrystallization easily occurs in many engineering materials including
magnesium alloys. Arab and Akbarzadeh (2013) concluded that the average diameter
of the grains is decreased by increasing the stress level or number of ECAP passes and

fine grains can be obtained by processing below the recrystallization temperature of
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magnesium alloys. Muralidhar Avvari et al. (2014) studied the microstructure evolution
and mechanical properties of AZ80 Mg alloys. The average grain size was obtained of
7 um, 9.5 um and 11.2 um for the temperatures of 275°C, 300°C and 350°C respectively
after 4 ECAP passes. The average grain size of the procured AZ80 alloy was 44.5 pm.
Lower processing temperature showed a significant effect on microstructure and
mechanical properties of AZ80 alloy. Song-Jeng Huang et al. (2018) the effect of ECAP
processing route on AZ61 magnesium alloys were investigated. The AZ61 alloy
processed through Bc route with eight passes exhibited the smaller grain size, Avvari
et al. (2014) introduced the new ECAP route called Route-R on wrought AZ61
magnesium alloys at 483K for grain refinement. Here the specimen is inverted to the
original position in each ECAP passes, subsequently; the average grain size of the AZ61
alloy is reduced from 66um to 16 um, 14.1 um and 10 pm for Route A, route Bc and

route R respectively and further the hardness of the material also increases in route R.

2.5.3 Impact of grain size on mechanical properties

Recent studies have shown that grain refinement has major contribution to improve the
mechanical properties of magnesium alloys. Few such studies were reviewed in this
section. Here, Minarik et al. (2017) have reported microstructural evolution and
mechanical properties of heat-treated and ECAPed Mg-4Y-3RE (WE43) by reducing
ECAP processing temperature. The study achieved significant improvement in
mechanical properties and obtained lower average grain size of ~ 340 nm after the
eighth ECAP passes. Yuchun Yuan et al. (2013) worked to achieve an excellent
combination of high strength and good ductility in the AZ91 Mg alloy. The approach
involves equal channel angular pressing (ECAP) and subsequent aging. This approach
is effective in accumulating dislocations and promoting the formation of large spherical
precipitates during ECAP. The hierarchical grain refinement produced by the current
approach extracted high strength and good ductility. Muralidhar et al. (2013) improved
the mechanical properties of AZ31 Mg alloys after processing with ECAP owing to
grain refinement. Yuchun et al. (2016) achieved high tensile strength and improved
ductility in ZK60 Mg alloy by grain refinement and precipitate hardening through the
use of annealing treatment and ECAP. Minarik et al. (2016) explored the grain

refinement through ECAP for LAE442 Mg alloys. The as-cast and ECAPed
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microstructure of average grain size of ~I mm and ~1.7 um achieved respectively.
Gopi et al. (2016) employed ECAP at below recrystallization temperature to prepare
AMY70 alloy with a mean grain size of 1um, and noticeable improvement in mechanical
properties was observed. From that ECAP-2P samples exhibited highest strength and
ductility compared to other samples, even though there was a decrease in UTS and
ductility of 3 pass and 4 pass samples was observed as compared to as-cast and
homogenized samples as shown in figure 2.3. Suh et al. (2016) studied on the
enhancement of mechanical properties and reduced mechanical anisotropy of AZ31 Mg
alloy sheet processed by ECAP study revealed that the grain size and texture change

has a more dominant influence on the mechanical properties in AZ31 Mg sheet.
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Fig. 2.3 Stress-strain curves for as-cast, homogenized, and ECAP-processed samples
(Gopi et al., 2016)

Yuchun Yuan et al. (2016) have investigated the effect of heat treatment and
deformation temperature on the mechanical properties of ECAP processed ZK60
magnesium alloy. The study reported high strength and good ductility by combining
heat treatment with ECAP for ZK60 Mg alloy. Yoshifumi Ogushi et al. (2014) have

studied the aging behaviour of equal channel angular processed AZ80 Mg alloys, their
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study revealed the Microhardness and microstructure evolution showed that re-
precipitation of the Mg:7Al12 phase appears during warm temperature in ECAP and
aging in the AZ80 alloy at grain cores. This precipitation behaviour can potentially

generate a significant contribution to the strength of the ultra-fine grains alloy.
2.5.4 Observation from fracture study

Features observed on fractography of several tensile specimens. For as extruded
condition at room temperature, cleavage facets and steps, as well as limited shallow
dimples, are the predominant features observed on the fracture surfaces (Ding et al.,
2010; Ehsan et al., 2015; Ehsan Mostaed et al., 2014; Xia Yu et al., 2015). The amount
of observed dimples on the fracture surface of specimen increased steadily with the
improved ductility. As the number of ECAP passes increases, particularly for 2P and
4P samples, the amount of plastic dimples observed on the fracture surface increased
significantly and the observed dimples became deeper. With an increasing number of
ECAP passes, the fracture surfaces were almost completely covered by ductile dimples
and some tearing edges emerged (Ehsan Mostaed et al., 2014; Xia Yu et al., 2015).
These features are believed to be a clear indication for an enhancement of plasticity
after ECAP which was discussed and reported by Wang et al. (2016). Also, Muralidhar
et al. (2016) discussed the fracture surface of ECAPed and as-received AZ61 Mg
samples. From the study, it was observed that fractured surface of the as-received

sample has few dimples of various sizes.

Figure 2.4 SEM-fractured images of tensile specimens of AZ61 alloy: (a) as received
and (b) after four ECAP passes at 523 K (Muralidhar et al., 2016)
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Figure 2.5 SEM images of fracture surfaces (a) as-cast, (b) 2P, (c) 4P samples (Gopi et
al., 2016)

Correspondingly, shows that there are bright tearing ridges along the grain boundaries
and few quasi cleavage fractures. Further, The AZ61 alloy specimen was deformed
uniformly in the refined and equiaxed grain structure. This led to the higher tensile
elongation observed for the ECAP-processed samples at 523 K, this is due to increased
volume fraction of dimples. However, dimple sizes decreasing with increase in ECAP
passes, which is attributed to grain refinement as well as strain hardening which was
evidently shown by Muralidhar et al. (2016) presented in figure 2.4. Similarly,
according to Gopi et al. (2016) the frequency of cleavage planes decreased as grain size
reduced with higher number of ECAP passes and fewer cleavage planes were observed
on the fracture surfaces for ECAP 4 pass AM70 sample. Initially, it looked like a mixed-
mode of ductile and brittle fracture. After 2 passes, fracture surface with high fraction
of fine and equiaxed dimples is observed as shown in figure 2.5.
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2.5.5 Observation from XRD analysis

XRD is one of the experimental techniques used to determine unknown compounds and
phases in a specimen. The following literature was used to explore the phases of
magnesium samples through X-ray Diffraction. Naik et al. (2019) observed the x-ray
diffraction patterns of AZ80 Mg alloy before and after ECAP processes. The XRD
patterns of the as-received AZ80 Mg alloy and homogenized at 400 °C for 24 h and
ECAPed AZ80 Mg alloys revealed two major peaks: one is for a-Mg primary phase
and another one for the B-Mgi7Al12 secondary phase. But in case of Mg-Al-Zn alloy
has shown new peaks corresponding to the formation of the ternary phase and it
appeared in 41.4°. Further, which is disappeared after homogenization treatment and
ECAP process, this is due to diffusion annealing treatment and dynamic precipitation
during the ECAP process respectively. Avvari et al. (2016) observed the XRD results
of the AZ61 alloy after four passes at three different processing temperatures.
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Figure 2.6. X-ray diffraction peaks of AZ91 Mg alloys a) As-received and b) ECAP-4P
at 533K. (Naik et al., 2019)
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The XRD results were compared with unprocessed specimens to understand the
variation of intensity in the AZ61 alloy. There were no changes observed in the intensity
of the peaks after ECAP processing at the temperature of 483 K. At a processing
temperature of 523 K, and after four ECAP passes, the AZ61 specimens had lower
intensities of the peaks when compared to as-received alloy. A similar observation was
noticed by Gajanan et al. (2019) on AZ91 Mg alloy. Here, the peak intensity of ECAPed
AZ91 Mg alloy was reduced when compared to as-received alloys as shown in figure
2.6, this is mainly due to induced plastic strain and grain refinement during ECAP. Gopi
et al. (2016) shows the x-ray diffraction (XRD) patterns of as-cast and 4 pass ECAP-
processed of AM70 samples. They reported decrease in intensity was observed for
ECAP-4 pass samples. These changes are due to grain refinement occurring during
ECAP processing.

2.6 CORROSION BEHAVIOR OF MAGNESIUM ALLOYS

Corrosion susceptibility limits the use of Mg alloys in engineering applications,
therefore it is essential to comprehend to improve the corrosion properties. The
corrosion behaviour of Mg and its alloys depends on the medium which they are
exposed and also it is strongly influenced by microstructure, alloying composition and
secondary B phases. Hence, a detailed review of Mg corrosion behaviour was studied

and reported in our work.
2.6.1 Effect of alloying elements on the corrosion behaviour of Magnesium alloy.

In recent researches, it is found that in Mg-Al alloys solid solution Mg17Al12 precipitates
were found along the grain boundaries as a continuous phase or laminar structure.
Which shows a passive behaviour over a wide pH range. Also, it is found that
distribution of Mgi7Al2 improves the corrosion resistance of Mg-Al alloys. When
unalloyed Mg gravimetric corrosion test of 3.5wt% NaCl was carried and it presented
the highest mass loss about 196 mg/cm? after 16 h of immersion. On the other hand,
addition of aluminium notably increases the corrosion resistance. Thus, 3 wt.% Al in

AZ31 alloy reduced the mass loss up to 55.2 mg/cm? after 10 days of immersion.
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Figure 2.7. SEM micrographs of alloys immersed in 3.5 wt.% NaCl solution for 2 h:
(@) AZ31; (b) AZ80 and (c) AZ91D (Pardo et al., 2008)

Nevertheless 8-9 wt.% Al in AZ80 and AZ91D alloys reduced the mass loss to 0.75
and 1.05 mg/cm? at the end of the test respectively. In early stages of corrosion for
AZ31, AZ80 and AZ91D alloys when immersed in 3.5 wt.% NaCl revealed localized
or pitting corrosion around MnAl> inclusions and B-phase interfaces due to a galvanic
couple surrounded Mg matrix as shown in figure 2.7 (Pardo et al., 2008). Hamu et al.
(2014) reported that grain size of the extruded Mg alloys are noticeably reduced by
adding Ag to the Mg-6Zn and from the Potentiodynamic polarization (PD)
measurements, linear polarization (LP) of DC polarization and Electrochemical
impedance spectroscopy (EIS) tests revealed that the addition of Ag to the Mg-6Zn
reduces the corrosion resistance (galvanic corrosion), this is due to the formation of
micro-galvanic corrosion between o-Mg and the precipitates of Mg—Ag (MgssAQi7) of
different electrochemical potentials.In another study, the addition of silicon to Mg-6Zn

increased the corrosion resistance and they reported that the addition of silicon to Mg-
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Zn-Mn improved the surface oxidation, but the addition of calcium to Mg-6Zn-5Si
decreases the corrosion resistance. Addition of Si and Ca to Mg-6%Zn-1%Mn
corrosion rate increases with increasing NaCl concentration due to the presence of

aggressive chloride ion (Hamu et al., 2014).
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Figure 2.8 Representation of the electrochemical impact of alloying elements in
magnesium alloy. (Esmaily et al., 2017)

Singh et al. (2015) compared the corrosion behaviour of Mg, AZ31 and AZ91 in 3.5%
NaCl solution using electrochemical polarization and impedance measurements. From
the study, it was observed that pure Mg has less corrosion rate compared to AZ91 and
AZ31 alloys. Also, the AZ91 has less corrosion rate compared to AZ31 because of high
aluminium contents. Since the majority of the magnesium alloys are produced by
conventional casting process that results in casting defects, therefore, there is a strong
reason to produce extruded Mg alloys. Researchers have attempted to develop an
improved mechanical and corrosion-resistant extruded Mg-Zn and Mg-Zn-Ag alloy and
the effect of Ag addition was investigated. The electrochemical impact of alloying

elements is shown in Figure 2.8, which reveals that many alloying element additions
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enhance the cathodic and anodic kinetics of the Mg alloys. Therefore during the
development of new Mg alloys, the proper care should be taken for high purity Mg
alloy, means percentage impurities such as Fe, Cu, Ni should be within the tolerance
limit (Fe = 3.2%Mn max.; Ni = 50 ppm max.; and Cu =400 ppm max.). This results in

reduction of corrosion rates of Mg and its alloys.
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Figure 2.9 Corrosion rate of 99.97% Mg and four high pressure die casting Mg-Al
alloys (RH: 95%, CO2: 400 ppm :NaCl: 70 pg/cm?, time: 504 h). (Esmaily et al., 2016)

Further Zn free AM60 Mg alloy has the lower tolerance limits of Fe, Ni, Cu this newly
developed material shows higher corrosion resistance than AZ91C (Makar et al., 1993).
And also, distribution of secondary 3 phase (Mgi7Al12) also plays a significant role in
the corrosion of Mg alloys (Guo et al., 2010). The electrochemical test confirmed that
increase in Zinc (Zn) content from 2 to 6% in Mg-10Gd-xZn alloys, reduces the
corrosion resistance due to presence of secondary phase at grain boundary. Which
causes micro galvanic corrosion (Raman et al., 2004). Esmaily et al. (2016) have
investigated the contribution of Al content in Mg alloys at three different temperatures.
Which revealed that corrosion resistance of the alloys increased strongly with
increasing Al %. The temperature effects on pure Mg have shown no clear correlation
between the corrosion rate and temperature. In contrast, AM20 alloys exhibited, 15%
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decrease in corrosion rate by lowering the exposure temperature from 22 to —4 °C, and
decrease in temperature resulted in 92% decrease of corrosion rate in AZ91D alloy,
presented in Figure 2.9. Esmaily et al. (2016) strongly described the corrosive nature of
NaCl in the presence of CO> at -4°C. The corrosion evidence was identified with an
increase of salt (NaCl) addition, detailed in the morphology of the corroded surface of
AMDS50 as shown in figure 2.10. Pawar et al. (2017) observed microscopic filiform-like
corrosion in AZ31 Mg sheets with 3.5% NacCl solution, as a result, localized pits were
identified initially at the cathodic-intermetallic sites and the surrounding Mg matrix.

After 2 h of immersion, it was observed the dendrite arms as shown in Figure. 2.11 (a).

Area fraction of uncrroded Arca fractien of unerroded Ares fraction of unerroded
7 (b) (C) surface: 8.2%

surface: 97.4% surface: 78,9%

Figure 2.10 Corrosion morphology of alloy AM50 of 4°C, 672 h, with 400 ppm CO>
(a) No NaCl, (b) 14 pg/cm? NaCl (c) 70 pg/cm? NaCl (Esmaily et al., 2016).

The dendrite arms consist of Mg matrix preferentially corrode, this is anodic and highly
prone to corrosion. Filiform-like corrosion reduced at the interdendritic, grain
boundaries because these interdendritic and grain boundaries have quite high
Aluminum (Al) and Zinc (Zn) contents compared to the dendrite arms concluded from
the SEM and EDS study. This makes them relatively resistant to corrosion. Also author
made an attempt to measure corrosion depth from the top surface. Type A and Type B
grains showed a corrosion depth of ~35 um and ~55 pum respectively shown in Figure
2.11 b). The study noticed that the corrosion depth varied significantly with immersion
time (Pawar et al., 2017).
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Figure 2.11 SEM images of the corroded alloy specimen after immersion in 3.5% NaCl.

(a) The top view after 2 h. b) The transverse section after 2 h. (Pawar et al., 2017)

2.6.2 Effect of environment on corrosion behaviour of Mg alloys

Some of the researchers reported corrosion behaviour in the various environment of
coarse-grained Mg-based alloys in literature. In order to understand the performance of
magnesium alloy in aqueous media and to investigate the electrochemical properties of
Mg alloys. Abbasi et al. (2017) studied the corrosion behaviour of pure magnesium and
AZ31 magnesium alloy in electrolyte containing different concentrations of sodium
chloride and pH. 3.5, 0.3 and 0.03 wt % of NaCl salt has been utilized in immersion.
It was found that corrosion rate is higher and open-circuit potential was more negative
at higher chloride ion concentration in each pH, and also the same trend is observed at
lower pH for each chloride ion concentration in corrosion rate and open circuit
potential. Indeed, solution pH value follows an inverse relationship with alloys
corrosion rate in that solution and by increasing pH. Przondziono et al. (2010)
examined the electrochemical corrosion of AZ31 alloy after casting and metal forming
in NaCl solutions. These alloys tested in various concentrations of chlorine ions. The
tests were carried out in 0.01, 0.2, 0.6, 1.0 and 2.0 M NaCl. The study revealed that
corrosion resistance of AZ31 magnesium alloy decrease with increasing of chlorine
ions concentration. Some more literature review on corrosion of Magnesium alloys has
been summarized and presented in Table 2.1. However, to the best of the authors’
knowledge the influence of different corrosion environment on the ECAPed Mg alloys

have not been previously reported in the literature. In the current research work,
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wrought AZ80 Mg alloys were used to comprehend the electrochemical corrosion
behaviour of coarse-grained and fine-grained Mg alloys in different concentration of

NaCl solution as well as in marine environment.

2.7 CORROSION BEHAVIOR OF ECAPed MAGNESIUM ALLOYS

Few publications of corrosion behaviour of UFG structured Mg alloys have reported
that grain refinement reduces the corrosion rate for AZ31, AZ91D, ZK60, AM70 and
AE21 Mg alloy in NaCl solution (Song et al., 2010). Hence, the corrosion behaviour of
equal channel angular processed magnesium alloy has been discussed in the following

sections.

2.7.1 Effect of grain refinement on corrosion behavior.

In material strengthening process of severe plastic deformation particularly ECAP can
obtain the fine-grained Mg alloys. Due to a decrease in grain size and uniform
distribution of secondary phase B particles leads to decrease of localized or pitting
corrosion. ECAPed material has a higher corrosion resistance than conventional
extrusion evidently discussed by Birbilis et al. (2010). Furthermore, twins which occur
during casting or extrusion in microstructure decreases the corrosion resistance
therefore for a new generation of alloys need to reduce the twins in the microstructure
Gray et al. (2002). Finally with a limited percentage of impurities in alloys, modifying
the microstructure through ECAP can develop new application-oriented Mg alloys with
higher corrosion resistance than conventional Mg alloys. Accordingly corrosion results
of ECAPed pure Mg alloys have discussed, Dan Song et al. (2010) refined the grain
size of pure Mg of 800-1500um to 50-100um at 573K after first, fourth and sixth passes
of ECAP. Subsequently, studied the effect on corrosion of ECAPed pure Mg through
electrochemical corrosion analyzer with 3.5wt% NaCl solution. The open-circuit
potential values were observed for 600s shown in Fig 2.12 (a), it is revealed that OCP
of ECAPed pure Mg alloys takes less time to take top OCP value compare to un-
ECAPed pure Mg alloys because of energetic crystalline defects which have more
nucleation sites and comparatively it is much easier to form Mg(OH). than the pure
Mag.
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Fig 2.12 (b) shows the potential versus current density polarization curve of the samples
after stabilizing the OCP values. From the experimental results, it was cleared that the
ECAPed pure Mg has less corrosion resistance than as-cast pure Mg. Furthermore, the
author had studied the EIS test to understand the electrochemical characteristics during
6 h of immersion of ECAPed and un-ECAPed pure Mg. It is revealed that Nyquist plots
of impedance spectra of as-cast and ECAPed pure Mg samples in 3.5wt% NaCl the
diameters of capacitance arcs of ECAPed pure Mg are much smaller than the as-cast
pure Mg as shown in Figure 2.12 (c). Therefore ECAPed pure Mg with more number
of passes processed sample found smaller capacitance arcs it corresponds to decrease
in corrosion resistance. Also the corrosion resistance of the samples with respect to
immersion time of about 6 h shown with equivalent circuit in Figure 2.12 (d). From the
graph it is understood that the pure Mg has higher corrosion resistance than the ECAPed
samples. It is also found that the corrosion resistance of the samples decreased with
increasing the immersion time. The poor resistance of the ECAPed samples is due to
the defects like energetic grain or subgrain boundaries and dislocations present no
protection which activates the drastic corrosion reaction. Therefore the ECAPed pure
Mg is erodible than as-cast Mg. Hence consequent annealing at below recrystallization
temperature is useful to improve corrosion resistance of ECAPed Mg, attributed to the
decrease of crystalline defects or dislocations. ECAPed pure Mg can be anticipated to
obtain better corrosion resistance than coarse-grained or as-cast Mg with its excellent
mechanical properties. Unfortunately similar results of reduction in corrosion resistance
of ECAPed ZK60 Mg alloys were observed in aqueous NaCl solution. The corrosion
resistance of ultra-fine grained ECAPed ZE41A alloy increases in HCl aqueous solution
but the same alloy has shown decreased corrosion resistance in NaOH aqueous solution
Shen et al. (2012). Fortunately, some of the researchers have published the corrosion
tendency of ECAPed Mg alloys in noble side; which offers important step toward
corrosion study of Mg alloys after ECAP. The ECAPed Mg alloy with more number of
passes attains higher electrochemical activity and the increased corrosion tendency,
thus more easily forms oxidation product in various corrosive environment. This
oxidation product with improved adhesion force can make ECAPed Mg alloy from SPD
become more corrosion-resistant. Vratna et al. (2015) Studied the electrochemical

corrosion behaviour of AZ31 magnesium alloy processed by extrusion and equal
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channel angular pressing. As a result, material after extrusion offers more corrosion
nucleation sites, but UFG microstructure causes that only smaller clusters of corrosion

products fall off the surface.
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Figure 2.12. Pure Mg/as-cast and ECAPed alloys after immersion in 3.5 wt.% NaCl
solution. a) OCP curves b) Polarization curves ¢) Nyquist plots of impedance spectra
immersed for 6 h. d) Fitted Rt value curves in different immersion periods. (Song et al.,
2010)

The easier and faster corrosion protective layer restoration on the surface of UFG
material after ECAP leads to enhanced corrosion resistance. The study on corrosion
behaviour of ECAPed AM 70 Mg alloys has shown better corrosion resistance
properties, here ECAP 3" pass sample charge transfer resistance (Ry) values improved
by ~5.28 and ~3.72 times in comparison to as-cast and homogenized specimens
respectively. This is due to ultra-refined microstructure and the formation of f§ phases
(Gopi etal., 2017). Similar observation was identified on AE42 Mg alloys after 8 ECAP
passes due to more stable and thicker corrosion layer by Minarik et al. (2012). Fan et

al. (2013) observed corrosion resistance of the fourth passed ECAPed Mg alloy was
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higher than the as-cast alloys but the eighth pass ECAPed alloys have shown poor result
on Mg-12AI-0.7Si alloy, this obtained result is rather contradictory to above

discussions.
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Figure 2.13 Nyquist plots of Mg-2Gd-1Y-1Zn-0.2Zr samples with various ECAP
passes in 3.5 wt %NaCl solution (Jiang et al., 2014).

Jiang et al. (2014) also support the above conflicting situation, here author investigates
the corrosion behaviour of ECAPed Mg-2Gd-1Y-1Zn-0-2Zr alloy with 3.5wt% NaCl
solution and ECAP passes up to 12 passes. The study reveals, the corrosion rate of the
ECAPed Magnesium alloy with fine-grained significantly decreased when it compared
to the as-cast alloy. This means that grain refinement can inhibit micro-galvanic
reactions and hindrance pitting corrosion. The ECAPed alloy with fourth pass showed
lower corrosion current density and higher resistance to corrosion. But alloy processed
twelfth pass shown lower corrosion resistance due to gradual loss of barrier effect of
intergranular phases as shown in Figure 2.13. According to Hamu et al. (2009) fine
grain size creates a number of grain boundaries which act as a corrosion barrier and
also smaller grain size increases wettability and bioactivity of AZ31 Mg alloy. Hence
the rapid bio-mineralization achieved in ECAPed samples helped to reduce the
degradation of AZ31 Mg alloy. Gu et al. (2011) have checked the effect of back
pressure in ECAP processing of AZ31 alloy on corrosion resistance. With or without
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back pressure, ECAP extruded sample exhibited closer corrosion rate between them.
The ECAP with backpressure appeared to be an efficient method to improve the
mechanical property of Mg alloy without a considerable reduction in corrosion
resistance. Zhang et al. (2013) worked on ZE41A, rare earth containing Mg alloys to
study the charge transfer resistance after multi-pass of ECAP at 603K for 60 passes.
This number of ECAP passes resulted the association of corrosion potential toward the
noble direction. Which shows evidence of lower corrosion current density for ultra-
fined ZE41A Magnesium alloy immersed in Hank's solution. The corrosion current
density (icorr) of the ECAPed sample is minimum, results in low corrosion rate also from
potentiodynamic polarization test obtained is 8.1 = 1.1 pA/cm? for ECAPed, which is
lower than that of the as-cast (14.5 £ 1.5 pA/cm?) (Junyi Zhang et al., 2016). Gopi et
al. (2017) have studied corrosion properties of AM70 magnesium alloy processed by
equal channel angular pressing. ECAP 4 pass sample showed decreased corrosion
resistance due to increase in dislocation density with more ECAP passes which resulted
in dislocations accumulation and consequently storing abundant internal energy like
energetic grain boundaries which are more prone to corrosion. Mostaed et al. (2014)
Ultra-fine grained ZK60 Mg alloy was obtained by multi-pass equal channel angular
pressing at different temperatures of 250°C, 200°C and 150°C. Microstructural
observations showed a significant grain refinement after ECAP, leading to an equiaxed
and ultrafine grain (UFG) structure with an average grain size of 600nm. Open circuit
potential, potentiodynamic and weight loss measurements in a phosphate buffer
solution electrolyte revealed an improved corrosion resistance of UFG alloy compared
to extruded material, stemming from a shift of corrosion regime from localized pitting
in the as-received sample to a more uniform corrosion mode with reduced localized
attack in ECAP processed alloy. In addition, internal stress at 4" pass of ECAPed ZK60
samples after aging is —1.52+0.23 MPa (normal stress) and the stress in the 16" pass of
ECAPed sample after aging was found —1.82+0.23 MPa (normal stress). This result
shows that the internal normal stress in the samples processed by equal channel angular
press is compressive stress and also this proves the sample undergone more ECAP
passes does accumulate larger compressive stress. The large compressive stress and
secondary phases of the sample affect the corrosion resistance because which increases

the activity of the Mg alloys likewise making it easier to corrode. Also, this study
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demonstrates that aged samples have better corrosion resistance in comparison with the
ECAP processed ZK60 alloys (Xin et al., 2015).

2.7.2 Influence of annealing and aging treatment on corrosion behaviour.

The annealing and aging treatment play an effective role on improving the corrosion
resistance of magnesium alloys. Recently, Yan et al. (2017) worked on ideal
biodegradable implants of bone tissue engineering, here Mg-Zn alloys regarded as
excellent biocompatibility materials based on its mechanical properties. But the
corrosion resistance of Mg-xZn alloys was investigated by immersion and
electrochemical tests in Ringer's solution, results revealed that by increasing Zn
concentration increases the corrosion current, because micro-galvanic corrosion was
caused by large-size intermetallic phases. Although solid solution treatment possibly
reduces the intermetallic phase quantity. Remarkably, aging treatment could reduce the
isolation of Zn and support the compactness and uniformity of corrosion product layer
on the surface. This leads to the improvement of corrosion resistance. Additionally,
have shown as-extruded Mg-6%zn alloy (wt.%) aged for 72 h was harmless for
biomedical applications. Further, Li et al. (2015) had discussed the significance of
ECAP-aged Mg alloys, primarily author investigates the corrosion behaviour of
ECAPed ZK60 Mg alloys by electrochemical test, ECAP processed with more number
of passes shown higher current density (lcorr) this shows alloy is susceptible to
corrosion. Subsequently aged ECAPed Mg samples were examined, which reveals that
ECAP aging can slightly improve the corrosion resistance of the Mg alloys and also
enhance the performances due to stress relief and uniform dispersion of secondary
particles. A similar investigation is also observed on AZ31 alloy. Here the aging of
ECAPed AZ31 was carried at 220°C and 260°C prior to electrochemical corrosion test,
the corrosion study showed that aging at 220°C has most favorable corrosion resistance
compared to aging at 260°C and also investigation revealed that there is no significant
effect of aging time (Shahar et al., 2017). The combination of thermo-mechanical
treatment (ECAP), solid-solution strengthening, and precipitation strengthening of Mg
alloys may lead to superior strengthening of Mg alloys. Therefore, the effort has been
made to investigate the secondary phases and its effects on corrosion performance of

AZ wrought Mg alloy after annealing and aging treatment.
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2.7.3 Corrosion morphology studies of ECAPed Mg alloys

Zhang et al. (2011) shown the typical corrosion morphologies of the as-cast and
extruded magnesium alloys after 12 h immersion. The corroded surface of the as-cast
alloy shown typical micro-galvanic corrosion features. The nature of corrosion of the
extruded alloy seems to be remarkably different. Two kinds of corrosion morphologies
were observed, the corroded surface area of the extruded Mg specimen exhibited both
micro-galvanic corrosion morphology and pitting corrosion. Naik et al. (2019) observed
that compared to as-received sample, the corrosion attack on ECAPed specimen is
remarkably less. This indicates that decreasing the grain size of Mg alloy, the passivity
of AZ91 alloy improves. Similar, Song et al. (2010) have observed the corrosion
morphologies of as- received and ECAPed magnesium alloy. From the result it was
concluded that ECAPed Mg alloys have thicker and more compact Mg(OH)2 coating
layer. Which act as a protective layer against corrosion.

2.8 PREVENTION OF ECAPed MAGNESIUM ALLOYS

Every material is subject to corrosion with different corrosion rates in different
environments. Corrosion can never be stopped but slowed down to technically
acceptable rates. Therefore, corrosion protection deals with the finding of surface
coating to prevent corrosion include a large set of attributes, such as corrosion
resistance, environmental friendliness, cost and many more. The coating can be
achieved through organic coating, inorganic coating and conversion coating.
Accordingly for growing applications of Mg alloys, it is very important to study the
prevention of corrosion of Mg and its alloys. There are some of the prevention
techniques researchers used to prevent the corrosion of Mg alloys which are discussed

in the following section.

2.8.1 Effect of coating on corrosion behaviour of ECAPed Mg alloys.

Improvement of corrosion resistance of Mg alloys was reported after various coating
for ECAPed Mg alloys in the literature. Recent studies by Ma, et al. (2008) reported
that high-velocity oxygen fuel (HVOF) process gives the highest coating bond strength

to the substrate and the highest coating density and thus has been proven to be more
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preferable for making the metallic coatings. Further, Gnedenkov et al. (2015) have
reported the conversion coating technique, Plasma Electrolytic Oxidation coating on
magnesium alloys leads to improved wear and corrosion resistance. Jinghua Jiang et al.
(2013) investigated the corrosion resistance of micro-arc oxidation coatings on coarse-
grained and ultra-fine grained AZ91D Mg alloy. The effect of substrate microstructure
on morphologies and corrosion resistance of the MAO coatings on AZ91D alloys were
investigated by scanning electron microscopy observation, immersion tests and
electrochemical impedance spectrum (EIS) measurements. In comparison, the MAO
coating on the UFG Mg alloy has lower corrosion rate and larger oxide film resistance
(Rf). Three factors enhance corrosion resistance. The first is the MAO coating with
uniform size and distribution of micro-pores due to homogenous micro-arc discharge.
Secondly, the number of open holes decreases due to the finer B-phase after ECAP
process. The last and most important one is the higher compactness and thickness of
the coating on the UFG Mg alloy. This implies that the MAO coatings have great
potential in surface protection of UFG Mg alloys. Pezzato et al. (2017) AZ91
magnesium alloy was treated with PEO process, worked with high current densities and
short treatment times, using as electrolyte a base alkaline solution containing sodium
hydroxide and sodium silicate. Then the porous surface of these samples was sealed
with an aqueous solution containing lanthanum nitrate: this sealing process improved
the corrosion resistance of PEO coated samples. Pardo et al. (2009) reported the thermal
sprayed Al-coatings on AZ31, AZ80 and AZ91D Mg alloys in 3.5 wt.% NaCl solution
by electrochemical and gravimetric measurements. The changes in the morphology and
corrosion behaviour of the Al-coatings induced by a cold-pressing post-treatment were
also examined. Which produced more compact Al-coatings with better bonding at the
substrate/coating interface and higher corrosion resistance regardless of the nature of
the magnesium alloy. However, the information on the corrosion behaviour of ECAPed
Mg alloys after HVOF-coating is limited in the literature, mainly lacking for fine-grain
Mg alloys. Therefore, in the current study, AZ magnesium alloy was selected and grain
refinement was achieved by equal channel angular extrusion. Further, the effect of
microstructural modification and HVOF-coating on corrosion behaviour was

investigated and reported in the results and discussion section.
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Table 2.1 Summary of corrosion behaviour of Magnesium alloys.

Mg-Based Alloys

Corrosion

Reference (X in wt%) Media Immersion Method /Test Te(r&np. Corrosion rate Remark
Time (h) (mmly)
pH
Mg 0.25 Weight loss measurement initially shows an
increase in corrosion rate in order of Mg < AZ91
AZ31 Weight loss 4.11 < AZ31 in 3.5% NaCl solution. After 3 h of
Singh et al. & immersion, the corrosion rate of AZ91 becomes
(2015) 3.5 Wt% NaCl 3 Electrochemic | VA much more than AZ31 alloy due to galvanic
AZ91 al 1.16 corrosion. Also from the Tafel plots, the corrosion
resistance of the materials are given in order as
AZ31 < AZ91 < Mg.
500 ml NaCl Addition of silver (Ag) leads to grain refinement
Hamu et al. Mg-Zn-Ag 3.5% saturated 79 Immersion N/A N/A due to the formation of precipitates, increases
(2006) with Mg(OH), Test hardness and reduces corrosion resistance.
Room
Zhu et al. AZ61+Mn+RE 3.5 Wt% NaCl 1-96 Electrc;(lzhemlc t?Tf'lf N/A AZ61+Mn+RE have a significant effect on
(2013) corrosion resistance.
AZ61+Mn+RE 5 Wt% NaCl 72 Salt spray Test N/A N/A
AZ91 Room 0.77 Addition of Ti reduced the volume fraction of the
Jianghua et 3.5 Wt% NaCl 150 Electrochemic | Temp. B phases in AZ91. Also which shows corrosion
al. (2016) AZ91+Ti al & 0.75 resistance.
N/A
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Zhangetal. | Mg-5Y-7Gd-1Nd-0.5Zr 5 Wt% NaCl 2,24, Electrochemic | 22+1°C N/A Corrosion rates increases with immersion time
(2011) 60,108 al N/A
2.60x107
Hank's 120 g/h-mm? The addition of more Y in the alloy leads to the
Xiaodong Room formation of a second phase MgY. The second
et al Mg-2Zn-0.5Ca-Y Solution Electrochemic | Temp. 2.78x107 g/h | phase MgY can form many of corrosion micro-
(2017) 168 al & mm? batteries, which accelerate the corrosion rate of
N/A the alloy.
3.5 wt% NaCl N/A N/A
AZ31B _ _
Urban and Env. AZ91D Mg alloy had superior corrosion
Bao et al. AMGE0 . .
Marine 3 Years Weight loss Temp & N/A resistance properties
(2017) AMX602 :
Environment N/A
AZ91D
Room 0.82 Addition of Ce/La provides more fine secondary
Tong etal. Mg-Zn-Ca- 35Wto% NaCl | 1to7 days Electrochemic | Temp. 3.12 phase particles this makes more cathodic sites
(2016) x(0,0.5,1)Ce/La al & . which accelerate the galvanic corrosion.
1.73
N/A
0.31
0.27 The as-extruded Mg—1Sn—0.5Ca alloy has a
(o] . .
Zhao etal. | Mg—x(1,1,1,2,3)Sn—y(0.2, | 1L Hank’s salt Electrochemic | - C 0.40 homogenous  microstructure, - results in  good
(2016) 0.5,1.5,0.5,0.5)Ca solution 250 al & 0.30 mechanical propertles ar-1d low corrosion rate,
71010 therefore this alloy might be potential for
0.31 biomedical applications.
0.29
Immersion & 37°C As-extrl'Jded Mg-Q.SSr alloy had. moderate
Zhao et al. Mg-x(0.5,1,1.5,2.5)Sr Hank's solution 500 Electrochemic & 0.33 mechanical properties and slow corrosion rate and
(2017) al N/A 0.40 good cytotoxicity
0.52

45




0.72

Study revealed that by increasing Zinc (Zn)

Immersion & 37°C 247 ) ) i
Yanetal. | Mg-x(6,14.5,25.3,40.3)Zn | Ringer's solution 96 Electrochemic & concentration reduced the corrosion potential but
(2017) al N/A 3.66 increased corrosion current.
6.03
4.65 The electrochemical test reported that the
Rajeshkum | Room 5.70 corrosion resistance of Mg-Sb binary alloys
ar et al. Mg—x(2,4,6,8,4,4)_8b— 35 Wt%- NaCl N/A Electrochemic Temp. 7.21 reduced with an increase in Sb content. In
(2017) X(0,0,0,0,2,4)Si solution al & 9.08 contrast, Si additions improved the corrosion
N/A 5.20 behavior of Mg-Sb-Si ternary alloys.
4.06
AZ31 2.23
_ AZo1 _ | Room 1.01
Wei et al. AZ111 3.5 wt% NaCl N/A Electrochemic | Temp. 133 AZ91 magnesium alloys is resistant to corrosion
(2017) solution al &
AZ141 N/A 1.44
Bakhsheshi Room 9.71 The quaternary Mg-Zn-RE-0.5Ca alloy acquires a
radetal. | Zn-RE-X(0, 05, 15,3 | 0.9 wi% NaCl Electrochemic | oM 713 lower corrosion current density (icor) and higher
(2016) 6) Ca solution 168 al & 14.41 charge transfer resistance (Rt) compared to the
7to 15.46 ternary Mg-Zn-RE alloy.
12.5 22.30
11.01
3wt % Immersion & . 549 The degradation rate of Mg-l?AI-?Cu-SZn-lGd
Geng et al. Mg-17Al-7Cu-3Zn- potassium 05 Electrochemic 2 alloy reduced compared with the base alloy
(2016) x(0,1,2,3)Gd chloride (KCI) ' 3.43
. al N/A
solution
3.87
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0.60 As-extruded Mg-3.8Y-3Zn-0.18Zr alloy possess
Zhang et al Mg—x(1.7,2.8,3.8)Y— 3.5 Wi% NaCl Electrochemic | 22.C 0B the maximum ultimate and yield strength of 420
(2015) ' y(1.3,2.1,3)Zn~ solution 24 al & ' MPa and 300 MPa, respectively, as well as it
2(0.18,0.18,0.18)Zr N/A 051 shown the best corrosion resistance
Room Mg-5Al all tain Zn sh I i
Hadzima, 3.5 wt% NaCl Electrochemic | Temp. g-oAlalloys contain Zn Shows lower corroston
ot al Mg-5A1-x(0,1,2,3,4)Zn solution 7 al &p N/A and hydrogen evolution rate.
(2008) N/A
Table 2.2 Summary of the corrosion behavior of ECAPed Mg alloys.
Equal Channel Angular Press (ECAP) of Mg alloys Corrosion of ECAPed Mg alloy
Reference | Material | ¢ L 4 Temp. Speed Number | Grain . Imm_ersno 'I;emp. Corrosion Remark
(deg) | (deg) (K) Route (mm/min) | of pass | size(um) Media n Time C) & Rate
ol I P " (h) pH | (mmJy)
Room :_ur;: Mg exhit_;its
0 igher corrosion
So(ggfg)a" PureMg | 90 | NIA | 573 | N/A 30 6P 50-100 3';;"&/" 6 Teg‘p' 228 | resistance than the
N/A ECAPed pure Mg.
Room The corrosion rate
0 Temp. increased with the
So(ggfi)a" AZ91ID | 90 | NJA | 523 C 60 1-12P 2:3 3'3:"(;/" 48 & 6.35 | increase of ECAP
N/A passes. The sample
of 12 ECAP passes
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had average
corrosion rate nearly
38 times larger than
the as-cast alloy.

Corrosion resistance
of AE21 was

Room reduced after 8
. 01M Temp. passes of ECAP. But
I;/:m(;r(;iis?)t AEAzé 4an % | o 453 Bc 50 8P 2.3 NeCl 168 2 N/A | in AE42, observed
solution 7 that the corrosion

resistance
significantly higher.
The Micro-arc
oxidation  (MAO)
coating on the
Room ECAPed AZ91D Mg
Jiang et al. 3.5wt.% Temp. alloy presents lower
(2013) AZ91D 90 0 523 C 30 16P 1-2 NaC_II 168 & N/A corrosion rate and
solution 10-11 the larger Rf value
than that on the
coarse-grained  as-

cast alloys.
Room Showed better
Gopi et al. 01M Temp. NIA corrosion resistance
(2017) AM70 110 20 548 Bc 60 4p 8 wt% N/A & properties of ECAP
NaCl 75 at 3 pass sample and

Rt values improved
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by ~ 5.28 and~ 3.72
times in comparison
to as-cast  and
homogenized

samples
8-10 Room The ECAPed AE42
Minarik et & 0.1M Temp. Mg alloys showed
AE42 90 0 453-483 Bc 10 and 20 8P 168 & N/A substantially higher
al. (2012) 3-4 NaCl i i
7 corrosion resistance.
ECAP was shown
Room the improved
Hoog et al 235 01M Temp. corrosion and
" | Pure Mg 90 N/A 523 N/A N/A 4P ' N/A & mechanical
(2008) NaCl 0.045 :
N/A : properties of the pure
Magnesium.
ECAP had a
significant effect on
Room corrosion for
) ) 3.5% Temp. N/A . . .
Fanetal. | Mg-12A1- | o) 1 o5 573 Bc 15 2-8P N/A NaCl 0.055 & improving corrosion
(2013) 0.7Si N/A resistance of Mg-
12Al-0.7Si
magnesium alloy.
. Immersion test
Taito RPMI- 37
42 - I f AZ31
Hosakaet | AZ31 | 120 | 60 5§3& Bc 240 8P 10-3 1640 24 & 0.002 ,r\;zu ,:Zsiu?n a“i
al. (2017) 7.4 g y

shows, Weight loss
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of ECAPed sample
at 573K was smaller
than the ECAPed
sample at 473K.

Grain refinement

Mg— Room through ECAP can
. 3.5% Temp. inhibit general
J tal. | 2Gd-1Y-
'a(ggf4)a o | VA | NA | 623 | NIA 60 1-16P N/A NaCl 12 & N/A | micro-galvanic
0-27r N/A reactiops and hir)der
the pitting corrosion
ECAP technique
decreases the size of
the second phase
phospha particles thus
te buffer 87 N/A improving
Leiva et al.
o009y | ZK60 | 110 | 20 | 53 | B 30 4p %7 | solution | 96 & microstructure
1.4 .

(PBS) homogeneity,
thereby decreasing
the pitting corrosion
effects.

0.1M N/A Smaller grain size

Birbiliset | o omg | 90 | wA | 523 Bc N/A 8P 2.6 N/ & had a lower current
al. (2010) NaCl A <11 0.27 den5|ty
Room The corrosion
Xi l. 5 wt.% L
neta ZK60 N/A | N/A 518 C N/A 16P N/A 35 Wt.% 0.5 Temp. behavior is improved
(2015) NaCl N/A .
& after aging treatment.
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N/A

The  improvement
may be due to the
reduction of stress
and the better film
Protection.

Corrosion resistance

Room .
Temp after  conventional

0 . - -
Hamuetal | o0 | o0 | nia | 623 Bc 350 4p 1030 | SOWR L A 2 N/A | Extrusionwas higher
(2009) NaCl 105 than after the ECAP

' process.

ECAP with back
pressure shows the
37+05 improvement in

cuetal. | nz31 | nA | NA | 573 | A | 2430 4p 17 | Hank's e & mechanical
(2011) solution N/A 0.73 properties  without
reducing the
corrosion resistance.
Observed decrement
Room of corrosion current
Fan Zhang 250ml Temp. density for ultrafine-
etal. ZE41A N/A | N/A 603 N/A N/A 8,16,60P 2.5 Hank’s | 1, 96,192 & 0.009 grained ZE41A Mg
(2013) solution N/A alloy immersed in

Hank's solution.

saturate Room

Sunil et al. ECAPed  samples
(2016) AZ31 120 | N/A | 573 Bc N/A 4P 1-5 Simglate 72 Tegp. 0.2 helped to reduce the
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d body N/A degradation of AZ31
fluid Mg alloy.
(SBF
5x)
The  bio-corrosion
simulate 37 resistance of
A d body ECAPed sample in
azlh?;glzt) N'\g?zﬁ-er 90 | 37 648 Be 24 P > | fluid 240 N‘f‘A 0.30 simulated body fluid
(SBF) was improved
(SBF) apparently.
Enhanced
electrochemical
29 properties were
: 0.1M found in the
Hadzima et AZ80 90 N/A 623 Bc N/A 8P 300-3 NaCl 0-96 & N/A u|traﬁne_grained
al. (2018) N/A X
ECAP specimen as
compared to its
coarse-grained.
After immersion
time of 168 h the
Room specimen after
At A Temp. ECAP exhibits
;f_r?tzréalgt) AzZ31 | 9 | NIA | 453 | Bc 50 g 1 ﬂli('\:/: 168 & 132 | superior  corrosion
N/A resistance to the
specimen after
extrusion.
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The best corrosion
behavior

phospha N/A ds to th
Alvarez et te-buffer N/A corresponds to  the
al. (2010) AZ31 90 N/A 523 N/A 6 1P 4.5 solution 2,24,48 '6.‘231 a“°_y W|_th the
(PBS) finest grain size in
PBS.
The as-cast AZ61
Magnesium  alloys
with  about 6%
Aluminum  content
have a great
tendency to stress
Xieetal. | 761 | 90 | o |623673| NA N/A 8,16P 10 | Distlled A N/A N/A | corrosion cracking in
(2017) water distilled water and

the ECAPed
processing increased
the susceptibility to
SCC at room
temperature.

53




2.9 CONCLUDING REMARKS

Through this literature review, an attempt is made to record the earlier work reported the
effect of ECAP on microstructure, mechanical properties and corrosion behaviour in
magnesium alloys. Reviewed the effect of heat treatment and various coating on as-cast
and ECAPed Mg alloys. Also, impact of various environment on magnesium and ECAPed
Mg alloys. However, it was observed that very limited works have been published in these
areas as discussed in literature review. Therefore, there is a scope to study the effect of die
parameters on microstructure, mechanical properties and corrosion behaviour of wrought
AZ Mg alloys. Further enhancement of corrosion resistance of ECAPed AZ Mg alloys
through annealing treatment and HVOF coating. Furthermore, corrosion inhibition of

ECAPed AZ Mg alloy studies carried out in different corrosion environment.
2.10 RESEARCH GAP FROM LITERATURE SURVEY

Based on the data collected through the current literature. We have acknowledged the
research gaps between what existing research yields to study the effect of corrosion
behaviour after equal channel pressing of wrought Mg alloys. The study summed up in the
four following aspects that are as follows.
e Effect of different ECAP die angles on microstructure, mechanical properties and
corrosion behaviour for wrought AZ Mg alloys need to investigate.
o Need to explore the effect of grain size reduction and secondary phases on corrosion
behaviour of wrought AZ Mg alloys after ECAP and Post-ECAP process.
e The analysis is required for different concentration of NaCl solution and natural
seawater to observe the corrosion effect on ECAPed AZ-Mg alloys.
e Need to study the corrosion behaviour of ECAPed AZ-Mg alloys after High
Velocity Oxy-Fuel coating technique.

2.11 PROBLEM STATEMENT

Literature review reveals that, microstructure, mechanical and corrosion properties of
various Mg alloys processed through ECAP. However, it is noticed that no works have
been reported on effect of die channel angle on microstructure, mechanical and corrosion
behaviour of wrought AZ80/91 Mg alloys at three different temperature through ECAE

with processing route-R. It is also noticed that limited works have been reported on
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enhancement of corrosion resistance through heat treatment and HVOF-316SS coating on
ECAPed AZ80/91 Mg alloys. Therefore it was decided to carry out the ECAE of wrought
AZ80/91 Mg alloy and subsequent characterization of the processed material through

several techniques.
2.12 OBJECTIVES OF THE RESEARCH WORK

Modern industrial applications with rapidly changing technology focus on light weight and
high strength materials for processing wide variety of applications. Equal channel angular
press of materials is one of the promising technique that could be develop a high strength
and corrosion resistant material. In the recent year, researchers have effectively achieved
grain refinement of various ferrous and non-ferrous alloys using ECAP in order to improve
mechanical properties and corrosion behaviour of metals. However there is a wide scope
to develop high strength and corrosion-resistant AZ Mg alloys using ECAP technique, as
very limited work has been reported in this area. The present work utilizes the same
principle introduced by Segal (1977) where an effort is made to analyse the effect of ECAP
on microstructure, mechanical properties and corrosion behaviour of AZ Mg alloys. The

current research work broadly aims to investigate the following objectives:

1. Perform experimental study to analyse the influence of equal channel angular
extrusion die channel angles on the deformation homogeneity through processing
route-R at three different temperatures.

2. Investigate the effect of microstructure on mechanical properties and corrosion
behaviour of wrought AZ-Mg alloys subjected to equal channel angular extrusion
technique.

3. Study the influence of annealing and aging treatment on the pitting corrosion
resistance of coarse and fine-grained AZ Magnesium alloys.

4. Stainless steel coatings on the surface of ECAPed AZ Magnesium alloys using
High-Velocity Oxygen-Fuel coating as a deposition technique to improve the
corrosion performance.

5. Explore the effectiveness of corrosion inhibition of equal channel angular pressed
AZ-Mg alloys in different concentration of NaCl solutions, as well as in the marine

environment.
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CHAPTER 3

EXPERIMENTAL WORK

3.1 INTRODUCTION

This chapter summarizes the detail description of wrought AZ80/91 Magnesium alloys,
its composition, properties, preparation of samples through Equal channel angular
extrusion, characterization, mechanical and electrochemical corrosion testing. The
experimental plan based on ECAP processing temperature and route-R. This chapter
includes High Velocity Oxygen Fuel coating procedure, annealing and aging method
of Mg alloys. Further, the chapter also explains the methodology adopted for
measurement of grain size, microhardness, tensile strength and corrosion rate which is
detailed in figure 3.16.

3.2 WROUGHT AZ80/91 SERIES MAGNESIUM ALLOYS

Wrought AZ80 and AZ91 commercially available magnesium-based alloy, was
selected as a work piece material because of its high strength and low cost when
compared to other magnesium-based alloys. The Mg alloy was procured in the form of
rod with dimensions 18mm diameter and 200 mm length, from Exclusive Magnesium
Pvt. Limited, Hyderabad, India. The chemical composition of AZ Mg alloys, which has
been verified by Energy-dispersive X-ray spectroscopy (EDS) analysis is presented in
figure 3.1. Also, chemical composition presented along with the microstructure shown
in figure 3.2 and 3.3. Further, material properties of as-received Mg alloys were
measured and presented in table 3.1.

() Mg (h) =g
AZ80 . A \Z91 A
C2n Czn
91.02% —
8.32% 10.69%
0.66% 1.08%

Figure 3.1 Chemical compositions for wrought AZ80 and AZ91 Mg alloys
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Elements Weight%  Atomic
%
Mg | 9L | 9216

Al 832
In 0.66
Total 100.00

] 2 4
Full Scaie 45 cis Curser: 0.000

100um ! Beckon imags 1

Figure 3.2 AZ80 Mg alloy a) Microstructure b) EDS results

(b)
Element | Weight % :‘.-\mmic %
MgK 88.30 89.85
AIK 1063 | 975
ZnK 1.08 0.41
o K InK
20 40 60 80 100

0.00C keV Det: Element (28

Figure 3.3 AZ91 Mg alloy a) Microstructure b) EDS results

Table 3.1 Material properties of as-received AZ80/91 Mg alloys

Materials

Properties AZ80 AZ91
Mean Grain Size (um) 50.20 58.69
Microhardness (Hv) 64.58 68.52
Yield Strength (MPa) 329.13 308.68
Ultimate Tensile Strength (MPa) 401.15 372.74
Ductility (%) 6.64 7.84

Corrosion Potential- Ecorr (V) -1.547 -1.539
Corrosion Current-leorr (MA) 0.297 0.263
Corrosion Rate (mm/y) 13.563 12.010
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3.3 EQUAL CHANNEL ANGULAR EXTRUSION

Die-Material: Hot Die steel (HDS) was used for die making and properties of HDS
material given in Table 3.2. The ECAE die design was done by using solid edge V.7
software and fabrication was carried out at Government Tool Room and Training
Centre (GTTC) Baikampady, Mangalore, Karnataka, India. Figure 3.4 depicts the
ECAE die having 90° and 110° channel angle and 30° corner angle.

Table.3.2 Properties of hot die steel H13 (Koneshlou et al., 2011)

Properties | Density Tensile Modulus of Poisson’s Melting
of (g/cc) strength Elasticity ratio Temperature
Hot Die (MPa) (GPa) (°C)
Steel 7.8 1200-1590 215 0.27-0.3 1427

 Flipping Type-ECAP Die |

Jo— Plunger/Ram

Heating Coil

Y73

Channel

Fastening
Slot

Angle
()

Corner ="
\nglc

(= 1107, y=30°)

Figure 3.4 ECAP die having 90° and 110° channel angle and 30° corner angle. (Naik
et al. Copyrights: Diary Number: 14668/2018-CO/L., Reg. No: L-79923/2018)

An equal channel angular extrusion thermo-mechanical apparatus is provided grain
refinement to improve mechanical properties and corrosion resistance of magnesium

alloys. ECAE is promising extrusion technique to achieve ultra-fine equiaxed grains
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without changing the shape of workpiece. The extrusion die assembly having two
angles such as channel angle (¢) and corner angle (y) which decides the induced shear
strain during ECAP. Current study focusses on effect of ECAE die angles on
microstructure and mechanical properties of Mg alloys. According to the conditions
die A has ¢=90°, y = 30°, the equivalent strain applied to the material at each pass
was equal to 1.15. Calculated through equation 1.3, die B has ¢= 110°, w = 30°, the
equivalent strain applied to the material at each pass was equal to 0.9. (equation 1.3)
Here corner angle (y) kept constant to reduce the dead zone of material. On the other
hand five basic routes available in literature. In the present study route R was considered
to deform the material to achieve fine grain structure. Route R: specimen is inverted to
the original position in each ECAP passes. The experimental setup of equal channel
angular extrusion shown in Figure 3.5. During operation ECAP die (Fig.3.5) is placed
on the base plate of UTM and plunger is aligned exactly to the centre of die where the
specimen is placed inside the channel for pressing. Further, Die was homogeneously
heated by 4 electrical resistance heaters, placed along the vertical channel. At the
intersection of the channels, temperature was monitored throughout the process using
thermocouples inserted in the die located near the intersection point. ECAP process was
carried out at 533K, 598K and 663K three elevated temperatures. Firstly, the die is
heated to the 533K and temperature is controlled by the temperature controller which
is provided with the heating facility. The sample is placed in the die channel and needs
to make sure that the temperature of the specimen also reached the 533K. A lubricant
as Molybdenum disulphide (MoS.) was used to minimize the frictional effects between
samples and die. After attaining the required temperature, the sample is pressed by
applying a load at the rate of 1 mm/sec ram speed using plunger attached to the UTM
for deformation of the specimen. The channels are intersected to impose the total strain
on the material to get fine grain structure. This process is repeated by using route R,
where the samples were inverted from its initial position between two successive passes
as shown in figure 3.5. The processed samples after ECAP operation is shown in figure
3.6.
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Experimental Setup

Tl‘lﬁpc ru{ ——

Controllgr 3% i |h.;.'l'ln:).yuui:.le.,—-;-
e

Figure 3.5 Equal Channel Angular Extrusion experimental setup

(b)

(a)
Route R

Figure 3.6 a) Route-R and b) ECAPed sample

3.4 SELECTION OF PROCESSING TEMPERATURE

ECAE process was carried out at 533K, 598K and 663K. Samples of 16 mm diameter
and 80 mm in length were processed at temperatures varying from 65 °C (338K) to 260
°C (533K) and the samples are shown in figure 3.7. Sample processed at 60 °C
temperature showed deeper surface cracks. However, at 130 °C (403K) and 195 °C
(468K), deeper surface cracks were reduced as represented in figure 3.7. Further at 260
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°C (533K) temperature processed a samples were showed with no surface cracks with
a soaking time of 15 min and pressing speed of 1 mm/s as shown in figure 3.7.
Therefore, 260 °C (0.4*Tm) temperature was considered as initial temperature for
processing the samples through ECAP process. It is difficult to deform magnesium at a
lower temperature, due to hexagonal close-packed (HCP) structure with limited slip
systems (Sun et al., 2007). Further, 0.5 times melting temperature of Mg alloys (Tm)
that is 325 °C (598K) and 0.6 times melting temperature of Mg alloys (Tm) that is 390
°C (663K) were selected as processing temperature of equal channel angular extrusion

process. Experimental conditions are summarized in table 3.3.

ECAPed Samples

At room Temperature

Muralidhar Avwvan etal (2017)

At 260°C

S

{1

- 3 s'{"zé

I AZB80 Billet after ECAP 1% pass. |

’ ."‘b‘ 3 3 ,'?: 3
: 4 «J-lﬂlmﬂlhﬁlhlmhlnm It :;“7

Fig 3.7 ECAPed samples processed through different temperature

Table 3.3 Experimental conditions

ECAP | Channel | Corner | Processing | Processing Ram Material
Die | angle (¢) | angle () Route Temperature | Speed
A 90 © R 533K AZ80 and
30° reverse ’ iImm/s | AZ91M
B 1100 (mute) 598K, 663K alloy g
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3.5 MICROSTRUCTURAL CHARACTERIZATION

This section focuses on all characterization techniques of ECAPed magnesium alloys
including all forms of microscopy and analysis especially microanalysis and surface
analytical techniques. The methodology of microstructure analysis and phase

identification are also discussed.

3.5.1 Optical Microscope

Specimens for microstructure inspection were prepared by mechanical polishing with
silicon carbide abrasive papers (grades of 400, 800, 1000, 1200, 1500, 2000) followed
by cloth polishing using diamond paste and kerosene for obtaining mirror finish surface
and finally cleaned with acetone. Further, Etching was carried on the polished surface
for approximately 3 to 5 s, in a solution of 4.2g picric acid, 10ml acetic acid, 10 ml
distilled water and 70ml ethanol for 3-5s (Naik et al., 2018). So that sample turns light
brown in colour and washed with running distilled water and dried. Microstructures
and elements distributions were observed and analysed using optical microscopy by
image analyser facilitated BIOVIS material plus software, which is shown in figure 3.8
and average grain sizes were measured by linear intercepts method according to ASTM

E-112. Same samples were observed under scanning electron microscope.

Figure 3.8 Optical Microscopy with BIOVIS material plus software
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3.5.2 Scanning Electron Microscopy

Scanning electron microscope (SEM) equipped with energy dispersive spectroscopy
(EDS) as shown in figure 3.9. Backscattered electron (BSE) detector coupled with the
EDS allows for composition identification of materials. Scanning Electron Microscopy
Model: JEOL JSM-6380LA from JEOL, USA, operated at 30kV; Magnification
range-3,00,000 as shown in figure 3.9, which allows to study the microstructures and

surface morphologies.

Figure 3.9 Scanning Electronic Microscopy equipped with EDS

3.5.3 X-Ray Diffraction

X-ray diffraction (XRD) is one of the primary techniques used for the characterisation
of crystalline solids and determination of their structure or phases. XRD measurements
are carried out in M/s Proto Manufacturing Ltd., CANADA make PROTO- iXRD
MGRA40 as shown in figure 3.10, wherein the analysis was carried out 20: angular range
of 20° to 90° at a scanning speed of 2 %/min. The XRD patterns obtained were analyzed
with the help of PCPDFWIN software to identify the formation of primary, secondary
and ternary phases.
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Figure 3.10 X-ray diffraction operated at 20 mA and 30 kV with Cu-ka radiation

3.6 MECHANICAL TESTING

The material strength measurements are obtained by standardized mechanical tests,
which are described in this section. In this section not only covers details, principles,
and practical aspects of the various tests, but also provides comprehensive reference to
the standard procedures and sample geometries provided by the ASTM standards. As
such, the section covers a methods used to measure materials strength behavior for a
variety of engineering applications.

3.6.1 Microhardness Test

Microhardness test is also performed on as-received heat-treated and some of the
deformed or ECAPed samples. The measurements were carried out at a load of 100gm
and dwell of 13 s the microhardness was calculated using the expression (Dieter and
Bacon, 1986) given in Equation (3.1). Microhardness Model: MVH-S-AUTO from
OMNI TECH, PUNE, INDIA.The experimental setup was shown in figure 3.11.

Hv=1.854 — (3.1)
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Where,

Hv = Vickers hardness of the sample,

d = Mean of diagonals length of a squared pyramid and
F = Applied load.

1.854 is the geometrical constant of the diamond pyramid.

Figure 3.11 Vickers Microhardness Setup

3.6.2 Tensile Test

The tensile test is used to evaluate strength and ductility of as-received and equal
channel angular extruded sample. Specimens were prepared according to the ASTM-
E8 standard with 16 mm gauge length. A schematic tensile specimen has been
illustrated in figure 3.12. The tensile properties of magnesium alloys were measured
using UTM-Shimadzu AG-X plus™ equipped with 100 kN load cell and operated with
a steady cross-head speed of 0.25 mm/min during all the tensile tests as shown in figure
3.13. Three samples were tested for each condition and uniaxial tensile testing was
accomplished at room temperature and average reading was calculated and presented
in the thesis.
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Dimensions are in mm

Figure 3.12 Tensile test specimen as per ASTM-E8

Figure 3.13 Shimadzu Tensile Tester

3.7 ELECTROCHEMICAL CORROSION TEST

Corrosion study of AZ wrought Mg alloys was investigated using electrochemical
corrosion analyzer, model: Gill AC-1684 as shown in figure 3.14, supplied by Tech-
science Pvt Limited, Pune (India). The potentiodynamic polarization tests were
conducted in 3.5wt.% NaCl solution to estimate corrosion resistance or rate of corrosion
of AZ wrought alloys. The auxiliary electrode (AE) was made of graphite (Gr) and the
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reference electrode (RE) was made of a saturated calomel electrode (SCE). 1cm? area
of working electrode (AZ80/91 alloys) was exposed to the 3.5wt.% NaCl solution. Prior
to the electrochemical corrosion test, specimens were polished with 600, 800, 1000,
1200, 1500, 2000 grit emery papers and washed with ethanol. The specimens were kept
in corrosion cell kit in NaCl solution for 20min to stabilize the open circuit potential
(OCP). Further, the AC impedance test of starting frequency 10 kHz and ending
frequency 10 MHz with a scan speed of 5mV/s and cyclic sweep experiments with -
250 to +250mV was carried on electrochemical analyzer. Surface morphology of the
corroded samples were examined by SEM. The corrosion product was removed using
200 g/L of chromic acid and 10 g/L of AgNOssolutions. The corrosion rate of the alloy
was calculated by using equation (3.2) and (3.3).

0.129 x A * Icopy

CR (mpy) = —

(3.2)

CR(Mm/y) = 3.27X 1073 % (3.3)

Where: CR is the corrosion rate in miles per year, A is the molar mass (for magnesium
24.3 g/mol), leorr is the corrosion current density in pA/cm?, n is the valance and p is
the density (1.74 g/cm®). The obtained CR was converted into mm/year by considering

1 mils/year equal to 0.0254 mm/year.

Figure 3.14 Electrochemical Corrosion Analyzer setup (Gill AC: Model No: 1845)
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3.8 ANNEALING AND AGING TREATMENT

The chemical composition of investigated AZ80/91 magnesium alloys was measured
by EDS analysis which is presented in Figures 3.2 and 3.3. The as-received AZ80/91
Mg alloys are homogenized and extruded through ECAP. Then, examined the
microstructure, mechanical properties and corrosion behaviour of Mg alloys. Further
enhancement of corrosion resistance was planning to achieve by heat treatment. A
short-term annealing treatment of as-received and ECAPed AZ80 and AZ91 alloys was
conducted at three different temperatures of 523K, 623K and 723K for 6h and 12h with
furnace cooling in order to modify their microstructural characteristics. The annealing
treatment was carried out in Muffle furnace equipped with PID controller and
maximum temperature range of 900 °© C/1000 ° C. Specimens for microstructure
inspection were prepared by mechanical polishing and further etched in a solution of
4.2 g picric acid, 10 ml acetic acid, 10 ml distilled water and 70 ml ethanol for 3-5 s.
Microstructures and elemental distributions were observed by Optical microscopy and
Scanning Electron Microscopy. Further, cyclic sweep experiments with —250 mV to
+250 mV was carried on the electrochemical corrosion analyser to estimate degradation

rate of AZ Mg alloys before and after annealing and aging treatment.

3.9 HIGH-VELOCITY OXY-FUEL COATING

Commercially available coating powder 316 stainless steel has been used in the present
investigation to provide resistance against corrosion. Energy-dispersive spectroscopy
(EDS) analysis of the coating powder confirms the presence of elements in the powder.
The SEM image of 316 stainless steel powder of size 21.6 + 1.6pum and compositions
are shown in figure 3.15. A high-velocity oxy-fuel (HVOF) technique was used to
deposit the coating on as-received and ECAPed AZ80/91 Mg materials in Spraymet
Surface Technologies Pvt. Ltd, Bangalore, Karnataka, India. The process variables used
for the HVOF process are presented in Table 3.4. A compressed air jet is used for
cooling the test specimens during and after the coating process. Prior to powder coating

deposition, the surface of Mg alloy was grit-blasted with Al>O3 grit, which increases
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the quality of coating adhesion by enhancing the surface roughness of the Mg

specimens.
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Fig 3.15. 316 stainless steel powder a) SEM micrograph b) EDS result
Table 3.4 The process variables for the HVOF process
Parameters

Sample type (Substrate) | Magnesium alloy (AZ80 and AZ91)

Coating material 316 stainless steel powder

Coating thickness 80-100pm

Substrate Dimension 15 — 16 mm diameter and 3-5mm thick

Oxygen pressure 160-170 PSI

Oxygen flow rate 30-34 SCFH (SCFH-Standard Cubic Feet Per Hour)

Hydrogen Pressure 120-140 PSI (PSI-Pound per Square Inch)

Fuel flow rate 80-100 SCFH

Spraying distance 87 -10"
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3.10 SUMMARY

The current chapter presents the plan of experimentation in detail with emphasizes on
selection of materials for experimentation, procedure for severe plastic deformation
through ECAP, preparation of specimens and subsequent characterization techniques
adapted. In addition, details of the facilities employed for carrying out microstructural
studies, XRD, tensile test, microhardness, corrosion test and annealing methods are also
explained. Further, the selection of coating materials based on its corrosion resistance
and high velocity oxygen fuel coating adapted in the present study for coating on as-

received and ECAPed samples have been discussed.
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CHAPTER 4

EFFECT OF ECAE ON MICROSTRUCTURE MECHANICAL
PROPERTIES AND CORROSION BEHAVIOR OF AZ80/91
MAGNESIUM ALLOYS

4.1 INTRODUCTION

The ECAP process was planned with two equal channels: traversing at particular angles
called the die channel angle (¢) and the corner angle () subtended at the channels’
intersection. In this work, effect of ECAP die channel angles and processing
temperature on microstructures, mechanical properties and corrosion resistance of
ECAPed AZ80/91 Mg alloys were investigated.

4.2 EFFECT OF ECAP DIE CHANNEL ANGLE ON AZ80/91 MAGNESIUM
ALLOY

So far, many simulation studies have been executed to examine the impact of different
die parameters on deformation homogeneity, strain rate, workflow etc. Although a
number of researchers have been carried out on the efficiency of ECAP process routes
and influences of various ECAP parameters on the strain behavior (Nagasekhar et al.,
2005). There is limited work on study the effect of channel angle on grain size and other
material properties through experimentally. In this chapter, the effect of ECAP channel
angle on grain size, microhardness, tensile behaviour and corrosion rate for different
passes were analyzed using working temperatures of 533K, 598K and 663K.
Furthermore, die A was used for examining above said material properties since this

die gives the best results.

4.2.1 Microstructure Evolution of AZ80 Mg alloy

The optical and SEM microstructures of as-received, homogenized at 673K-24h sample
and those after ECAP processed specimens are shown in Figures. 4.1, 4.2 and 4.3. The
microstructure of the as-received AZ80 Mg alloy presents the a-Mg and B-Mgi7Alw

secondary phases along the grain boundaries indicated in Figure 4.1 (a). After
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homogenized at 673K for 24h secondary phases were partially dissolved along the grain
boundaries as shown in figure 4.1 (b) this partial dissolution of secondary phases was
achieved prior to ECAP and this sample is designated as OP specimen. Figure 4.3
presents the optical images of the ECAPed AZ80 Mg alloy processed through two
ECAP die of 2 and 4 passes at 598K processing temperature, in which the white and
black contrast within the grains and along the grain boundaries represents a-Mg primary
phase and B-Mgi7Al12 secondary phases respectively. Also, the presence of a-Mg and
B-Mgi7Alw phase in AZ80 alloys was confirmed through in accordance with the XRD
analysis shown in Figure 4.23. The microstructure of the ECAPed Mg alloy showed
significant grain refinement and bi-modal grains after ECAP of two passes for both die
A and B, as shown in Figure 4.3. (a) and (c) these heterogeneous grains were typically
obtained under the condition of lower deformation. When ECAP passes were gradually
increased up to four passes bi-modal grain structure disappeared due to a large amount
of induced plastic strain, as a result of the average grain size of ECAP-4P through die
A was ~6.35 um and the secondary phases are uniformly distributed throughout the
material as shown in Figure 4.3 (b). Whereas ECAP-4P processed through die B
exhibited slightly larger grains compared to die A, the obtained grain size is of about
~9.77 um. Hence, the effectiveness of grain refinement can be enhanced based on a
channel angle, particularly, material processed through 90° channel angle exhibited

better grain refinement.

Figure 4.1 Optical images of (a) as-received b) Homogenized at 673K-24h
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Figure 4.2 SEM images of (a) as-received b) Homogenized at 673K-24h

Die A : 90°

Die B: 110°

Figure 4.3 Optical images for Die A and die B after 2 and 4 ECAP passes

4.2.2 Microstructure Evolution of AZ91 Mg alloy

Figs 4.4 and 4.5 show the microstructures of the as-received and homogenized AZ91
Mg alloy. The microstructure of the as-received AZ91 Mg alloy shows a coarse a-Mg
phase and B-Mg17Al12 secondary phase along the grain boundaries which is confirmed
through XRD analysis as shown in Figure 4.23. The mean grain size of as-received Mg

alloy is ~58.69 um as shown in figures 4.4 (a) and 4.5 (a), measured by linear intercept
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method (ASTM E 112). From figures 4.4 (b) and 4.5 (b), it could be found that after
homogenization treatment at 673K for 24h the slight increase of mean grain size of Mg
alloy of ~59.82 um was observed this is due to grain growth effect during
homogenization process. Similar observations are made by Nikulin et al. (2012). After
ECAP, the alloys microstructure are effectively refined by dynamic recrystallization
process (DRX) (Orlov et al., 2009). From figure 4.6, it was observed that two-pass
pressing through die A and die B exhibited bimodal grain structure and more fine grains
appeared for the processing in the 90 ° die than the 110 ° die. The effectiveness of the
grain refinement was observed after four passes of pressing in the 90 ° die as shown in

figure 4.6 (b). Also, it is noticed that with the increase in the number of ECAP passes,

the amount of fine grains is increased greatly.

MgI7AI 0P

f-MgizAh?

Figure 4.5 SEM images of (a) as-received b) Homogenized at 673K-24h
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Die A : 90°

Die B : 110°

Figure 4.6 Optical images for Die A and die B after 2 and 4 ECAP passes

4.2.3 Variation of grain size with two different die after 2 and 4 ECAP passes for
AZ80/91 Mg alloys

Figure 4.7 displays the variation of average grain size of processed and unprocessed
AZ80 and AZ91 Mg alloys of 2 and 4 ECAP passes through die A and die B. As it
could be observed from figure 4.7 as-received and homogenized (OP) Mg alloy has
moderately large grain size approximately ~50.20 um and ~50.70 um for AZ80 and
58.69 um, 59.82 um for AZ91 alloy respectively. The increased average grain size of
Mg alloy after homogenization treatment AZ80/91 Mg alloy at 673K-24h is due to the
phenomenon of grain growth effect (Naik et al., 2018). Further, it can be shown that
after 2P and 4P ECAP volume fraction of grains increases compared to as-received and
homogenized Mg alloy. Mean grain size of AZ80 Mg alloy after ECAP-2P and 4P were
~28.87 um and ~6.35 um respectively for die A. Similarly, the average grain size of
same Mg alloy processed through die B is ~36.14 um and ~9.77 um for ECAP-2P and
4P respectively. Further, an average grain size of AZ91 Mg alloy after 2P and 4P of
ECAP were ~30.86 um, ~7.58 um for die A and ~36.14 um, ~9.7 um for die B
respectively. It is apparent that the obtained grain refinement is due to dynamic
recrystallization process (DRX) during ECAP and they increase in a number of ECAP
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passes which result in much smaller grain structure. However, from this it is noticed
that the alloy processed with 90° die shows smaller grain sizes than 110° die for both
alloy, this is due to accumulation of very large plastic strain while processing with a
low angle die (Patil et al., 2015 and Figueiredo et al., 2010). The calculated equivalent
plastic strain for 110 ° to be ~0.742 and ~1.015 for 90° indeed, the strain developed
by 4P ECAP through 90° die is higher than that of 110° die. Therefore, large strain in
the material exhibited more dislocation density lead to the formation of fine grains
during this process. Therefore, undoubtedly it is evident that ECAP die angles
significantly affect the deformation homogeneity and this influences the variation in
microstructure (Agwa et al. 2016; Jin et al. 2009; Alaneme et al. 2019; Zhao et al. 2019).

80
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Figure 4.7 Variation of average grain size with two different die

Also, the microstructural change contributes towards improved mechanical properties
and corrosion resistance. Finally, in general, AZ Mg alloy processed through die A and
die B showed the same trend of decreasing grain size from the homogenized condition.
By extruding in the die A, the mean grain size of AZ80 and AZ91 Mg alloy decreased
by 35 % and 22% when compared with material processed through die B (Patil et al.,
2015; Figueiredo et al., 2010). Also, from the result, it was observed that AZ80 Mg
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alloy processed through die A at 598 K exhibited fine grain structure of about ~6.35
pum after four ECAP passes, which is lower when compared to ECAPed AZ91 Mg alloy
processed at same processing temperature.

4.3 EFFECT OF ECAP AT DIFFERENT PROCESSING TEMPERATURE

ECAP processing through die A was carried out at three elevated temperatures 533K,
598K and 663 K at a strain rate of 1mm/s using a conventional flipping type ECAP die
described earlier in experimental work. In this section, microstructure evolution in
connection with grain refinement, distribution of secondary phases and grain growth
effect were discussed evidently for AZ Mg alloys.

4.3.1 Microstructure analysis on AZ80 Mg alloys

Figures 4.8-4.14 depicts the microstructure evolution of ECAPed AZ80 Mg alloys after
processing through die A at 533K, 598K and 663K respectively. Figure 4.8 shows the
microstructure evolution of AZ80 Mg alloy after ECAP for 1 to 4 passes.

Figure 4.8 Optical microstructure of AZ80 Mg alloys at ECAP processing temperature
of 533K for different passes a) 1P b) 2P c¢) 3P and 4) 4P
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Figure 4.9 SEM microstructure of AZ80 Mg alloys at ECAP processing temperature of
533K for different passes a) 2P and b) 4P

The microstructure reveals a significant modification in grain size and grain
homogeneity with the increase of ECAP passes. After ECAP of one pass, (Figure. 4.8
(a)), compared with the as-received and homogenized samples, the grain size has shown
a noticeable refinement. The microstructure achieves a substantial reduction in grain
size after ECAP-4P. Here, Maximum of coarse grains disappear and the average grain
size decreases to ~5.12 um. Therefore, the effectiveness of the ECAP process in grain
refinement at higher passes is reduced and more uniform. A similar observation was
made through SEM analysis as shown in figure 4.9. But, distribution of secondary
phases was non-uniform, this is due to Mg alloy processed at below solubility
temperature of Mgi17Al12 phases of the alloy which results in non-uniform distribution
of secondary phases (Jun Qiao et al., 2013). The significant change observed in
microstructure after ECAP processing at 598K shown in Figure 4.10. Certainly, more
homogenous and uniform distribution of secondary phases were observed. This
suggests that recrystallization has occurred during the ECAP process due to the
accumulation of high plastic strain and recrystallization temperature. Therefore, after
ECAP for 4 passes (Figure 4.10 (d)), the microstructures have homogenous grains.
However, the homogeneity of microstructure increases gradually with the increase of
ECAP passes. Also, the SEM micrographs confirm the same as shown in figure 4.11.
In general, the distribution of secondary phases was controlled by the amount of
deformation and ECAP pressing temperature. In the microstructure of as-received Mg
alloy, there existed some brittle eutectic phases around the grains as shown in Figures

4.1 (a), but Figure 4.12 presents the uniform distribution of the secondary phase (B-
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Mgz7Al1) inside the grains of the ECAP-4P specimen processed at 598K. From this, it
is evident that secondary phase particles distributed in the a-Mg matrix as the ECAP

passes progressed.

(a) IE M E!

Figure 4.10 Optical microstructure of AZ80 Mg alloys at ECAP processing temperature
of 598K for different passes a) 1P b) 2P c¢) 3P and 4) 4P

Figure 4.11 SEM microstructure of AZ80 Mg alloys at ECAP processing temperature
of 598K for a) 2P and b) 4P
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Figure 4.12 Distribution of secondary phase of AZ80 Mg alloys after ECAP-4P

Therefore, The ECAP processing not only caused grain refinement but also induced the
precipitation of brittle secondary phases into fine particles, as shown in Figure 4.12
with EDS result. However, when ECAP accomplished at the higher processing
temperature of 663K, with an increasing number of ECAP passes, presence of fine
precipitates of secondary phases vanished fully except for the slight amount of partially
dissolved fine eutectics as shown in Figure 4.13. The amount of brittle eutectic phases
and its precipitates increased due to the higher processing temperature during ECAP
because precipitation of secondary phases depends on solubility temperature of
Mgi7Al12 phases (Jun Qiao et al., 2013). In contrast, AZ80 Mg alloys processed at
663K exhibited coarse grain even at higher ECAP passes the obtained mean grain size
for 2P and 4P are ~37.26 pum, ~10.54 um respectively. Also, grain growth during ECAP

processing at 663K was noticed through SEM microstructure as shown in figure 4.14
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Figure 4.13 Optical microstructure of AZ80 Mg alloys at ECAP processing
temperature of 663K for different passes a) 1P b) 2P c) 3P and 4) 4P

Figure 4.14 SEM microstructure of AZ80 Mg alloys at ECAP processing temperature
of 663K for different passes a) 2P and b) 4P

4.3.2 Microstructure analysis on AZ91 Mg alloys

Optical photographs of the ECAP (a) one-passed; (b) two-passed; (c) three-passed and
(d) four passed AZ91 alloys at 533K are presented in Figure. 4.15 and figure 4.16
presents the SEM images of ECAP-2P and 4P samples. After the second pass, grains
of the initial microstructure were split into a bimodal distribution of coarse grains of
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~30.52 pum. The microstructure became more uniform and homogeneous by successive
breaking-up of coarse grains with ECAP passes. The reasonably more homogeneous
and equiaxed microstructure was obtained after four ECAP passes, it is believed that
dynamic recrystallization occurs during ECAP. However, this does not occur the
growth of new grains at recrystallization temperature. This is because the portion of
fine grains in the ECAPed microstructure gradually increases with ECAP passes as
shown in Figures 4.17 and 4.18. It is noted that the grains of the ECAPed AZ91 alloy
at 598K is not fine as those of the ECAPed Mg alloys processed at 533K, this is mainly
due to the difference in ECAP processing temperature similar observation was made by
Kim et al. (2003) and Awvvari et al. (2016). The grain size reduction is possibly
associated with the gradual transformation of sub-grain-boundaries from low to high
angles with pass number by absorbing dislocations generated during ECAP. As high
angle grain boundaries (HAGBSs) are prone to chemical attack due to their high grain
boundary energies, their presence is easy to be uncovered by chemical etching. The
ECAPed microstructure turns into the homogenous microstructure fully composed of
fine grains with high angle boundaries and uniform distribution of secondary phases at
598K. Firstly, the grain refinement causes the density of grain boundary increase, which
increases the hindrance for dislocation movement contributes to the improved
mechanical properties of as-received AZ91 alloy. Secondly, grain refinement and
continuous distribution of secondary phases during ECAP contribute towards improved
mechanical strength and corrosion resistance respectively. Also, the distribution of
Mgi7Al2 secondary phase after ECAP-4P was shown in figure 4.19 through SEM
images with EDS result. Further, From Figures 4.20 and 4.21 it was observed that
microstructure was commonly inhomogeneous and there were coarse grains. The initial
grain size of ~58.69 um was reduced to the mean size of ~43.96 um, ~11.85 um after
two and four ECAP passes at 663 K respectively, as shown in figure 4.20 (b) and (d).
After 4 passes, the microstructural consistency improved compared to the 2-pass AZ91
Mg alloy processed at the same processing temperature. But, achieved grain size is
much higher than the AZ91 Mg alloys processed at 533K and 598K. Grain refinement
is observed at all the ECAE passes, it is believed that dynamic recrystallization (DRX)
occurred during ECAE (Agwa et al., 2016 and Jin et al., 2009), whereas obtained coarse
grain at 663K is mainly due to grain growth effect at higher temperature (Upadhayay
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et al., 2018). However, the increase of ECAP passes a significant reduction in the
bimodal microstructure of grain refinement were recorded. A Similar observation was
made on Mg alloys by Roberto et al. (2015). From the results presented above, the
effect of increasing ECAP processing temperature on the microstructure evolution
during ECAP process of AZ Mg alloy can be concluded as: (a) the grain size increases,
(b) the grains becomes more equiaxed, (c) the HABs significantly decreases and (d) the
secondary phase distribution rate accelerates. Increasing mean grain size by increasing
ECAP processing temperature is reliable with data stated for other materials extruded
by ECAP (Avarri et al., 2018). Also, above results have good agreement with the
reports by Song et al. (2016).

Figure 4.15 Optical microstructure of AZ91 Mg alloys at ECAP processing temperature
of 533K for different passes a) 1P b) 2P c¢) 3P and 4) 4P
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Figure 4.16 SEM microstructure of AZ91 Mg alloys at ECAP processing temperature
of 533K for different passes a) 2P and b) 4P

Figure 4.17 Optical microstructure of AZ91 Mg alloys at ECAP processing
temperature of 598K for different passes a) 1P b) 2P ¢) 3P and 4) 4P
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Figure 4.18 SEM microstructure of AZ91 Mg alloys at ECAP processing temperature
of 598K for a) 2P and b) 4P
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Figure 4.19 Distribution of secondary phase of AZ91 Mg alloys after ECAP-4P
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Figure 4.20 Optical microstructure of AZ91 Mg alloys at ECAP processing
temperature of 663K for different passes a) 1P b) 2P ¢) 3P and 4) 4P

Figure 4.21 SEM microstructure of AZ91 Mg alloys at ECAP processing temperature
of 663K for different passes a) 2P and b) 4P

4.3.3 Effect of ECAP processing temperature on grain size

The previous section presents the optical images of ECAPed AZ80/91 alloys at 533K,
598K and 663K. U discussed the mechanism of grain refinement in magnesium alloys

processed by ECAP. It was concluded that grain refinement is caused by dynamic
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recrystallization (DRX). However, in this section, the impact of processing temperature
on grain size was discussed. Figure 4.22 shows the variations of average grain size of
ECAPed and un-ECAPed AZ80/91 Mg alloys with the increasing number of ECAP
passes at 533K, 598K and 663K. Further, grain refinement was observed up to 4 ECAP
passes, resulting in a fine and homogeneous microstructure consisting of equiaxed
grains as shown in Figure 4.8-4.21. In contrast at 533K, 598K processing temperatures
showed the fully refined homogeneous microstructure even after 2 and 4 Passes. After
4 passes a grain growth was observed and the microstructure remain almost unchanged
during further processing at 663K. As a result, the microstructure of sample processed
at 663K is coarser than that of the sample processed at 533K and 598K for both AZ Mg
alloys. This is mainly attributed due to grain growth effect at higher processing

temperature.
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Figure 4.22 Mean grain size variation for different ECAP passes at three different

processing temperatures

Figure 4.22 display typical grain size variation for Mg samples pressed at 533K
(~0.4Tm), 598K (~0.5Tm) and 633K (~0.6Tm) with corresponding average grain
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sizes of ~ 5.12 pum, ~6.35 um and ~10.54 um respectively after four ECAP pass for
AZ80 Mg alloy. Similarly, the corresponding mean grain size of ~ 4.36 um, ~7.58 um
and ~11.85 um respectively after four ECAP passes for AZ91 Mg alloy. The grains in
the as-received alloy were significantly refined and the mean grain size decreased with
reducing ECAP processing temperatures, reaching coarse to fine (i.e. <5 um) at 533K
with AZ91 Mg alloy. The grain size distribution in the sample processed at three
different temperature based on OM and SEM analysis is shown in Figures. 4.8-4.21.
This formation of the fine grains related to dynamic recrystallization (DRX) which can
take place in Mg at all processing temperature with large plastic deformation and more
importantly, grain growth effect was observed at higher processing temperature that is
663K (Upadhayay et al., 2018).

4.4 X-RAY DIFFRACTION ANALYSIS

The X-ray diffraction patterns of AZ Mg alloy before and after ECAP processes as
shown in Figure 4.23. The XRD patterns of the as-received, homogenized at 673K and
ECAPed AZ Mg alloys revealed two sets of peaks, one for the a-Mg primary phase and
another one for the f-Mgi7Al12 secondary phase. But as-received alloy of AZ80 has
shown new peaks corresponding to the formation of the ternary phase appeared at 41.4°
as shown in Figure 4.23 (a) which is disappeared after homogenization treatment and
ECAP depicts in Figure 4.23 (b)-(d) due to diffusion annealing treatment and dynamic
precipitation during the ECAP process. Further, Figure 4.23 (c) and (d) presents the
XRD patterns for ECAPed AZ80 Mg alloys for 2P and 4P processed with die A at
processing temperature 598K. It was observed that the peak intensities were increased
after 4P ECAP when compared to the ECAP-2P sample. This is due to an increased
volume fraction of secondary phases and more ho mogenous microstructure. But 2P
ECAP processed sample presented lower peak intensity this is mainly due to non-
homogeneity in the microstructure and crystal defects. Furthermore, Figure 4.23 (e)-
(h) shows the XRD spectra of AZ91 Mg alloy e) as-received f) the homogenized at
673K for 24 h g) the two-passed AZ91 Mg alloy ECAPed with die A at 598K and h)
the four-passed AZ91 Mg alloy ECAPed with die A at 598K. Regardless of the number
of ECAP pass, the as-received and processed samples contained a-Mg and B-Mgi7Al12
phase. The intensity of the peak in the ECAP processed specimens at 598K is lower
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than that of the as-received specimen. Also, it can be seen that there exists great
difference on the magnitude of peak intensity of ECAP processed specimen at 598K
for two and four passes this is mainly due to induced plastic strain during ECAP similar
results has been observed by Avvari et al. 2016.
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Figure 4.23 XRD analysis on AZ80 Mg alloys a) as-received b) Homogenized at 673K-
24h c) Die A: 2P at 598K d) Die A: 4P at 598K. XRD analysis on AZ91 Mg alloys e)
as-received f) Homogenized at 673K-24h g) Die A: 2P at 598K and h) Die A: 4P at
598K

4.5 MECHANICAL BEHAVIOUR

This section explains the effect of ECAP die channel angle and processing temperature
on mechanical properties of as-received and ECAPed AZ80/91 Mg alloys. Also,
presents the farctography study on fractured surfaces of as-received and ECAPed
AZ80/91 Mg alloys.
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4.5.1 Effect of die parameters and processing temperature on microhardness

Figure 4.24 shows the impact of channel angle on microhardness during ECAP of
AZ80/91 Mg alloys. From the results, it was observed that AZ80/91 Mg alloy processed
through lower channel angle of 90° (die A) exhibited enhanced microhardness when
compared to material processed through die B at 598K after 4 Passes of ECAP. The
improved microhardness is mainly due to the accumulation of large plastic strain while
processing at 90° channel angle and obtained more equiaxed microstructure. Hence, die
A which has 90° channel angle is considered as an optimal die parameter in order to get
the highest microhardness for both AZ80/91 Mg alloys. Also, from Fig. 4.24 it was
established that there is a significant increase in microhardness after a four pass of
ECAP in AZ91 Mg alloy after processing using a die A compared to AZ80 Mg alloy
processed through the same die and this is anticipated from measurements of the
effective refinement of grain size. Furthermore, a variation of microhardness at three

different temperature through die A for AZ80/91 Mg alloys were discussed.

Figure 4.25 demonstrates the effect of ECAP processing temperature on the
microhardness of the AZ80/91 Mg alloys subjected to ECAP process at three different
processing temperature. From literature, ECAP caused an increase of microhardness
with an increase of ECAP passes. In the present work, it can be seen from Figure 4.25
increase of ECAP passes caused an increment in microhardness of the AZ80/91 Mg
alloys. However, specifically for AZ80 Mg alloys by increasing ECAP processing
temperature from 533K to 598K, the microhardness of the specimen decreases about
4.5 % after 4P-ECAP, while increasing ECAP temperature from 533K to 663K
decreases the microhardness considerably, this decrease is about 9 % after ECAP-4P.
Also, for AZ91 Mg alloys by increasing ECAP processing temperature from 533K to
598K, the microhardness of the specimen decreases about 3% after 4P-ECAP, while
increasing ECAP temperature from 533K to 663K decreases the microhardness
considerably, this decrease is about 8.6 % after ECAP-4P. Also, maximum
microhardness of Alloy processed after 4 ECAP passes showed 90.32 Hv at 533K,
which is 25 % higher than that of as-received AZ91 alloy. The increased microhardness

mainly results from the sum of the effects of grain refinement and p-Mgi7Al12 phase
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fragmentation, partial dissolution and distribution (Naik et al., 2019), which is evidently
shown through microstructure discussed in the previous section.
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Figure 4.24 Variation of microhadness for AZ80/91 Mg alloys after processing through
two different dies
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Figure 4.25 Variation of microhardness for different processing temperatures.
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Further, the significant decrease of microhardness at higher processing temperature this
is mainly due to thermal softening effect at a higher temperature. Similar observation
is made on AZ61 Mg alloy by Avvari et al. (2016) and AZ80 Mg alloys by Naik et al.
(2019). Therefore, the significant outcome is that the influence of ECAP passes on the
microhardness increment decreases with increasing ECAP temperature from 533K to
663K for both materials. Also, it is observed that AZ91 alloy processed at 533K through
ECAP showed higher microhardness compared to AZ80 Mg alloy.

4.5.2 Variation of tensile strength with two different die and processing

temperature

The engineering stress-strain curves of un-ECAPed and ECAPed AZ80/91 Mg alloys
at two different dies are shown in Figure. 4.26. Information regarding ultimate tensile
strength (UTS) and ductility of the un-processed and the processed AZ80/91 Mg alloys
for various temperature were also presented in figures 4.27 and 4.28 respectively. The
stress-strain curves show that ultimate tensile strength and ductility of ECAP-4P
processed AZ80 specimens at 598K are about 489.17MPa, and 19.03%, respectively
for die A, Along with this, the same material processed through die B 4P-ECAP
exhibited UTS and %elongation is 451.01MPa and 11.76% respectively, which are
higher than that of as-received and homogenized specimen of AZ80 Mg alloys.
Similarly, the AZ91 Mg alloy processed through die A has greatly improved ultimate
tensile strength and ductility. Particularly, as-received AZ91 alloys have 372.74 MPa
and 7.84 % of UTS and ductility respectively, which is further enhanced to 432.81 MPa
and 19.13% after processing through die A for 4 passes and 410.35 MPa and 13.22 %
of ultimate tensile strength and ductility was observed after processing through die B
for 4 passes. From this result, it was found that compared with the ECAPed AZ91 Mg
alloys processed with die A, the AZ80 Mg alloy processed through die A exhibited
enhanced tensile properties compared to die B. This is due to an induced large amount
of plastic strain during ECAP. Further, Figures 4.27 and 4.28 shows the mechanical
properties of AZ Mg alloys before and after ECAP processing with die A up-to 4 ECAP
passes at 533K, 598K and 663K. The ECAP processing temperature is a significant
factor that affects the mechanical properties of the AZ80/91 Mg alloys after ECAP.
AZ80 Mg alloys processed at 533K, the strength increased significantly. For instance,
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the ultimate tensile strength (UTS) and ductility increased to 470.98 MPa and 16.36 %,
respectively, after four ECAP passes about 15 % and 60 % higher than the sample
before ECAP.
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Figure 4.26 Variation of tensile strength for different ECAP die
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Figure 4.28 Variation of % elongation for different processing temperature

At 663K, the UTS and ductility were 498.10 MPa and 19.03 %, respectively after four
ECAP passes, which is lower than the values at 533K and 598K. By contrast, a clearly
visible decreasing trend in strength was observed in the sample that underwent ECAP
at 663K. However, the elongation of the samples for all the passes ECAP increased
with the increase in temperature, as shown in Figure 4.28. Apparently, the ultimate
tensile strength (UTS) and % elongation were improved after ECAE processing
compared with the as-received alloy. However, simultaneous growth in both tensile
strength and % elongation with an increasing number of ECAP passes were observed,
this enhancement is mainly due to grain refinement (Shaeri et al., 2016; Chiu et al.,
2018; Shahzad et al., 2009). In addition, AZ91 Mg alloy after ECAP 2P and 4P achieved
higher ductility and ultimate tensile strength respectively. It is reported that after 4P of
ECAE at 598K the percentage increase of UTS and elongation is 14 % and 59 %
respectively. Also, further decrease of UTS and ductility was observed by increasing
the ECAP processing temperature which is shown in figures 4.27 and 4.28 evidently
this is mainly due to thermal softening and grain growth effect. Similarly, Xia et al.
(2008) observed the continuous improvement in hardness, tensile strength and ductility
of the AZ31 Mg alloy during ECAP. Along with this the continuous improvement of
tensile strength and ductility was observed during ECAP for both AZ Mg alloys. As a
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comparison, the data plot for % elongation for three different processing temperature
up to 4 ECAP passes as shown in Figures 4.27 and 4.28. From Figures 4.27 and 4.28,
it was disclosed that after ECAE, UTS and % elongation increased noticeably. This
result would be affected by the refinement of grain size.

4.6 FRACTOGRAPHY

Figures 4.29 and 4.30 shows the in-situ SEM morphology of fractured surfaces of AZ80
and AZ91 Mg alloy after a tensile test for both processed and unprocessed samples. The
fractured surface provides an understanding of deformation regimes in the tested
sample, the nature of fracture and changes in grain refinement. Also, which contributes
extensive evidence for the effect of grain refinement on the strength and ductility of
ECAPed samples due to processing temperature and ECAP passes. In addition, the
sample failure is due to slip mechanism such as void nucleation, void growth and
coalescence are observed in the analysis (Upadhayay et al., 2018; Avvari et al., 2014;
Gopi et al., 2016). Figure 4.29 (a) showed the fractured surface of the as-received AZ80
specimen. The fractured surface morphology reveals the presence of few dimples with
non-homogenous grains distribution. Also, Figure 4.29 (a) shows that there are tearing
ridges along the grain boundaries and brittle transgranular fracture, this contributes to
poor mechanical properties. From, Figure 4.29 (b) it can be seen that homogenized Mg
alloy showed dimples are moderately shallow compared to as-received fractured
surface due to the slight improvement in ductility during homogenization treatment at
673K for 24h similar observation was made by Wang et al. (2016). Figure 4.29 (c) (d)
and (e) represents the fractured surfaces of Mg alloy processed through ECAP-4P with
die A at 533K, 598K and 663K respectively. During the tensile test intergranular cracks
are initiated at the outer edge of the sample, these initiated cracks convert into
transgranular cracks which propagate through the sample till they reach the
intergranular sites on the other side. At the interface of the intergranular and
transgranular zone, form slip bands initiates coalescence of voids leads to voids growth,
cracks and sample fracture. A similar observation was reported by Upadhayay et al.
(2018) during their study. Figure 4.29 (c) exhibited fewer dimples compared with
Figure 4.29 (d) due to the fine grain structure of alloy during 4P-ECAP which results

in higher tensile strength with reduced plasticity. This specifies that the crack growth
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is decelerated upon contact with large grain boundaries in the sample. Further, Figure
4.29 (e) illustrates the fractured surface of ECAP 4P processed AZ80 Mg alloys through
90° die. Here, a similar observation was made on fractured features of Mg alloy
processed at 533K and 598K but volume fraction of dimples formed in the 4P-90° die
at 663K processed samples are more when compared with the 533K and 598K
processed sample. This reveals the proof for improved plasticity of AZ80 Mg alloys
processed at higher temperature. This is due to softening and coarsening of grains at
elevated temperatures which weakens the grain boundaries this contribute towards
improved ductility. Recently, Yuchun Yuan et al. (2016) experimented to study the
effect of deformation temperature on the mechanical properties of ECAP Processed
ZK60 Magnesium Alloy. Here, authors observed notable decrease in the yield strength
and ultimate tensile strength, while the ductility was improved. Further, from Figure
4.29 (c) — (e) the complex fine dimples were observed on fractured surfaces of ECAPed
samples this is maybe due to the decohesion of Mgi7Al12 secondary precipitates during
a tensile test. Furthermore, Figure 4.30 (a)-(e) shows the SEM images of fracture
morphologies of tensile specimens of as-received, homogenized alloys prior to ECAP
and of AZ91 Mg alloys processed by four passes of ECAP with three processing
temperatures. In Figure 4.30, the fracture morphology of the as-received and
homogenized sample is characterized by the existence of cleavages over the entire
surface indicating the brittle failure (Fig. 4.30 a and b). In the fracture surface of
ECAPed samples Fig. 4.30 (c) — (e), the dimples exist with smaller in sizes. However,
a small number of larger dimples can be observed on the fractured surface. In addition,
the cleavage fractures are also observed in some area of the fracture surfaces. It is clear
from Figure 4.29 and 4.30 that the small size dimples have a more regular shape, where
the initial voids might initiate at grain boundary as the strain concentrator. This
indicates that the dislocation induced by severe plastic deformation of ECAP piled up
at the grain boundary. Furthermore, the smaller size of dimples in ECAPed samples
indicating the grain refinement occurred due to ECAP processing.
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Figure 4.29 Fractured surface of AZ80 Mg alloys a) As-received b) Homogenized at
673K-24h c) 4P-533K d) 4P-598K and e) 4P-663K

Moreover, the fracture mode changed from a brittle fracture to a ductile fracture, and a
large number of dimples appeared on the tensile fracture surface. However, Mg alloy
processed at 533K of ECAP results in smallest dimples size when compared to other
sample processed at 598K and 663K. This is consistent with the relatively highest
tensile strength of ECAPed samples at 533K compared to that of other processing
temperature. In over-all, surface observation of fractured samples revealed that void
formation, coalescence and decohesion of secondary phase was dominant which leads

to quasi-cleavage fractures (Avvari et al. 2016).
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Figure 4.30 Fractured surface of AZ91 Mg alloys a) As-received b) Homogenized at
673K-24h c) 4P-533K d) 4P-598K and e) 4P-663K

4.7 CORROSION STUDY

This section illustrates the effect of ECAP die channel angle and processing
temperature on corrosion behaviour of as-received and ECAPed AZ80/91 Mg alloys.
Also, presents the morphology study on corroded surfaces of as-received and ECAPed
AZ80/91 Mg alloys.

4.7.1 Effect of ECAP die and processing temperature on corrosion rate

The corrosion results of AZ80/91 Mg alloy processed through die A and die B at 598K
after 4-ECAP passes including as-received and homogenized samples were shown in
Figure 4.31. From figure 4.31, it was observed that the channel angle of ECAP

significantly influences the grain refinement and distribution of secondary phases
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which contribute towards corrosion resistance. ECAP processing through die A at 598K
leads to lower corrosion rate after 4 passes of ECAP compared to die B under the same
conditions for both AZ80/91 Mg alloys. This is mainly due to the lower dislocation
density at recrystallization temperature (Gopi et al., 2015). Therefore the reduction of
the grain size and the increase of the distribution of secondary phases can cause an
improved corrosion resistance. In other words, the column chart shows the variation of
corrosion rates of Mg alloys before and after ECAP process for both AZ Mg alloys.
The corrosion potential (Ecorr), corrosion current (lcorr), and corrosion rate (mm/year)
obtained by using the potentiodynamic polarization curves are presented in Table 4.2
and 4.3. The more ECAP passes are related to the nobler corrosion potentials and the
lower current density. The Mg alloy processed through die A and die B after four ECAP
passes results that the ECAPed Mg processed through die A has nobler Ecorr and lcorr
values, leads to more corrosion resistance than the specimen extruded through die B,
as-received and homogenized. Specifically, AZ91 Mg alloy processed through ECAP
after 4 passes exhibited improved corrosion resistance than the ECAPed AZ80 Mg
alloys this mainly due to elemental composition of AZ91 Mg alloy.

The results of the corrosion rates of AZ80 and AZ91 Mg alloys processed through
ECAP for temperatures of 533K, 598K and 663K are shown in Figure 4.32 and
presented in table 4.2 and 4.3. The corrosion rates are consistent with the corresponding
microstructures at three different temperatures where the finer grain size and more
uniform distribution of secondary phases lead to lower corrosion rates. Also, corrosion
resistance was increased with respect to the number of ECAP passes. But, AZ80 Mg
alloy processed at 533K showed reduced corrosion rate up-to 3-ECAP passes after 3P
corrosion rate increased with the number of ECAP passes this is due to increased
dislocation densities during processing at below recrystallization temperature. The
processing of AZ80/91 Mg alloys at recrystallization temperature and above shows
almost the same trend between 1 to 4 passes while measuring the corrosion rate. A
corrosion rate drop in the ECAPed AZ80/91 Mg alloy was observed at 598K and 663
K compared to the AZ80/91 Mg alloy processed at 533K, thereby indicating a non-
uniform distribution of secondary phases. The occurrence of secondary phases

distribution leads to a lower corrosion rate after ECAP shown in Figure 4.32. At 598K
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and 663 K, the corrosion rate show similar variations after 4 Passes of ECAP. From
figure 4.32 it was observed that increasing the ECAP passes exhibited a clear shift in
the corrosion rate to the lower corrosion rate, as compared with the as-received
condition. The progressive decrease in the corrosion rate of the ECAPed samples is
attributed to the modification of microstructure after ECAP processing (Argade et al.,
2012; Atrens et al., 2013).

Corrosion rate (mmly)

e A-4P

As-received

Di Die B-4P

Die

Figure 4.31 Corrosion rate vs ECAP die

Also, from figure 4.32, it was noticed that AZ80/91 Mg alloys processed through ECAP
at higher processing temperature exhibited a lower corrosion rate when compared to
the other two temperatures. This is mainly due to the reduction in the cathodic sites of
the ECAPed samples after processing at a higher temperature can be considered as a
result of the decrease in the size of secondary phase in the matrix. These phases act as
cathodic sites as compared with the magnesium matrix. The anode/cathode ratio is more
in the vicinity of the fine dispersed secondary phases than that in the sample processed
at lower processing temperatures. Therefore, in the ECAPed sample processed at higher
processing temperature, the secondary phases increased or distributed the
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anode/cathode ratio in the magnesium matrix and consequently decreased the cathodic

reaction leads to less corrosion rate. (Gobara et al., 2015; Chen et al., 2014).
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Figure 4.32 Corrosion rate vs the number of ECAP pass after processing through die

A at three different temperatures

4.7.2 Effect of grain size and distribution of secondary phases on corrosion

behavior.

Figure 4.33 depicts the polarization plots for AZ80 and AZ91 Mg alloys processed with
die A at 598K and measured Ecor and lcorr Values are presented in Table 4.2. From
Figure. 4.33 it was observed that the anodic branches of the unprocessed and processed
AZ80 specimen showing the continuous active dissolution of the metal this indicate
that AZ80 Mg alloy exhibit poor passivity (Gobara et al., 2015; Kakiuchi et al., 2015).
Although, Ecorr values of ECAP processed AZ80 Mg alloys are significantly shifted to
the less negative potentials and highly reduced the magnitude of lcor after 2 passes

presented in table 4.2. A similar observation was made by Argade et al. (2012).
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Figure 4.33 Polarization curves of Mg alloys processed through die A a) ECAPed AZ80
Mg alloys A and b) ECAPed AZ91 Mg alloys

Further, the polarization plot of the 4P ECAPed with 90° die exhibits a corrosion
potential of -1.375 Vsce this is higher than corrosion potential of other ECAP passes.
This indicates that AZ80 Mg alloy processed with 90° die sample has higher pitting
corrosion resistance. Moreover, polarization results specify that the ECAPed AZ80 Mg
processed with 90° die has nobler Ecor values. Further, the potentiodynamic
polarization curves of as-received and ECAPed AZ91 Mg specimens in 3.5wt.% NaCl
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was also shown in Figure. 4.33. The experimental results revealed that the Ecor,
corrosion potential of 4P-ECAPed AZ91 Mg alloys was —1.453Vscg, which was less
negative compared with the as-received alloy and other ECAP passes (Fig. 4.33). This
phenomenon specifies that the cathodic reaction was more difficult in fine-grained Mg
alloys compared to the coarse grain alloy. Therefore, with the ECAP, the corrosion
potential (Ecorr) shifted to -1.536 Vsce and -1.453 Vsce after two and four ECAP passes
which are considerably nobler in comparison with the as-received alloy (-1.540 Vsce).
However, the corrosion potential increases with the grain refinement after ECAE in the
alloy. Also, the corrosion current density (lcorr) 0f 2P and 4P ECAPed AZ91 Mg alloy
was 0.0173 mA/cm? and 0.0053 mA/cm? respectively, which is lesser than that of as-
received AZ91 Mg alloy (0.0263 mA/cm?). The obtained results revealed that the
ECAPed Mg sample after 4 passes has nobler corrosion potential and lower current
density when compared with as-received and ECAPed-2P. Therefore, ECAE increased
the corrosion resistance of Mg alloy this is due to grain refinement and distribution of
secondary phases. Which is evidently shown in OM and SEM microstructure in figure
4.19. Similarly, Shahar et al. (2017) explored that the grain refinement and secondary

phase distribution through ECAP improves the corrosion resistance of Mg alloys.

4.8 CORROSION MORPHOLOGY

The corrosion morphologies of as-received and as-processed specimens of AZ80 and
AZ91 Mg alloys immersed in 3.5wt.% NaCl solution observed through scanning
electron microscopy and is shown in Figures 4.34 and 4.45. From Figure.4.34 (a) and
(b), Figure.4.35 (a) and (b), it was observed the adequate amount of corrosion attack on
the surface of the as-received and homogenized AZ80 and AZ91 Mg alloys after
potentiodynamic polarization test. The ECAP performed samples of Mg alloys after the
corrosion test exhibited comparatively less localized pits on the surface of ECAPed
AZ80/91 Mg alloys have shown in Figure 4.34 (c)-(e) and 4.35 (c)-(e). This obtained
result showed that pitting corrosion resistance of ECAPed Mg alloys are significantly
improved through grain refinement and this is due to distribution of secondary phases
(Lunder et al., 1994 and Singh et al., 2015). Also, from figures 4.34 (e) and 4.35 (e), it
is observed that AZ80/91 Mg alloy processed at 663K exhibited improved pitting

corrosion resistance. Remarkably, AZ80/91 Mg alloy processed at the higher
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temperature (663K) revealed that decreased corrosion attack when compared with the
Mg alloy processed at 533K and 598K shown in Figures 4.34, 4.35. From the study, the
less corrosion attack of the AZ80/91 Mg alloy was stated due to better distribution of
Mgz7Al12 secondary phases at higher processing temperature (663K). The process also
proved that the Mg alloy processed through 90° ECAP die had higher corrosion pitting
resistance in the chloride solution (table 4.2 and 4.3). It is worth to declare that this
appeared improved for AZ80/91 Mg alloy was due to the grain refinement, distribution
of secondary phases and formation of magnesium hydroxides formed on their surfaces.
Which evidently proved through microstructure and X-ray diffraction analysis shown
in Figures 4.34 (f) and 4.35 (f) for AZ80 and AZ91 Mg alloys respectively. The
existence of such metal oxide partially protects the Mg surface from further dissolutions
under this circumstance the breakdown of the film and the consequential nucleation and
growth of a pit become more difficult. Moreover, the higher Ecorr value for ECAPed Mg
alloys at higher passes revealed that the surface of Mg alloys was more passivated
against corrosion this is due to slow dissolution rate of fine grains structure (Wenming
et al., 2017; Lunder et al., 1994). Finally, from the results, it was concluded that the
severe corrosion attack was observed on as-received AZ80 and AZ91 Mg alloys and
further continuous reduction in corrosion attack was observed for ECAPed samples.
Further, corrosion attacks were minimal when AZ80/91 Mg alloys processed at 663K,
specifically, ECAPed AZ91 Mg alloys processed at 663K undergo less corrosion attack
due to uniform distribution of secondary phases and elemental composition of AZ91
Mg alloy. Similar kind of results and trends was reported by many authors in their
studies (Ambat et al. 2000, Zeng et al. 2006, Yunchang et al. 2010 and Cheng et al.
2009).
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Table 4.1 Data Sheet of AZ80 Mg alloy processed with die A and die B

AZ80 Mg alloy processed through Route-R

Die A (90° die angle)

Die B (110° die angle)

Temp | ECAE s T UTs T we E MH | Ecor leor CR GS UTS | %E E MH | Ecor loor CR
PSS L my | (P | 06 | upay | (V) | ) | (mAemd) | mmiy) | @m) | MR | 8 | pay | (V) | V) | (maAdem?) | (mmiy)
R.T As-R 50.20 | 401.19 6.61 8438.3 64.58 -1.547 0.297 13.563 50.20 401.19 6.61 8438.3 64.58 -1.547 0.297 13.563
673K oP 50.75 | 347.43 7.37 7620.1 68.34 -1.480 0.15 6.850 50.75 347.43 7.37 7620.1 68.34 -1.480 0.15 6.850
1P 35.22 | 469.30 12.69 6269.3 78.65 -1.421 0.091 4.156 39.47 376.23 10.63 | 6278.3 72.60 -1.536 0.095 4.338
2P 26.34 | 475.89 19.63 6458.9 83.53 -1.411 0.068 3.105 34.58 487.80 15.33 | 6128.3 82.37 -1.523 0.087 3.973
533K 3P 15.62 | 482.36 22.63 6425.8 86.47 -1.401 0.025 1.142 18.22 461.37 11.46 | 6236.5 83.45 -1.510 0.036 1.644
4p 5.12 | 470.98 16.36 5896.3 88.36 -1.413 0.028 1.279 8.65 394.11 12.03 | 6128.6 85.12 -1.569 0.042 1.918
1P 38.11 | 465.49 18.51 5592.5 78.02 -1.514 0.08 3.653 43.48 362.37 15.74 | 6533.5 70.68 -1.527 0.047 2.146
2P 28.87 | 460.09 25.27 5402.8 81.22 -1.451 0.0295 1.347 36.14 472.28 27.63 | 4801.7 81.63 -1.501 0.031 1.416
>98K 3P 16.41 | 492.08 18.82 4491.4 82.88 -1.430 0.013 0.594 20.42 43751 19.29 | 5412.1 80.53 -1.523 0.018 0.822
4P 6.35 489.17 19.03 5412.1 84.71 -1.412 0.0084 0.384 9.77 451.01 11.76 | 6647.9 83.14 -1.520 0.009 0.411
1P 43.52 | 400.95 12.69 5236.9 72.32 -1.475 0.062 2.831 40.33 340.45 13.69 | 5136.7 70.66 -1.512 0.081 3.699
663K 2P 37.26 | 406.38 16.38 5124.2 76.75 -1.423 0.019 0.868 38.62 403.10 19.31 | 5236.4 72.68 -1.501 0.031 1.416
3P 26.38 | 389.41 20.36 5632.2 80.34 -1.416 0.005 0.228 22.15 368.21 16.98 | 5031.6 73.42 -1.468 0.007 0.320
4P 10.54 | 325.85 23.74 4987.5 78.36 -1.411 0.008 0.365 11.68 293.82 11.57 | 4836.7 78.63 -1421 0.0091 0.416
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Table 4.2 Data Sheet of AZ91 Mg alloy processed with die A and die B

AZ91 Mg alloy processed through Route-R

Die A (90° die angle)

Die B (110° die angle)

Temp | ECAE e T UTs T wEe E MH Ecor loor CR GS UTS | %E E MH | Ecor loor CR
PSS m) | P | ) | ey | W | V)| maem) |y | wm) | P | 00 | ey | W) | V)| mavem) | mmy)
R.T As-R 58.69 | 372.74 7.84 7237.2 68.52 -1.539 0.263 12.010 58.69 372.74 7.84 7237.2 68.52 -1.539 0.263 12.010
673K oP 59.82 | 365.96 8.02 7121.6 69.35 -1.523 0.134 6.122 59.82 365.96 8.02 7121.6 69.35 -1.523 0.134 6.122
1P 49.56 | 384.23 7.36 6689.8 75.50 -1.520 0.0855 3.905 50.63 375.32 8.21 | 6487.3 73.49 -1.511 0.0952 4.348
2P 30.52 | 404.27 11.69 6388.2 77.50 -1.536 0.0473 2.160 32.47 403.68 15.3 6428.9 76.28 -1.530 0.0612 2.795
533K 3P 18.69 | 416.35 12.23 6628.1 85.28 -1.501 0.0165 0.754 20.12 409.98 19.36 | 6534.6 82.11 -1.521 0.021 0.959
4P 4.36 451.01 11.76 6086.2 90.32 -1.495 0.0113 0.516 5.28 425.37 21.15 | 6235.3 88.36 -1.502 0.0233 1.064
1P 50.68 | 387.36 7.86 59325 73.85 -1.523 0.0624 2.850 52.45 382.98 9.28 | 5836.8 71.87 -1.512 0.1245 5.686
2P 30.86 | 392.12 10.68 6417.3 76.14 -1.448 0.0224 1.023 33.24 400.64 11.69 | 5778.2 74.08 -1.531 0.0617 2.818
>98K 3P 2154 | 416.69 14.28 5487.1 81.74 -1.421 0.0114 0.521 22.63 405.42 10.32 | 5873.8 80.17 -1.524 0.0154 0.703
4P 7.58 432.81 19.13 5585.9 87.57 -1.418 0.0026 0.119 9.14 410.35 13.22 | 54235 82.61 -1.526 0.0036 0.164
1P 52.23 | 366.96 8.63 5587.3 70.69 -1.511 0.0414 1.891 53.68 378.39 9.34 | 5368.2 69.58 -1.526 0.061 2.786
2P 43.96 372.3 13.98 5512.7 73.85 -1.491 0.0221 1.009 44.15 386.23 13.68 | 5428.3 70.35 -1.538 0.0201 0.918
063K 3P 25.36 | 395.17 19.36 5287.3 79.68 -1.481 0.00135 0.062 27.19 396.47 16.78 | 5235.7 74.89 -1.523 0.00142 0.065
4P 11.85 | 404.62 21.36 4796.6 82.53 -1.461 0.00111 0.051 12.48 401.28 14.36 | 4589.3 79.55 -1.522 0.00125 0.057
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4.9 SUMMARY

AZ80 Mg alloy processed through both die A and die B at three different temperatures such
as 533K, 598K and 663K were discussed in this chapter. Indeed, Mg alloy processed
through die A has significantly shown fine grains than die B. Since the grain size and
distribution of secondary phases are major factor in determining the strength and corrosion
resistance of the material respectively, therefore die A is considered as optimal to achieve
fine grain structure in our work. As a result the fine grains obtained through die A exhibited
improved mechanical and corrosion resistance evidently discussed in the earlier sections.
The AZ Mg alloy processed at 533K, 598K and 663 K. At 533K and 598 K, no grain growth
occurs during ECAP processing but it is noticed at 663K. The grain refinement appears to
result from a fragmentation of the larger grains by twinning due to the severe shear
deformation. Specifically, the formation of a large population of small recrystallized grains
at the original grain boundaries and the fragmentation of the secondary phases which serves
enhanced mechanical and corrosion behavior of Mg alloys. The maximum strength is
achieved for the temperatures of 533K and 598 K, minimum corrosion rate was achieved
at 663K. These results confirm the advantage of processing the AZ80 and AZ91 alloy at a
relatively lower temperature and higher temperature. Thus, processing at recrystallization
temperature 598K avoids the problem of grain growth, produce more homogeneous grain
structure and enhanced corrosion resistance without compromising mechanical
characteristics. Therefore, further investigation were carried out for AZ Mg alloys
processed through die A at 598K.

Also, based on the experimental results and discussion, the following conclusions were

drawn.

e Increase in ECAP passes lead to homogeneous microstructure due to dynamic
recrystallization which occurred during ECAP process. The secondary f-Mgi7Al12
phase was reduced and uniformly distributed throughout the extruded material.
Here, the effectiveness of ECAP with die A in grain refining of AZ80/91 Mg alloys
was quite significant because of imposing large plastic strain of ~4.06 after four
ECAP passes.
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The average grain size of AZ80 and AZ91 Mg alloy was found to be reduced to
5.12 um and 4.36 um respectively after processing through die A at 533K.

According to the microstructural observations, Optical microstructural studies
establish that increasing ECAE processing temperature leads to an increase in the

grain size due to grain growth effect.

Microhrdness, ultimate tensile strength and ductility for both AZ80 and AZ91 Mg
alloy has been enhanced by refining grain size with increasing number of passes.
Ultimate tensile strength of the AZ91 Mg alloy decreased when compared to AZ80
Mg alloy after ECAP this is due to the presence of the secondary S-Mgi7Al12 phase.
Also, SEM fractured surfaces in all the three temperatures of ECAP-4P samples

reveals dimples which shows the ductile brittle fracture.

Mechanical properties such as ultimate tensile strength, ductility and microhardness
of the AZ80/91 Mg alloy is directly proportional to the ECAE passes but it has an

inverse effect on ECAE processing temperature.

Potentiodynamic polarization test showed reduced corrosion current density (lcorr)
which indicates higher corrosion resistance for the ECAP processed samples due to
the presence of equiaxed fine grain microstructure and homogeneously distributed
secondary particles (Mgi17Al1).

Polarization results showed that passive behavior of ECAPed AZ80/91 Mg sample
enhances compared to as-received AZ80/91 Mg alloy owing to the grain refinement
and distribution of secondary phase. An AZ80/91 Mg alloys processed with die A
(90°) showed higher pitting corrosion resistance compared to die B (110°), by
showing less negative pitting potential during 4P-ECAP. Also, the obtained

polarization data have good agreement with the corrosion surface morphology.

The electrochemical corrosion of AZ80/91 Mg alloys exhibited better corrosion
resistance after ECAP at higher processing temperature of 663K compared to lower
processing temperature 533K, this revealed a 71 % and 90 % improved corrosion
resistance for AZ80 and AZ91 Mg alloy respectively.
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CHAPTER 5

CORROSION BEHAVIOR OF ECAPED AZ80/91 MAGNESIUM
ALLOYS AFTER ANNEALING TREATMENT, COATING AND
IN DIFFERENT ENVIRONMENT

5.1 INTRODUCTION

In our previous chapter, we showed the positive impact of ECAP processing on the
corrosion behaviour of the AZ80 and AZ91 magnesium alloy. It was observed that in
the fine grain AZ80/91 Mg alloys after ECAP, the stability of the corrosion layer
improved with decreasing grain size and uniform distribution of secondary phases.
Therefore, overall corrosion resistance of the ECAPed AZ80/91 Mg alloys was
enhanced. In case further enhancement of corrosion resistance which is effectively
improved by annealing and aging treatment without significant grain growth. The
objective of this chapter is to investigate corrosion resistance of the as-received and
ECAP-2P, 4P samples of AZ80/91 magnesium alloy after annealing at the temperature
range from 523K, 623K and 723K for 6h and 12h aging temperature to correlate
corrosion resistance with microstructure of the AZ80/91 Mg alloys under study. On the
other hand, High-Velocity Oxygen Fuel (HVOF) coating technique was used to
improve the corrosion resistance of as-received and ECAPed AZ80/91 magnesium
alloys. Further, the effectiveness of a corrosion resistance of ECAPed AZ80/91
magnesium alloys were studied in 2.5wt.% NaCl, 3.5wt.% NaCl solution and natural

seawater. Which are detailed in the following sections.

5.2 ANNEALING AND AGING TREATMENT ON MICROSTRUCTURE OF
AS-RECEIVED AND ECAPED AZ80/91 MAGNESIUM ALLOYS

The effect of annealing and aging treatment on microstructure of as-received and
ECAPed AZ80 and AZ91 Magnesium alloy was reported in this section. Annealing at
523K, 623K, and 723K was accomplished, and the samples were cooled in the furnace
after 6 h and 12 h of holding. Microstructure of AZ80 and AZ91 alloy has been
observed under microscopy and the results were reported. Here, an attempt has been
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made to enhance the corrosion resistance of the AZ80/91 Mg alloys by changing its

microstructure with the help of annealing and aging treatment.

5.2.1 Microstructure evolution of as-received AZ80 Mg alloys

Figure. 5.1 (a)-(f) shows the micrograph of the as-received AZ80 Mg alloy annealed at
523K, 623K, 723K for 6 h and 12h. Where significant precipitation of secondary phases
in Mg matrix and a narrow cutectic is revealed and clearly presents the presence of -
Mg matrix and B-Mgi7Al12 secondary phases. Annealing treatment leads to a reduction
in the area fraction of B-Mgi7Al12 phases compare to an as-received alloy which assists
to improve the corrosion resistance. Figure 5.1 (a) (b) (c) and (d) shows the SEM images
of the annealed AZ80 alloy of 523K-6h, 523K-12h, 623K-6h and 623K-12h
respectively. Eutectic B-Mgi7Al12 phases and discontinuous B-MgizAl2 phases are
revealed and distributed at the grain boundaries, which was shown in the form of the
network at the grain boundaries and eutectic phases were observed in the specimen with
aging, the dendrite structure and the secondary phases within the grains distributed
completely during aging from 6h to 12h. Figure 5.1(e) and (f) presented the continuous
precipitation (CP) and discontinuous precipitation (DP) of phases during annealing
treatment at 723K-6h and 12h respectively. Moreover, the AZ80 Mg alloys under
different annealing treatment conditions microstructure revealed a very fine uniform
distribution of secondary phases at higher annealing temperature when compared to
sample treated at the lower annealing temperature. As the holding time extends to 6 h
and 12h the secondary phase precipitates resulting in an increase of precipitation
density of secondary phases. This increase in precipitation density contributes towards
an increase in corrosion resistance. Figure 5.2 revealed the effect of holding time on
grain size during annealing treatment. Here, clearly observed that grain size increases
with the increase of holding time at isothermal condition (723K). The original grain
size of as-received AZ80 Mg alloy is 50.20pum revealed in figure 5.2 (a) and after
homogenization at 723K-6h and 723K-12h leads to increase of grain size 53.02um and
55.06um respectively as presented in figure 5.2 (b) and (c). Wang et al. (2017) also
reported that the average grain size of the alloy is a function of annealing time and
temperature for AZ80 magnesium alloy under isothermal condition. Which means that

temperature and aging time during homogenization treatment is substantial for uniform
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distribution of secondary phases in the microstructure of Mg alloys. Specifically, higher
aging time (12h) gives a better distribution of secondary phases compared to lower
aging time (6h) at all annealing temperature. Therefore treatment at higher aging time
is significant in order to modify the microstructure of Mg alloys. Zhao et al. (2014) also
observed that the solution treatment and aging at higher temperature microstructures

revealed both continuous and discontinuous precipitation on Mg matrix.

Figure 5.1 The microstructure of annealed AZ80 wrought Mg alloys at different
temperature and aging time a) 523K-6h b) 523K-12h c) 623K-6h d) 623K-12h e) 723K-
6h and f) 723K-12h.
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Figure 5.2 Effect of temperature on grain growth a) As-received b) 723K-6h and c)
723K-12h

The precipitation of the eutectic f-Mgi7Ali12 phase substantially increases the corrosion
resistance of the AZ80 Mg alloys. On the other hand oxidation of the alloy was
observed with the increase of temperature and holding time, which was noticed at 723K
and 12h of holding. Similar observation also made on Mg-5.8 Zn-0.5 Zr-1.0 Yb Alloy
by Lu Li et al. (2017).

5.2.2 Microstructure evolution of ECAPed AZ80 Mg alloys

The annealing and aging treatment on the microstructure of the as-received AZ80 Mg
alloy was investigated in previous section. Predominantly, in this section effect of
annealing and ageing treatment on the microstructure of fine-grained AZ80 Mg alloys
were discussed because the segregation of Mgi7Ali2 phases hinders the corrosion
resistance due to the galvanic corrosion in as-received form (Esmaily et al., 2017).
Hence it is essential to distribute the presence of secondary phases in Mg alloy. The
OM images in Fig. 4.10 (b) and (d) show the distributions of B-secondary phase
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particles in the AZ80 Mg alloy processed by ECAP-2P and 4P at 598K respectively.
Further aging for 6 h and 12h at 523K, 623K and 723 K were carried out for ECAPed
2P and 4P samples of AZ80 Mg alloys. Also, the redistribution of B-secondary phases
after annealing and aging treatment in ECAPed 2P and 4P samples of Mg alloys were
observed and reported in Figures 5.3 and 5.4 for 523K, 623K and 723K annealing
temperatures and holding of 6h, 12h aging time. Figure 5.3 presents the SEM
micrographs of heat-treated AZ80 Mg alloys after ECAP-2P, it is readily observed from
reported images that there are eutectic precipitates of B-Mgi7Al12 distributed along the
grain boundaries and within the grains when alloy heat-treated at 523K-6h shown in
Figure 5.3 (a). Continued heat treatment at 523K-12h leads to a reduction in the volume
fraction of eutectic phases as shown in Figure 5.3 (b), a similar observation was made
on ECAP-2P AZ80 Mg alloy after heat treating at 623K-6h and 12h aging as shown in
5.3 (c) and (d) respectively. Further annealing at 723K-6h treatment for 2P-ECAPed
AZ80 Mg alloy revealed discontinues precipitation of f-Mgi7Al12 eutectic secondary
phases and distributed at the grain boundaries which was appeared in the form of the
network shown in Figure 5.3 (e). While ageing from 6h to 12h at 723K the B-Mgi7Al12
phases distributed more uniformly in the Mg matrix depicts in Figure 5.3 (f) which
signifies secondary phase in AZ80 Mg alloy marginally decreases by increasing the
aging time the similar observation was made on Mg-8%Sn alloy by Poddar et al. (2017).
The B-Mgi7Al12 eutectic phases at the grain boundaries are dissolved and precipitated
due to the low solubility temperature of 673K (Qiao et al., 2013; Xu et al., 2018). This
continuous precipitation of secondary phases contributes to enhancing corrosion
resistance of ECAPed AZ80 Mg alloys. The continuous precipitation (CP) and
discontinuous precipitation (DP) of secondary phases during annealing treatment at 723
K- 6 h and 12 h respectively evidently shown in figure 5.3 (e) and (f). Precipitation of
secondary phases of fine-grained Mg alloy after hot rolling process and age hardening
was observed by Ning et al. (2016). AZ80 Mg alloy processing through 4P-ECAP
passes exhibited uniform and more homogenous distribution of secondary phases
shown in Figure 5.4 (d) and further annealing and ageing treatment on 4P-ECAPed
AZ80 Mg alloy were carried out and reported in Figure 5.4. When AZ80 Mg alloy
treated at 523K-6h, the discontinuous precipitation of eutectic f-Mgi7Al12 phases was
observed in the form of dendritic as shown in Figure 5.4 (a), additional aging for 12h
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presents the uniform distribution of eutectic phases revealed in Figure 5.4 (b). Further,
annealing at 623K-6h and 12h have also shown partial distribution of secondary phases
on microstructure as shown in figure 5.4 (c) and (d). Furthermore, annealing at 723K-
6h, 723K-12h yield distribution of secondary phases in the AZ80 Mg matrix was
noticed and presented in figure 5.4 (e) and (f) respectively. Hence, from the
experimental results, it was confirmed that aging at higher annealing temperatures
significantly improves the redistribution of the secondary phase yields a high area

fraction of fine secondary phase precipitates in the AZ80 Mg matrix.
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Figure 5.3 SEM images of ECAP-2P AZ80 Mg alloy a) 523K-6h b) 523K-12h c)
623K-6h d) 623K-12h e) 723K-6h and f) 723K-12h.
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Figure 5.4 SEM images of ECAP-4P AZ80 Mg alloy a) 523K-6h b) 523K-12h c)
623K-6h d) 623K-12h e) 723K-6h and f) 723K-12h.

Moreover, Figures 5.3 and 5.4 demonstrates that redistribution of secondary phase
particles is capable of inhibiting corrosion rate during the heat treatments which is
evidently discussed in the upcoming sections. Also, from the literature the improvement
of corrosion resistance after heat treatment of Mg alloys was observed by Liu et al.
(2010) and Bakhsheshi et al. (2015). In addition, an evaluation of the mean grain size
of ECAP-4P and after annealing at 723K for 6 h, 12h discloses small deviations in grain
size due to the grain growth effect (Doiphode et al., 2015), which is clearly shown
through SEM micrographs displayed in Figure 5.5. Figure 5.5 (a) presents the SEM
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microstructure of the 4P-ECAPed Mg alloy has fine grains of ~6.35 um. Further,
annealing at 723K-6h a slight increase in grain size of about ~7.98um was observed
from Figure 5.5 (b). Furthermore, coarsening of average grain size is ~10.63um was
observed when 4P-ECAPed Mg alloy annealed at 723K-12h, which reveals the
phenomenon of grain coarsening in ECAPed Mg alloy at higher annealing temperature
with respect to aging time. Consequently, during thermo-mechanical, annealing and
aging treatment leads to dissolution, redistribution of secondary phases with continuous
precipitation of the dendrite and diffusion of alloying elements (Zhu et al., 2010). The
optimum parameter of 723 K-12 h is selected to achieve a more uniform distribution of
secondary phases for ECAPed AZ80 Mg alloys in order to improve corrosion
resistance.

Grain Size 6.35jm * UL GLEY Gral Size, % 7.98um

Elne graigs-

- Fine graing Y b

Figure 5.5. Effect of temperature on grain growth (a) ECAP-4P (b) 723 K-6 h and
(c) 723 K-12 h.

5.2.3 Microstructure evolution of as-received AZ91 Mg alloy after annealing and
aging treatment

The microstructures of the as-received AZ91 Mg alloy annealed at 523K, 623K and
723K temperatures for 6h and 12h are shown in Figure 5.6. Where significant
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precipitation of secondary phases in Mg matrix and a narrow eutectic is revealed and

clearly presents the presence of a-Mg matrix and -Mgi7Al12 secondary phases.
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Figure 5.6 The microstructure of annealed as-received AZ80 Mg alloys at different
temperature and aging time a) 523K-6h b) 523K-12h ¢) 623K-6h d) 623K-12h e) 723K-
6h and f) 723K-12h.

Annealing treatment leads to an increase in the area fraction of B-Mgi7Al12 phases
compared to as-received alloy, which contributions to improving the corrosion
resistance. Figure 5.6 (a) to (f) shows the SEM image of the annealed AZ91 alloy of
523K-6h, 523K-12h, 623K-6h, 623K-12h, 723K-6h and 723K-12h respectively.
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Eutectic f-Mgi7Al12 phases and discontinuous B-Mgi7Ali2 phases are revealed and
distributed at the grain boundaries, which was shown in the form of the petal-shaped
and eutectic phases were observed in the specimen with aging time. Moreover, the
AZ91 Mg alloys under different annealing treatment conditions microstructure revealed
a fine uniform distribution of secondary phases at 723K, when compared to sample
treated at 523K and 623K annealing temperature. As the holding time extends to 6 h to
12h the secondary phase precipitates resulting in an increase of precipitation density of
secondary phases was observed for all conditions.

Figure 5.7 Effect of temperature on grain growth a) As-received b) 723K-6h and
c) 723K-12h

This phenomenon contributes to an increase in corrosion resistance (Zhao et al., 2014).
Further, an evaluation of the average grain size of as-received AZ91 Mg alloy after
annealing at 723K for 6 h, 12h reveals deviations in average grain size due to the grain
growth effect (Doiphode et al., 2015; Hono et al., 2010), which was shown through OM
images as shown in Figure 5.7. Figure 5.7 (a) shows the microstructure of the AZ91
Mg alloy has a grain size of ~58.69 um. Further, annealing at 723K-6h a slight increase

122



in average grain size of about ~60.12 um was observed (Figure 5.7 (b)).Furthermore,
average grain size is ~60.92 um was observed when AZ91 Mg alloy annealed at 723K -
12h, which discloses the phenomenon of grain coarsening in as-received AZ91 Mg
alloy at higher annealing temperature with respect to aging time.

5.2.4 Microstructure evolution of ECAPed AZ91 Mg alloys

The microstructures of the ECAP-2 pass and ECAP-4 pass AZ91 Mg alloy heat-treated
at 523K, 623K and 723K temperatures for 6h and 12h are shown in Figure 5.8 and
Fig.5.9 respectively. Compared to the microstructures of heat-treated as-received alloy
(Figure 5.8), the distribution of secondary phases of the alloy processed with ECAP
grows continuously for all the aging temperatures and aging time. This is mainly due
to primarily achieved phase distribution through ECAP, the differences between
secondary phase distribution before and after ECAP can be seen in figures 4.4, 4.17 and
4.18. Certainly, as-received AZ91 Mg alloy rich in secondary phase which is segregated
at the grain boundaries whereas ECAPed AZ91 Mg alloys showed uniform distribution
of secondary phases compared to as-received alloys. Similarly, many authors observed
the fine distribution of secondary phases after ECAP processes such as Shahar et al.
(2017) and Chun et al. (2018). Further, re-distribution of secondary phases was
achieved through heat-treating the ECAPed AZ91 Mg alloys are shown in Figures 5.8
and 5.9. The microstructures of the AZ91 Mg alloy after heat treatment of ECAP-2P
samples at 523K, 623K and 723K for 6h and 12h were shown in Figure 5.8 (a)-(f).
From the figure it was observed some petal-shaped phases appear on ECAP-2P sample
when heat treated at 523K and 623K for 6h and 12h. Further, ECAP-2P samples heat
treated at 723K for 6h and 12h, ECAP-4P samples heat treated at 523K, 623K and 723K
for 6h and 12h, the residual phase in AZ91 Mg matrix is reduced and more dot-shaped
particles exist in the Mg matrix, this continuous distribution of secondary phase were
marked on the SEM images as shown in figure 5.8 (e), (f) and 5.9 (a)-(f). This
continuous distribution of secondary phase explains why the ECAPed AZ91 Mg alloy
heat-treated at 723K possesses higher corrosion resistance. Furthermore, compared
with the AZ91 Mg alloy treated at 523K, 623K and 723K for 6 h, the distribution of
Mgi7Al12 secondary phase at 523K, 623K and 723K for 12 h is obviously higher the
percentage and fine distribution of secondary phase was increased. A similar
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observation was reported by Yongdong et al. (2011) on Mg-Nd-Gd-Zn-Zr. Along with
this, it is clearly observed that grain size increases with the increase of aging time at the
isothermal condition of temperature 723K.The mean grain size of ECAP-4P AZ91 Mg
alloy is ~ 7.58 um revealed in figure 5.10 (a) and after annealing at 723K-6h and 723K-
12h leads to increase of grain size 8.06um and 8.98 um respectively as presented in
figure 5.10 (b) and (c). Further, the influence of annealing and aging treatment on
corrosion resistance of as-received and ECAPed AZ80/91 Mg alloys were evidently

discussed in the following sections.
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Figure 5.8. SEM images of ECAP-2P AZ80 Mg alloy a) 523K-6h b) 523K-12h c)
623K-6h d) 623K-12h ) 723K-6h and f) 723K-12h.
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Figure 5.9 SEM images of ECAP-4P AZ91 Mg alloy a) 523K-6h b) 523K-12h c)
623K-6h d) 623K-12h e) 723K-6h f) 723K-12h.
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10 pm

Figure 5.10 Effect of temperature on grain growth (a) ECAP-4P (b) 723 K-6 h and
(c) 723 K-12 h.

5.3 IMPACT OF ANNEALING AND AGING TREATMENT ON CORROSION
RESISTANCE OF AS-RECEIVED AND ECAPED AZ80/91 MAGNESIUM
ALLOYS.

Annealing and aging treatment were conducted at 523K, 623K and 723K for 6h and
12h. Through comparison of microstructure, corrosion properties of heat-treated as-
received and ECAP passed samples were discussed in this section. Further, the effect
of annealing temperature and aging mechanism on corrosion properties of AZ Mg alloy

was analyzed and reported.

5.3.1 Corrosion behavior of as-received AZ80/91 Mg alloy after annealing
treatment

Figure 5.11 shows the potentiodynamic polarization curves of the as-received and the
annealed AZ80 Mg alloys at 523K, 623K and 723K after 6h and 12h of aging. Here,
the curve tends to move forward and shifted to the positive amplitude of corrosion
potential (Ecorr) for AZ80 alloy at 523K, 623K, and 723K of 6h and 12h of aging with
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respect to the as-received alloy. It is apparent that the corrosion potential after annealing
treatment moved forward compare to as-received alloy except alloy treated at 523K-
12h aging treatment. The Mg alloy heat-treated at 723K-6h gives the more
homogeneous distribution of secondary phases results in less induced cathodic sites.
Therefore, potentiodynamic curves moved left compared with as-received and other
heat-treated Mg alloys, a similar observation was made on Mg-3Zn by Liu et al. (2010).
Further, the corrosion resistance of the cathode moved forward at 623K and 723K,
which indicates that the corrosion resistance of the Mg alloy was improved after
annealing treatment for a lower aging time. Hence higher the annealing temperature
and lower the aging time, better the corrosion resistance. But sample heat-treated at
723K-12h exhibited poor corrosion resistance because of normal and anomalous grain
growth at the higher aging time leading to lower passivity. Also, the impact of

temperature and aging time on grain growth evidently shown in Figure 5.2.
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Figure 5.11 The polarization curves for heat treated AZ80 Mg alloys in 3.5wt.% NaCl

Results observed from the current study have good agreement with the results reported

by Song et al. (2004) here. Authors noticed that corrosion rate of the die-cast
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AZ91 increases with extended aging treatment and also Zengin et al. (2017) observation
have a good agreement with obtained results. The electrochemical corrosion potential
(Ecorr), current density (lcorr) and corrosion rate for as-received annealed and aged AZ80
alloys was calculated using equation (3.3) and presented in table 5.1 for all cathodic
polarization curves. The corrosion results revealed that annealing treatment hinders the
corrosion rate except 623K-12h treated AZ80 Mg alloy. Meanwhile, alloy treated at
723K-6h presents the lowest corrosion rate due to distribution of secondary phases
during annealing and aging treatment. Figure 5.12 shows the potentiodynamic
polarization curves of the as-received and the annealed AZ91 alloy after 6h and 12h of
aging at 523K, 623K and 723K. Here, the curve tends to move forward and shifted to
the positive amplitude of corrosion potential (Ecorr) for AZ91 alloy at 523K, 623K, and
723K of 6h and 12h of aging with respect to the as-received alloy.

-1.2

-1.3

1.4 -

1.5

16+ | —=— As-received
1 | —e— 523K-6h
1.7+ | —&—523K-12h
—w— 623K-6h
—4— 623K-12h
<4— 723K-6h
—»— 723K-12h

Potential (V)

-1.8

-1.9

AR |

1E-4 1E-3 0.01 0.1 1 10

3

3
e
=

Current (mA/cm?)

Figure 5.12 The polarization curves for heat-treated AZ91 Mg alloys in 3.5wt.% NaCl

It is apparent that the corrosion potential after annealing treatment moved forward
compare to as-received alloy except alloy treated at 523K-6h and 523K-12h aging
treatment. The Mg alloy heat treated at 723K-12h gives the more homogeneous
distribution of secondary phases results in less induced cathodic sites. Therefore,
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potentiodynamic curves moved left compared with as-received and other heat treated
Mg alloys, a similar observation was made on Mg-3Zn by Xian-bin et al. (2010).
Huseyin et al. (2017) observation have a good match with obtained results. The
electrochemical corrosion potential (Ecorr), current density (lcorr) and corrosion rate for
as-received, annealed and aged wrought AZ91 alloys was calculated using equation
(3.3) and presented in table 5.1 for all cathodic polarization curves (Zhao et al. 2014).
The table 5.1 presents the corrosion rates of as-received, heat treated AZ80 and AZ91
Mg alloys. From the result, it was observed that the heat treated AZ80 Mg alloy
exhibited higher corrosion rate than that of the heat treated AZ91 Mg alloy in 3.5wt.%
NaCl solution. Therefore, annealed AZ91 Mg alloys are less susceptible to corrosion
this is mainly due distribution of secondary phases during annealing and aging
treatment, which was typically shown in figure 5.19.

5.3.2 Corrosion morphologies as-received AZ80/91 Mg alloys

Figure 5.13 shows the corrosion morphology of wrought AZ80 magnesium alloys in
3.5wt.% NaCl solution for as-received and after annealing treatment at 523K-12h,
623K-12h and 723K-6h and 12h.

Figure 5.13 The microstructure of corroded AZ80 wrought Mg alloys a) As-received
b) annealed at 523K-12h. ¢) 623K-12h d) 723K-6 h e) 723K-12h and f) X-ray
diffraction of as-received AZ80 alloy.
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During corrosion morphology study, a thin film of white corrosion products was
removed from the surface to observe the corrosion attack on the AZ80 Mg alloy
surfaces. The corroded surface of with and without corrosion product has shown in
figure 5.13 (a). The morphology of AZ80 Mg alloy annealed at the 523K-12h aging
have shown abundant uniform corrosion attack over the surface of the alloy presented
in figure 5.13 (b). Figure 5.13 (c) and (d) depicts the intergranular and pitting corrosion
morphology of alloys annealed at 623K-12h and 723K-6h, respectively. This was
observed in the vicinity of grain boundaries. But 3-secondary phases cannot be seen in
the corrosion morphology, this confirms that the B-secondary phases are fully dissolved
and distributed in the a-Mg matrix due to annealing and aging treatment. The annealed
sample exhibited a less corrosion attack compared to the as-received AZ80 alloy. But
when AZ80 Mg alloy annealed at a higher temperature of 723K and 12h of aging alloy
suffered severe pitting corrosion compared to the material treated at 723K-6h shown in
figure 5.13 (d) and (e). Morphology data is also evident from the polarization resistance
data. Figure 5.13 (f) the XRD spectra of corroded as-received AZ80 Mg alloys
composed of Mg, Mgi7Al12 phases and also revealed the presence of Mg(OH)..
Therefore, the formation of the hydroxides of Mg protective layer at their surface
increases the corrosion resistance (Singh et al., 2015). Figure 5.14 shows the corrosion
morphologies of wrought AZ91 magnesium alloys in 3.5wt.% NaCl solution for as-
received and after annealing treatment at 523K-12h, 623K-12h and 723K-12h. During
corrosion morphology study, a thin film of white corrosion products was removed to
observe the corrosion attack on the as-received AZ91 Mg alloy surface. The corroded
surface of without corrosion product has shown in figure 5.14 (a). The morphology of
Mg alloy annealed at the 523K-12h, 723K-12h aging of AZ91 specimen have shown
abundant uniform corrosion attack over the surface of the alloy presented in figures
5.14 (b) and (c) depicts the pitting corrosion morphology of alloys, respectively.
Comparatively, specimen annealed at 723K-12h have shown less corrosion attack on
the surface due to uniform distribution of secondary phases. Also, figure 5.14 (d) XRD
peaks of specimen heat-treated at 523K-12h confirm that the corrosion product is
Mg(OH).. The corrosion morphology has been shown good agreement with those

obtained in polarization curves results, which are presented in Table 5.1.
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Compared with annealed and aged AZ80 alloy, the surface morphologies of annealed
and aged AZ91 alloy did not change much after polarization test, as seen in Figure 5.13
and 5.14. Similar to heat-treated AZ80 Mg alloy, a more compact layer of corrosion
products were observed on the heat-treated AZ91 alloy sample in the 3.5wt.% NaCl
solution as shown in Figure 5.14. After removing the corrosion products, small isolated
pits were found on the samples, while more pits that spread laterally could be observed
on the heat-treated AZ80 Mg alloy samples. Particularly, as-received AZ80 Mg alloy
heat-treated at 723K-12h shown in figure 5.13(e). There are no such deep pits on the
as-received AZ91 Mg alloy heat-treated at 723K-12h sample.
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Figure 5.14. The SEM images of corroded AZ91 wrought Mg alloys a) As-received b)
annealed at 523K-12h. c) Annealed at 723K-12h and d) XRD peaks of AZ91 annealed
at 523K-12h
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5.3.3 Influence of annealing and aging treatment on corrosion resistance of
ECAPed AZ80/91 Mg alloys

The polarization curves of the 2 pass and 4 pass ECAP-processed, annealed and aged
samples of AZ80 Mg alloys depicts in Figures. 5.15 and 5.16. Indeed, the corrosion
behaviour of as-received AZ80 Mg alloy during annealing and ageing treatment was
addressed in the previous section. In this section, the effect of annealing and ageing
treatment on fine-grained AZ Mg alloys were discussed. The comparison of Figures.
5.15 with 5.16 illustrates that the curves of the heat-treated specimens of ECAP-2P and
4P shifted to the nobler side significantly. It indicates lower corrosion current density
(lcorr) and higher corrosion potential (Ecor) this means material exhibited better
corrosion resistance (Zhang et al., 2016). The Ecorr and lcorr Values of the with and
without heat-treated ECAP-processed AZ80 Mg alloy samples can be obtained from
the potentiodynamic polarization curves by Tefal extrapolating method (Shi et al.,
2017). The potentiodynamic corrosion potential (Ecorr), current density (lcorr) and
corrosion rate for ECAPed and heat-treated ECAPed AZ80 alloys was calculated by
equation (3.3) and presented in table 5.1 for all polarization curves. Here, the curves of
heat-treated ECAPed AZ80 Mg alloy at 523 K, 623 K, and 723 K for 6 h and 12 h of
ageing with respect to the ECAP-2P and ECAP-4P were shown in Figures 5.15 and
5.16 respectively. The ECAPed AZ80 Mg alloy annealing at 723K-12 h contributes
improved corrosion resistance due to reduced cathode sites of ECAPed AZ80 Mg alloy,
this can be achieved through the combined processes of ECAP, annealing and aging
treatment. It can be observed that the corrosion potential (Ecorr) increased to -1.410 V
from —1.553 Vsce for ECAP-2P and Ecor is increased to —1.408 Vsce from —1.494 Vsce
for ECAP-4P after annealing and ageing treatment, this signifies improved pitting
corrosion resistance of ECAPed Mg alloys. The main reason is due to distribution of
secondary phases in the o« -Mg matrix which moved corrosion potential to nobler side.
Also, the obtained grain refinement and homogeneous distribution of eutectic phases
through ECAP and further redistribution of B-secondary phase results in improved
passive stability and pitting corrosion resistance this is evidently proved through
potentiodynamic test results and corrosion morphology studies. Therefore,

potentiodynamic curves of ECAPed Mg alloy treated 723K-12h moved left compared
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with ECAPed and other heat-treated Mg alloys. Thus, it was seen that the corrosion
current density (leorr) has attained lower values that are 0.0059 mA.cm 2 for ECAP-2P
and 0.0011mA.cm2for ECAP-4P. Similar observations was made on ZK60 Mg alloys
after ECAP and solution treatment by Xian et al. (2015). Hence, larger annealing
temperature and ageing time supports the corrosion resistance due to improved
passivity after ECAP and redistribution of secondary phases during annealing and
ageing treatment. Also, it is noted from Table 5.1 that annealing and ageing treatment
hinders the corrosion rate for all heat treated ECAPed AZ80 Mg alloys. Meanwhile,
Mg alloy treated at 723 K—12 h presents the lowest corrosion rate for both ECAP-2P
and ECAP-4P samples. Whereas, ECAPed Mg alloys treated at a lower temperature,
such as 523K and 623K exhibited poor corrosion resistance than the alloy treated at
723K this is mainly due to the partial distribution of secondary phases in the Mg matrix.
Further, increase in ageing time yields improved pitting corrosion resistance of
ECAPed Mg alloy this is evidently shown through polarization curves of ECAP-2P
(Figure 5.15) and ECAP-4P (Figure 5.16). Results obtained in the present study have
good agreement with the results stated by Huiyan et al. (2018) and Xian et al (2015).
On the other hand, it can be concluded that the corrosion resistance of AZ80 Mg alloys
mostly increases with the increase of ECAP passes, annealing temperature and ageing
time. Gopi et al. (2018) obtained reduced corrosion current density (lcorr) for 3P-ECAP
processed AM90 Mg samples due to grain refinement. The lcorr Values of heat-treated
and aged samples are nearly lower than those of only ECAP-processed AZ80 Mg alloy,
especially the 4P-ECAP and the annealing at 723K and ageing for 12h implies better
pitting corrosion resistance than ECAP-2P annealed at 723K-12h this is due to fine
grains and distribution of secondary phases achieved by ECAP. Potentiodynamic
polarization curves of annealed ECAPed AZ91 samples at 523K, 623K, and 723K for
6h and 12h are shown in Figures 5.17 and 5.18 and the electrochemical factors such as
Ecorrand lcorr resulting from Tafel extrapolation method. Results revealed that annealed
ECAP-2P and 4P sample after annealing at 723K-12 showed the lowest lcorr (0.0110
mA/cm?, 0.0011 mA/cm?) compared to ECAP-2P and ECAP-4P samples, indicating low

corrosion affinity and corrosion rate.
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Moreover, between all annealed samples, 523K-6h, 523K-12h, 623K-6h, 623K-12h,
723K-h and 723K-12h for ECAP-4P shown the smaller Ecorr -1.488 Vscg, -1.500 Vsck,
-1.512 Vscg, -1.489 Vscg, -1.408 Vsck, -1.402 Vsce and -1.400 Vsce respectively.
Which is less than the annealed ECAP-2P Mg alloy, but it is confirming that continuous
shift in the corrosion potential towards nobler side resulting in enhanced corrosion
resistance owing to the annealing treatment. Tanski et al. (2016) reported that compared
to the bare Al-Mg sample, annealed alloy revealed much higher corrosion resistance.
Furthermore, Naik et al. (2019) showed that AZ80 Mg alloy heat-treated at 723K
revealed better corrosion resistance than as-received alloy. It might be due to uniform
distribution of the secondary phase after annealing treatment. However, the corrosion
current density could be arranged as ECAP-4P>523K-6h> 523K-12h>623K-6h>
623K-12h>723K-6h>723K-12h. When ECAPed-4P sample was aged at 523K for 6 h,
Mgz7Al12 phases formed in the a-Mg matrix and along the grain boundaries, resulting

in the reduction of corrosion rate.
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Figure 5.17 The polarization curves for heat-treated ECAP-2P AZ91 Mg alloys in
3.5wt.% NaCl
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When the aging time increased from 6 h to 12 h, the precipitated phases were distributed
uniformly to form a corrosion barrier, so the corrosion rate decreased to some extent.
The amount of distribution of Mg:7Al12 phases became more after the 723K-6h and 12
h heat treatment, which reduces the cathodic cites as a result, improved corrosion
resistance was observed and confirmed in the literature by Gopi et al. (2016). Figures
5.15 to 5.18 demonstrates the anodic and cathodic polarisation curves of all the ECAPed
followed by annealed and aged AZ80 and AZ91 Mg alloys. The corrosion behaviour
of all the materials altered significantly under these conditions. Comparatively, ECAP-
2P and ECAP-4P followed by heat-treated AZ91 have shown improved corrosion
resistance than the ECAP-2P and ECAP-4P followed by heat-treated AZ80 samples,
specifically at 723K for 12h treatment was shown in figure 5.19.

5.3.4 Corrosion morphologies of ECAPed AZ80/91 Mg alloys

Figure 5.20 displays the SEM corrosion morphologies of the ECAPed and heat-treated
sample after being tested in 3.5wt.% NaCl solution through potentiodynamic
polarization. It is established that the surface of the heat-treated ECAPed samples is
less corroded when compared to the ECAPed samples without heat treatment. The
energy dispersive X-ray (EDX) result shows that the main corrosion product is
Mg(OH).. It can be observed that the corroded surface consists of corrosion pits which
are shown in Figure 5.20 (a2). Also, it can be observed that 4P-ECAP sample heat-
treated at 723K-12h exhibited less corrosion attack compared to 2P-ECAPed sample
heat-treated at 723K-12h. Whereas, ECAP-2P and 4P samples heat-treated at 523K-
12h and without heat treatment yields severe corrosion attack with deeper corrosion
pits shown in Figure 5.20. The reason for the above mechanisms was confirmed from
the microstructural characterizations of ECAPed and heat-treated ECAPed AZ80 Mg
alloys. The significant difference between them was an effective grain refinement and
distribution of secondary phases. In general, the B-secondary phases have positive
potential than the a-Mg matrix, secondary phases may act as cathode sites and the Mg
matrix act as an anode, resulting in the formation of galvanic corrosion (Lunder et al.,
1989 and Jia et al., 2015). Meanwhile, ECAP followed by annealing and ageing
treatment on AZ80 Mg alloy, all the secondary phase particles were dissolved and

redistributed in the Mg matrix which reduces the cathode sites and undergoes less local
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reaction, so that Mg sample surface experiences uniform corrosion, causing a lower
corrosion rate. Further, from the previous study homogenization treatment on as-
revived AZ80 Mg alloy revealed severe intergranular and pitting corrosion at the
vicinity of grain boundaries (Naik et al., 2018). The intergranular corrosion was
completely nullified and minimum corrosion pits were observed during annealing and
ageing treatment on ECAPed AZ80 Mg alloys. Figure 5.21 shows the corrosion
morphologies of heat-treated ECAP-2P and 4P AZ91 Mg alloy samples after being
tested in 3.5wt.% NaCl solution through electrochemical polarization test. From
observation, complete reduction of corrosion attack on heat-treated samples of ECAP-
2P and 4P when compared to without heat-treated ECAPed samples shown in figure
5.21.
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Figure 5.20 Corrosion morphology a) ECAP-2P al) 523K-12h a2) 723-12hr b) ECAP-
4P bl) 523K-12h Db2) 723K-12h c¢) EDS for al at position X and d) EDS for bl at

position Y.

Also, it can be observed that AZ91 4P-ECAP sample heat-treated at 723K-12h

exhibited less corrosion attack compared to 2P-ECAPed sample heat-treated at 723K-
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12h as shown in figures 5.21 (a2) and (b2). The reason for such result was confirmed
from the microstructural characterizations of ECAPed and heat-treated ECAPed AZ91
Mg alloys. This is due to grain refinement and majorly redistribution of secondary
phases after ECAP and followed by heat treatment. For both AZ80/91 Mg alloy, the
corrosion morphology study has been shown a good agreement with those obtained
from potentiodynamic polarization results. Also, the corrosion morphologies study
discloses that the corrosion attack on heat-treated AZ91 is less when compared to heat-
treated AZ80 Mg alloys.

Figure 5.21 Corrosion morphology a) ECAP-2P al) 523K-12h a2) 723-12hr b)
ECAP-4P bl) 523K-12h b2) 723K-12h
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Table 5.1 Data Sheet of processed and unprocessed AZ80/91 Mg alloys after annealing and aging treatment

. . As-received ECAP-2P ECAP-4P
Annealing Annealing
Temperature Time (h) Ecorr leorr CR Ecorr leorr CR Ecorr leorr CR
(Vsce) | (mA/cm?) (mmly) (Vsce) (mA/cm?) (mmly) (Vsce) (mA/cm?) (mmly)
AZ80 Magnesium alloys
Room Temp. Oh 1507 | 0.2972 13.572 -1.553 0.0295 1.347 -1.494 0.0084 0.384
6 1464 | 07004 | 31985 | 4515 0.0160 0.731 -1.490 0.0038 0.174
523K
12 1524 | 02585 | 11805 | 4483 0.0155 0.708 -1.464 0.0035 0.160
6 1364 | 05561 | 239 | g 487 0.0105 0.480 -1.451 0.0033 0.151
623K
12 1502 | 14540 | 66400 | 4470 0.0094 0.429 -1.450 0.0031 0.142
6 21473 | 0.0412 1.881 -1.454 0.0067 0.306 -1.442 0.0022 0.100
723K
12 -1.383 | 0.1489 6.800 -1.410 0.0059 0.269 -1.408 0.0011 0.050
AZ91 Magnesium alloy
Room Temp. 0 1539 | o2z | 12010 | g 0.0224 1.023 1 488 0.0026 0.119
6 1555 | 02610 | 11919 -1.536 0.0128 0.585 -1.500 0.0028 0.128
523K
12 1548 | 0.1620 7.398 -1.510 0.0127 0.580 -1.512 0.0027 0.123
6 21527 | 0.1200 5.480 -1.544 0.0129 0.589 -1.489 0.0021 0.096
623K
12 1507 | 00215 0.982 -1.510 0.00122 0.056 -1.408 0.0013 0.059
6 1501 | 0.0235 1.073 -1.468 0.00120 0.055 -1.402 0.0012 0.055
723K
12 21489 | 0.0205 0.936 -1.428 0.00110 0.050 -1.400 0.0011 0.050
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5.4 COATING OF AZ80/91 MAGNESIUM ALLOY

This section studies the impact of 316 SS coating on corrosion behavior of as-received,
ECAP-2P and 4P samples by high velocity oxygen fuel coating. The goal of this study
is to validate the use of this technique as anticorrosion coatings for ECAPed AZ80/91
Mg alloys.

5.4.1 High-Velocity Oxygen Fuel coating on as-received and ECAPed AZ80/91
Mg alloy

The use of AZ80/91 Mg alloys is restricted by their poor corrosion behaviour. Recent
investigations have exposed a great potential of thermal spray methods for the surface
modification of Mg alloys, one such process is High-Velocity Oxy-Fuel (HVOF) flame
spray process achieved very dense coatings with favorable corrosion behaviour in
comparison to other thermal spray processes, hence our study focused on HVOF
coating (Oksa et al., 2011, Parco et al. 2006). In this section, as-received and ECAPed
AZ80 and AZ91 Mg alloy were coated using the HVOF spraying process and 316
stainless steel powder of size 21.6 +1.6 um was used as a coating material. Further, the
coatings were characterized through microhadness and corrosion behaviour on AZ80
and AZ91 Mg substrates. The detailed discussion of HVOF coating on ECAPed Mg

alloy is presented in the following sections.
5.4.2 Surface morphology studies on coated AZ80/91 Mg alloys

The coated material was 316 Stainless Steel powder with spheroidal shape as shown in
Figure 5.22. The average powder size measured was 21.6 + 1.6 um. Figures 5.23 and
5.24 shows SEM micrographs of an as-sprayed HVOF 316 SS coating and their cross-
sections were shown for ECAPed AZ80 and AZ91 Mg alloys. The elemental
distribution of 316 SS coatings was characterized by EDS analysis and shown in figures
5.23 (b) and 5.24 (b). The surface of the 316 SS coated AZ80 and AZ91 exhibits more
compact and uniform coating. The average thickness was about 80 = 5 um that formed
the base layer after depositing 316 SS shown in figures 5.23 (d) and 5.24 (d). 316 SS

powder was homogeneously deposited on the surface of the as-received, ECAPed AZ80
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and AZ91 Mg alloy substrates. No sub surface cracks formation or voids between

coating and substrate interface were observed.

Average powder
size = 21.6%1.6 pm
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Figure 5.23 SEM surface morphologies of HVOF-coating on the ECAPed AZ80 Mg
alloy a) as-received + 316SS b) EDS of the sealed coating ¢) ECAP-4P +316SS and d)
316SS Coating thickness
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Figure 5.24. SEM surface morphologies of HVOF-coating on the ECAPed AZ91 Mg
alloy a) as-received + 316SS b) EDS of the sealed coating ¢c) ECAP-4P +316SS and
d) 316SS Coating thickness

5.4.3 Microhardness evolution

Figure 5.25 and 5.26 shows the microhardness distribution along the depth in the cross
section of the HVOF-316SS layer deposited over as-received and ECAPed AZ80 and
AZ91 Mg alloys respectively. It can be observed that ECAPed samples with 316 SS
coating results showed significant improvement in microhardness as compared to that
of as-received AZ80/91 magnesium alloy coated with 316 SS. The average
microhardness of the SS coated on as-received, ECAP-2P and 4P is 402 HV. Also, the
interface of as-received and ECAPed AZ80/91 Mg alloys with 316 SS coating have
shown slightly higher microhardness compared to 316 SS. Particularly, interface
microhardness for 4P-ECAP AZ80 with 316 SS coating is 417.8 HV and 4P-ECAP
AZ91 with 316 SS coating is 418.8 HV as shown in figures 5.25 and 5.26 respectively.
Similar observations are made by Garcia-Rodriguez et al. (2016) on un-ECAPed ZE41
Mg alloy. It is clear that the HVOF coatings typically exposed a microhardness gradient
across the coating thickness with maximum hardness close to the interface and the
lowest hardness at the substrate.
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Figure 5.25 Sub surface microhardness of 316 SS coated AZ80 Mg alloys
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Figure 5.26 Sub surface microhardness of 316 SS coated AZ91 Mg alloys
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The improvement of microhardness at the interface is attributed to the more uniform
microstructure and finer grain size with less defect. From Figures 5.25 and 5.26 it is
interesting to find that the microhardness of 316 SS layer on as-received Mg alloy has
larger fluctuation than that of ECAPed material with 316 SS layer, this variation in
microhardness proved in another perception that the microstructure of the ECAPed
material with 316 SS coating becomes more uniform and dense (Sundararajan and
Krishna 2003; Ma et al., 2008). Also, from the observation it was noticed that ECAPed
AZ91 Mg alloy has consistently harder coatings than those of ECAPed AZ80 Mg
alloys. The variations in microhardness with HVOF coating of 316 SS on ECAPed
AZ80/91 Mg alloy were accompanied by changes in microstructure namely grain
refinement and the precipitation of secondary phase and more denser coating which is
evidently shown in figure 5.23 and 5.24 .

5.4.4 Corrosion behavior of AZ80/91 Mg alloys after HVOF coating

Anodic—cathodic potentiodynamic polarization curves of the as-received and ECAPed
AZ80 and AZ91 Mg alloys after 316 SS coating in 3.5 wt. % NaCl aqueous solution
are shown in Figures 5.27 and 5.29 respectively, where intersection of anodic and
cathodic curves showing the corrosion potential (Ecorr) 0f 316 SS coated on as-received
and ECAPed AZ80/91 magnesium alloy and of as-received AZ80/91 Mg alloy were
also plotted for comparison. The open circuit corrosion potential of as-received AZ80
and AZ91 Mg specimen is —1.547 Vscg, -1.539 Vsce was very close to that of the
ECAPed AZB80 and AZ91 magnesium alloy, presenting that the substrate has low
corrosion protection. This is established by the current density value obtained for as-
received AZ80 and ECAP-2 and 4 passes, the measured current density was 0.297
mA/cm?, 0.0295 mA/cm?, 0.0084 mA/cm? respectively. Similarly, for as-received
AZ91 and ECAP-2P and 4P samples measures current density of 0.263 mA/cm?, 0.0224
mA/cm?, 0.0026 mA/cm? respectively presented in table 5.2. Further, corrosion
potential (Ecorr) for AZ80: As-received/316 SS, 2P-ECAP/316 SS and 4-P-ECAP/316
SS coatings were -1.211 Vscg, -1.206 Vsce and -1.203 Vsce respectively are
comparable to that of the 316 SS bulk material (—1.2 Vsce). These three coatings also
showed the lowest corrosion current densities, 0.000184 mA/cm?, 0.000116 mA/cm?

and 0.000108 mA/cm? respectively (Fig. 5.27), evidence of their effectiveness as
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corrosion protective coatings for magnesium alloys at higher ECAP passes. Which are
smaller than the value obtained for the uncoated as-received AZ80 magnesium alloy
(0.297 mA/cm?) this is mainly due to the higher corrosion resistance performance of
316 SS and compact and dense coating, which is evidently discussed the previous
section. Similar observation was made on AZ91 Mg alloys after 316 SS coating, here
current densities, 0.000136 pA/cm?, 0.00012 pA/cm? and 0.00009 pA/cm?, for As-
received AZ91/316 SS, 2P-ECAP/316 SS and 4P-ECAP/316 SS respectively (Fig.
5.29).
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Figure 5.27 Corrosion behavior of ECAPed AZ80 Mg alloy after HVOF-coating
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Figure 5.28 Corrosion morphology of ECAP-4P AZ80 Mg alloys after HVOF with
EDS
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Figure 5.29 Corrosion behavior of ECAPed AZ91 Mg alloy after HVOF-coating
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Figure 5.30 Corrosion morphology of ECAP-4P AZ91 Mg alloys after HVOF with

EDS

Further, based on the polarization data of coated specimen, it can be concluded that
ECAP-4P AZ91 Mg alloys has higher corrosion resistance than the ECAP-4P sample
of AZ80 Mg alloy. After electrochemical polarization test, corroded specimen was

taken to observe the surface morphologies of the coating by using SEM shown in

figures 5.28 and 5.30, noticed the zones where pitting corrosion has occurred. It is

revealed that corrosion attack are observed around the defects such as pores and cracks,

and this displays that corrosion originated from these spots. Finally, figure 5.31 shows
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the variation of corrosion rates of AZ80/91 Mg alloy after ECAP-4P and ECAP-4P
followed by 316SS coating. From figure 5.31, it was observed that ECAP-4P sample
significantly improved corrosion resistance after 316 SS coating, this is due to coated
316 SS is highly corrosion resistant material when compared to substrate.

~ E=Az80
0.35 - Y AZ91

Corrosion Rate (mmly)
o
N
o

ECAP-4P ECAP-4P+316 SS
ECAP followed by Coating
Figure 5.31 Corrosion rates of ECAP-4P AZ80/91 Mg alloy before and after 316 SS

coating

Table 5.2 Data Sheet of ECAPed AZ80/91 Mg alloy after HVOF coating

AZ80 AZ91

Sample Ecor leorr CR Ecor leorr CR
(Vsce) | (mA/cm?) | (MMIY) | (Vsce) | (mA/em?) | (mm/y)
As-received -1.547 0.297 13.563 | -1.539 0.263 | 12.010
ECAP-2P -1.451 | 0.0295 1.347 | -1.448 | 00224 | 1.023
ECAP-4P -1.412 | 00084 | 0384 | -1.418 | 0.0026 | 0.119

AS-received +316SS | -1.211 | 0.000184 | 0.008 | -1.237 | 0.000136 | 0.006

ECAP-2P+316SS -1.205 | 0.000116 | 0.005 | -1.201 0.00009 0.004

ECAP-4P+316SS -1.203 | 0.000108 | 0.005 | -1.195 | 0.00009 0.004
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55 CORROSION BEHAVIOUR OF ECAPED AZ80/91
MAGNESIUM ALLOYS IN DIFFERENT ENVIRONMENTS

In this section, AZ80/91 Mg alloys were used to comprehend the electrochemical
corrosion behaviour of coarse-grained and fine-grained Mg alloys in different
concentration of NaCl solution as well as in the marine environment. The inadequate
studies of the corrosion response of ECAPed AZ80 and AZ91 Mg alloy in a different
environment were noticed. Thus, in order to understand the performance of magnesium
alloy in aqueous media and electrochemical properties of AZ80/91 Mg alloys in three
different solutions. Accordingly, the current section presents and compares the
corrosion behaviour of AZ80/91 Mg alloys in 2.5wt.% NaCl, 3.5wt.% NaCl solution
and natural seawater. Influence of corrosion media on coarse and fine-grained AZ80/91

Mg alloys was discussed in the following sections.
5.5.1 Corrosion behavior of ECAPed AZ80/91 Mg alloys

The potentiodynamic polarization curves of all the specimens tested in 2.5wt.% NacCl,
3.5wt.% NaCl and natural seawater (NSW) were shown in figures 5.32 and 5.33 for as-
received and ECAPed AZ80 and AZ91 Mg alloys. The Electrochemical test results
were obtained from the Tafel extrapolation method and curve-fitting data using Tafel
listed in Table 5.3. Figures 5.32 (a)-(c) and 5.33 (a)-(c) represents the polarization
curves of as-received, ECAP-2P and ECAP-4P AZ80 and AZ91 Mg samples in
2.5wWt.% NaCl, 3.5wt.% NaCl solutions and natural seawater (NSW). This is to analyze
the corrosion mechanism of a coarse and fine-grained specimen in 2.5wt.% NaCl,
3.5wWt.% NaCl solutions and NSW three different environment. From the experimental
results it was observed that as-received samples in all media showed higher corrosion
density than the material processed through ECAP for both AZ80 and AZ91 Mg alloys
as shown in figures 5.32, 5.33 and Table 5.3 Here, AZ80/91 Mg alloys which are having
finer grain size act as noble, whereas coarse grain structured AZ80/91 Mg alloys act as
active. This is because of uniform distribution of 3-secondary phases after two and four
passes of equal channel angular process. Along with this fine grain, ECAPed AZ80/91
Mg alloys have an improved re-passivation capacity, similar observations were noticed
by song et al. (2016).
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Figure 5.32 Potentiodynamic polarization curves for ECAPed AZ80-Mg alloys in a)
2.5wt.% NaCl b) 3.5wt.% NaCl and ¢) Natural Seawater

The pitting corrosion behaviour is quite common in magnesium-based alloys (Xin et
al., 2010). As noted above, in our research work ECAP-4P AZ80 and AZ91 Mg alloy
in 2.5wt.% NaCl solution had the highest corrosion potential (Ecorr) of -1.402 Vsce and
-1.401 Vsce, whereas as-received AZ80 and AZ91 Mg alloys in NSW solution have the
lowest corrosion potential of -1.517 Vsce and -1.510 Vsce. This means that ECAP-4P
specimens of AZ91 Mg alloys are resistant to pitting corrosion. Table 5.3 also includes
the values of the corrosion current density and corrosion rate obtained from the
polarization curves. The current density (lcorr) of ECAP-4P AZ80 fine-grain specimen
increased to 0.0525 mA/cm?, whereas ECAP-4P AZ91 Mg alloy current density (lcorr)
increased to 0.0303 mA/cm? in NSW. Here, grain refinement and its uniform
distribution of fine grains in the samples were the most influencing factors. Along with
this, Mg17Al12 secondary phases played an important role towards corrosion inhibition

of AZ80/91 Mg alloys of all the three corrosion media.
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Figure 5.33 Potentiodynamic polarization curves for ECAPed AZ91-Mg alloys in a)
2.5wt.% NaCl b) 3.5wt.% NaCl and c) Natural Seawater

The findings of the work showed greater corrosion resistance with fine grain structure
and distribution of secondary phases in the AZ80/91 Mg alloy, which was typical holds
for AZ80/91 alloys exposed to containing 2.5wt.% NaCl, 3.5wt.% NaCl and natural
seawater. However, grain refinement and secondary-phase precipitation were found to
be essential for the differences observed between the corrosion media. Also,
polarization results revealed that the corrosion attack of all test AZ80/91 Mg alloys
increased with the increase in chloride ion concentration and decreased with the ECAP
passes. This is due to the partial breakdown of the passive layer with increasing chloride
ion concentration and decreased corrosion attack for ECAPed sample mainly due to
fine and distributed grain structure (Ambat et al., 2000; Sun et al.2007; Xin et al. 2011).
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5.5.2 Corrosion Morphology

The study of SEM morphologies of ECAP-4P specimens of AZ80 and AZ91 Mg alloys
after corrosion test in three different environments such as 2.5wt.% NaCl, 3.5wt.%
NaCl and NSW are reported. Here, the corrosion attack was observed on the surface of
ECAP-4P AZ80/91 samples after electrochemical corrosion in three different media are
shown in Figures 5.34 and 5.35. It can be seen from Figures 5.34 and 5.35 that the
presence of chloride ion affects the magnesium alloys strongly which is evidently
shown (Acharya et al., 2019). At a concentration of 3.5wt.% NaCl and NSW severe
pitting corrosion occurs and specimen demonstrates deep corrosion attack over the
surface compare to specimen tested in 2.5wt.% NaCl solution for both AZ80/91 Mg
alloys. The ECAP-4P AZ80/91 alloy revealed uniform corrosion and pitting corrosion
attack with the creation of an irregular passive film, which is composed of Mg(OH)s.
The uniform distribution of Mg:7Al:2 secondary phases in the fine-grained AZ80/91
Mg alloy led to pitting corrosion in their vicinity without the development of deep pits
for all corrosion media (Cheng et al., 2009; Shaw et al., 2003).

Figure 5.34 Corrosion morphologies of AZ80 Mg alloys ECAP processed at 4P
a) 2.5wt.% NaCl b) 3.5wt.%NaCl ¢) NSW and d) NSW at higher magnification
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Corrosion attack

Figure 5.35 Corrosion morphologies of AZ91 Mg alloys ECAP processed at 4P
a) 2.5wt.% NaCl b) 3.5wt.%NaCl c) NSW and d) NSW at higher magnification
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Figure 5.36 XRD for corroded ECAP-4P specimen a) AZ80: 2.5wt.% NaCl
and b) AZ91: 2.5wt.% NaCl

153



Table 5.3 Data Sheet of as-received and ECAPed AZ80/91 Mg alloy after testing in

three different environments

. As-received ECAP-2P ECAP-4P
Various

ICOI’I‘ CR ICOTI’ CR ICOIT CR
(mA/cm?) | (mmly) | (mA/cm?) (mmly) | (mA/cm?) | (mmly)

Environment

AZ80 Magnesium alloy

25wt%NaCl | 9136 | ©21 | o111 | 0307 | ggos7 | 0260

3.5Wt.% NaCl 02972 | 13572 | 0.0295 1.347 | 0.0084 | 0.384

AZ91 Magnesium alloy

2.5Wt.% NaCl 0129 | 2891 | o124 | 0566 | g3 | 0142

3.5Wt.% NaCl 0263 |12.010 | 00224 | 1.023 | 0.0026 | 0.119

Natural sea water 0.366 16.714 0.0554 2.530 0.0303 1.384

The formation of pits in AZ80/91 Mg alloys due to degradation of the a-Mg grains and
corrosion inhibition mainly due to fine-grain structure and distributed secondary phase,
revealed insignificant corrosion attack with the formation of a thin Aluminum rich
passive layer, which was observed through SEM morphology and XRD analysis. The
presence of Mg(OH)2 corrosion product were evidently shown through x-ray diffraction
analysis for ECAP-4P AZ80/91 Mg alloy in 2.5wt. % NaCl solution as shown in figure
5.36.

5.6 SUMMARY

The effect of annealing and aging treatment on the corrosion behavior of the as-received
and ECAPed AZ80/91 magnesium alloy processed by equal channel angular pressing
was investigated. The annealing and aging treatment were conducted at 523K, 623K
and 723K for 6h and 12h. Further, the effect of heat treatment on microstructure and
corrosion resistance have been studied. Along with this study, the influence of 316

stainless steel coating on microhardness and corrosion behaviour of as-received and
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ECAPed AZ80/91 Mg alloys by HVOF technique were discussed and reported. Also,
studied on the corrosion behaviour of as-received and ECAPed AZ80/91 Mg alloys in
2.5wt.% NaCl, 3.5wt.% NaCl and Natural Sea Water at room temperature. The effect
of these environmental variables on corrosion resistance was investigated and the
surface morphologies of the alloys were observed. Based on the experimental results

and discussion, the following conclusions were drawn.

1. During annealing and aging treatments, the size and volume fraction of
secondary phase very sensitive to temperature. The volume fraction increased
with increasing annealing temperature and aging time.

2. The B-Mgi7Al12 secondary phases precipitate and dispersed as fine particles
during annealing and aging treatment which descends the corrosion rate of the
AZ80 and AZ91 Mg alloy due to reduction of cathodic sites.

3. Annealing temperature at 723 K-6h, 12h aging contributed a desirable
improvement in the corrosion resistance according to electrochemical
polarization measurements, owing to more homogenous distribution of
secondary phases. Therefore, the treatment at 723 K for 6 h, 12 h is treated as
an optimized annealing process for the as-received and ECAPed AZ80 Mg
alloys respectively.

4. Precipitates of B-Mgi7Al12 increased the rate of corrosion resistance with
increasing ECAP passes, annealing temperature and aging time. As a result,
AZ91 Mg alloy solution treated at 723 K for 12 h and ECAP-4P-processed had
enhanced corrosion resistance compared to AZ80 heat treated. Similar
observations was made on ZK60 Mg alloys after ECAP and solution treatment
by Xian et al. (2015).

5. The microhardness of as-received and ECAPed AZ80/91 Mg alloys improved
by HVOF spray coating of 316 stainless steel. The result shows that
approximately 80 £ 5 um thick layer of 316 stainless steel powder improve the
microhardness noticeably. In specific, the microhardness has gone up to 402
HV from 65 HV and 68 HV for AZ80 and AZ91 Mg alloy respectively. Also,

the coating and substrate interface exhibited slightly higher microhardness.
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Similar observations are made by Garcia-Rodriguez et al. (2016) on un-
ECAPed ZE41 Mg alloy.

. The HVOF 316 stainless steel coating on 4P- ECAP AZ91 Mg alloys exhibited
excellent corrosion resistance when compared to the other base alloys.

. The corrosion resistance of exposed AZ80/91 magnesium alloys deteriorated
with the chloride ion concentration and salinity and could be related to the
cracks in corrosion product layers and the chemistry of corrosion products.
AZ91 Mg alloy had the highest corrosion resistance compared to AZ80 Mg
alloy.

. A secondary phase Mg:7Al:2 and its uniform distribution in ECAPed AZ80/91
Mg alloys improves corrosion resistance in 2.5wt.% NaCl, 3.5wt.% NaCl and
Natural Sea Water at room temperature.

. The current density and corrosion rates of the as-received and ECAPed AZ80/91
Mg alloys increased with an increase in the chloride ion concentration and
decreased with ECAP passes. Similar observation were made by Xin et al.
(2011) on ECAPed Mg alloys.
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CHAPTER 6

CONCLUSIONS AND SCOPE FOR FUTURE WORK

6.1 CONCLUSIONS

Equal channel angular extrusion was accomplished on AZ80/91 Mg alloy at a
processing temperature of 533K, 598K and 663K using route R. Effects of ECAE

process on microstructure, mechanical properties and corrosion behaviour for die A and

die B were investigated. Further enhancement of corrosion resistance was achieved

through annealing treatment and after 316 stainless steel coating by HVOF coating.

Furthermore, the effectiveness of corrosion resistance of as-received and ECAPed

AZ80/91 Mg alloys were investigated in three different environments such as 2.5 wt.%

NaCl, 3.5 wt.% NaCl and Natural Sea Water and following conclusions are summed up

based on the achieved outcome.

The microstructure stability of fine-grained AZ80/91 magnesium alloy was
shown that the Mg alloy processed through die A and die B at 533K using
a four ECAP pass exhibited a high degree of grain refinement of about ~5.35
pum and ~8.64 um respectively for ECAPed AZ80 Mg alloy and mean grain
size of ECAPed AZ91 Mg alloy decreased to ~4.36 um through die A and
~5.28 um through die B.

The thermo-mechanical treatment of AZ80/91 Mg alloy remarkably
improves the microhardness with respect to a number of passes. The results
showed a 24 % and 22 % enhancement in the microhardness of AZ80/91

Mg alloy for an ECAP processed with die A and die B respectively.

The ECAPed AZ80 Mg alloy exhibited the UTS of ~451.01 MPa and
achieved highest tensile elongations of ~21.36 % after 4P with die A. It
was observed that the UTS and ductility has been improved by 11 % and
69% respectively. The ECAPed AZ91 Mg alloy exhibited the UTS of
~432.81 MPa and achieved tensile elongations of ~19.13 % after 4P with

die A. here, enhancement of UTS and ductility was observed by 14 % and
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59 % respectively. Also, tensile fractography revealed that void formation,
coalescence and decohesion of secondary phase was dominant which leads

to quasi-cleavage fractures.

Potentiodynamic polarization test results showed reduced corrosion current
density (lcorr) Which indicates higher corrosion resistance for the ECAP
processed samples due to the presence of equiaxed fine grain microstructure
and homogeneously distributed secondary phases (Mgi7Al12). Corrosion
current density of as-received AZ80 Mg alloy is 0.297 mA/cm? (13.56
mm/y), which is reduced to 0.0084 mA/cm? (0.384 mm/y) after processing
through die A-4P at 598K. Also, Corrosion current density of as-received
AZ91 Mg alloy is 0.263 mA/cm? (12.01 mm/y), which is reduced to 0.0026
mA/cm? (0.119 mm/y) after processing through die A-4P at 598K.

The uniformity of grain distribution, enhancement in mechanical properties
and corrosion resistance of the AZ80/91 Mg alloy was significantly
improved after processing through ECAP-die A at 598K. Therefore, ECAP-

die having 90° channel angle is considered as optimum processing die.

Annealing temperature at 723K and 12h aging contributed a desirable
improvement on the corrosion resistance from electrochemical polarization
measurements including the corrosion morphology. Therefore, the
treatment at 723K for 12h is considered as optimized annealing process for
ECAPed AZ80/91 Mg alloy. The corrosion current density of ECAP-4P
AZ80 Mg alloy is 0.0084 mA/cm? (0.384mm/y), which is reduced to
0.0011mA/cm? (0.050mm/y). Further, corrosion current density of ECAP-
4P AZ91 Mg alloy is 0.0026 mA/cm? (0.119mm/y), which is reduced to
0.0011mA/cm? (0.050mm/y) respectively.

Microhardness increases from substrate to the outer most layer of coating
and it was noticed to be maximum as it approaches interface zone because
the interface layer of HVOF coating is denser and more compact than the

inner and outer layer. As a result, interface of SS coated ECAP-4P samples
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of AZ80/91 Mg alloy have shown 3.6% and 3.8% higher than the average
microhardness of 316 SS coating on ECAP-4P samples of AZ80 and AZ91
Mg alloy respectively. Further, SS coating contributed a desirable
improvement on the corrosion resistance. Which reduces the corrosion
current density from 0.297mA/cm? (13.56mm/y) to 0.00010mA/cm?
(0.005mm/y). Similarly, HVOF coating on ECAPed AZ91 Mg alloys
reduces the corrosion current density from 0.263 mA/cm? (12.01mm/y) to
0.00009 mA/cm? (0.004mm/y) and it might be suitable for manufacturing

of automobile and marine components.

e Corrosion attack on ECAPed AZ80/91 Mg alloys under 2.5wt.% NaCl,
3.5wt.%NaCl and natural seawater, increased with an increase of chloride
concentration and decreased with ECAP passes. The corrosion current
density decreased in the different environment of order NSW > 3.5wt.%
NaCl > 2.5wt.%NaCl and observation might be beneficial to chemical

industries.

6.2 CHALLENGES IN ECA EXTRUSION OF MAGNESIUM ALLOYS

For decades equal channel angular extrusion has been efficiently utilized to process
many engineering materials. However, ECA processing of magnesium alloy offers

many challenges that have to be overcome by continued research.

1. The basal and prismatic planes in the magnesium HCP structure provides two
independent slip systems each. Since Von Mises criteria dictates five
independent slip system to allow free plastic deformation, it is quite apparent
that Mg alloys has an inherent limitation in the plastic deformability. Due to
above said reason the chances of formation of surface cracks on Mg samples
during ECAP are more while processing at room temperature and below
recrystallization temperature.

2. The yield stress of magnesium alloys is usually decreased by ECAP processing

after few number passes because it follows inverse Hall-Patch effect.
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3. Further, the size of component that can be pressed using ECAP depends upon the
size of the die and loading capacity of pressing machine, which require huge

investments to commercialize.

6.3 SCOPE FOR FUTURE WORK

AZ series magnesium alloys were processed through equal channel angular extrusion
(ECAE) up to four passes using route R. ECAP processed samples showed significant
grain refinement and increased strength and hardness properties. Improvement in
corrosion resistance was achieved for ECAP processed samples even after annealing
and HVOF coating. Apart from these features, the following various aspects can be

considered for future work.

e Microstructural investigations can be conducted further by texture analysis
using pole figures to study the influence of texture on mechanical properties
and corrosion resistance of material after ECAP through route R.

e Longterm aging studies can be conducted for ECAPed samples to know the
behavior of ECAP processed material at long time aging.

e Fatigue behavior of ECAPed samples can be examined to determine the
behavior of material under fluctuating loads.

e Corrosion resistance of ECAPed samples can be investigated after metal arc
oxidation coating/PEO-coating.

e Stress corrosion cracking studies can be observed for ECAPed specimens

under constant or varying load.
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Sikkim Manipal University BUSiness
PGDBA 2013 Directorate of Distance O Grade-C
. . Administration
Education, Karnataka, India
Moodlakatte Institute of . 70.92%
B.E 2011 Techn_ology Kundapur_ : Mec_hanl_cal [FCD]
' Udupi, VTU-Belagavi, Engineering
Karnataka, India
PROFESSIONAL EXPERIENCE:
ORGANIZATION/INSTITUTE DESIGNATION DURATION
Mangalore Institute of Technology and . July 2019- Till
Engineering (MITE), Moodbidri Assistant Professor date
National Institute of Technology Senior Research Fellow | November 2018-
Karnataka (NITK) Surathkal (SRF)-NRB Project July 2019
National Institute of Technology Junior Research Fellow | November 2016-
Karnataka (NITK) Surathkal (JRF) NRB Project Nov-2018
. . . . August 2016-
Srinivas School of Engineering, Mukka Assistant Professor November 2016
Prasanna College of Engineering and Lecturer April 2012-
Technology, Belthangady (PCET) August 2014
Kamath Institute of Technology, Lecturer July 2011-April
Kundapur (KIT Polytechnic) 2012

DECLARATION:

I hereby declare that the above-mentioned information is true to best of my knowledge.

Date: 05-06-2020
Place: Moodbidri
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(GAJANAN M NAIK)
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