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Abstract
A STUDY ON THE EFFECTS OF MAGNETIC FIELD ON

THE CORROSION BEHAVIOR OF MATERIALS

Soundarya Pondichery, M.S.
The University of Texas at Arlington, 2014

Supervising Professor: Efstathios I. Meletis

Corrosion can cause deterioration of a matenal t its interaction with
the environment. Corrosion control is being on¢hef biggest challenges in most
industries. There are various notable and unknawtofs that influence the rate
of corrosion of a certain material/environment sgst Magnetic fields and their
effects on electrochemical reactions have recegéyned significant interest.
Various magnetic field driven forces occurring in alectrolyte have been
reported during an electrochemical reaction. Lardotce driven convection in
the electrolyte, known as MHD (Magnetohydrodynamiceffect and
paramagnetic gradient forces are reported to bentiet effective.

This research studies the effects of an exterragnetic field on the
electrochemical nature of materials in 3.5% NaQutsan. To understand and
analyze magnetic field effects on a wide range atemals, both ferromagnetic

and non-magnetic materials which are active andexgiassive type are studied



in near sea water solution, i.e. 3.5% NaCl solutPotentiodynamic polarization
and corrosion potential vs time tests were caraaetito study and analyze the
corrosion behavior. Corrosion testing results wdined both with and without
the influence of an external magnetic field of O0.750n comparing the
electrochemical behavior results of both conditjonslearly depicts the effect of
an external magnetic field on the corrosion potrdind corrosion rate. In the
case of ferromagnetic materials like 416 stainkete®l (SS) and 1018 carbon
steel, a cathodic shift of the corrosion poterdiadl increase in the corrosion rate
was observed. While for ferrous but non-magnetid passivating material like
304 SS, no effect of the magnetic field was obskwieich can be attributed to its
non-magnetic austenitic phase and highly stabldeoformation tendency. Also,
no effect was observed on the non-ferrous alldes Tii alloy (Ti6Al4V) and pure
Zn. Due to diamagnetic nature of its ions but adédts actively passivating
behavior, Ti presented no effect by the magnewtdfi Pure Zn also did not
exhibited magnetic field effects but basically dodts already strong activation
polarization behavior. Scanning electron microgeaphthe surface morphology
after corrosion testing were consistent with thecbchemical findings. They
confirmed the increased corrosion activity on 48d&hd 1018 carbon steel with

no effect on 304 SS, Ti alloy and pure Zn.
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Chapter 1
INTRODUCTION

Corrosion is an electrochemical phenomenon oferrat degradation
(most commonly metals/alloys) due to its environtn&he environment acts like
the electrolyte of the corrosion cell and the comion, constituents and
relative motion of electrolyte are some of the camnnfiactors that influence the
rate of corrosion [1]. Corrosion has tremendousct$ on all large and small
scale industries which are a part of our econoragging from electronics to
transportation industries. It is estimated thatwhbl50 million tons of steel are
destroyed per year due to corrosion that corresptmodne quarter of the world’s
annual steel production [1]. Due to corrosion’swad cost worldwide of $2.2
trillion dollars, governments and structural indiest are looking into reducing
replacement and maintenance costs by understatitkngorrosion process and
protecting the alloys used. Corrosion of steelcstnes in marine environments is
a major concern which has to be considered duhegdesign and maintenance,
by the US Naval industry [2].

US Naval Research Lab is carrying out broad sfierand research
programs to predict and control the marine envirentreffects on the corrosion
of naval systems. The most recent efforts of tteeaech programs involve the

study of the effect of high magnetic fields on ttwerosion behavior of the naval



structures. In the near future, the US Navy plansntegrate more electrical

propulsions and electrical architectures in itetfl@hese integrations will require
incorporation of new electrical architectures whighl operate at high voltage

levels of several kilo-volts (kV), and high curresftfew Mega-amps (MA). The

power systems deliver low to moderate currentsets fbads in a continuous
mode of operation while other loads are delivenggh lcurrents in a pulsed mode
of operation. Due to variation in operating highireats, high magnetic fields are
generated which will be spread not only within tuerent carrying conductor but
also throughout the proximity of the current camgyiconductor. Most likely,

primary conductors which carry current to the loads copper and aluminum
while other metals/ alloys of steel, nickel, antartium are used for other
structural applications in and around the eledtidssemblies. These metallic and
alloy components are exposed to the high magnelidsf generated. Since most
of the electrical components carry high currentsctvintersect the high magnetic

field lines and produces an electromagnetic force.



Figure 1-1: GE gas turbines power U.S. Navy elegropulsion system [2]

Magnetic fields can affect electrochemical reawioespecially mass
transport rates, for metallic materials in agueagdutions [3-6]. Some
considerable research has also been performedeaifdtts of magnetic fields on
the electron transfer process in electrode-solugi@iems [7-10]. The main effect
of a magnetic field applied on an electrochemigestesm is the introduction of
additional forces on the ions in the electrolytd][1Lorentz force is the most
generally accepted. Lorentz force, paramagnetidigna force, forces driven

convection are the most recently studied and dootederesearch in respect to



effects of magnetic field on the electrochemicahdaor of metals and their
alloys.

Therefore, when a material is influenced by a neéigrfield and is
subjected to an aggressive environment, an effecitsocorrosion rate can be
expected when compared to its corrosion rate whein imfluenced by the
magnetic field. By the support of previous reseaecimore positive or negative
shift in the corrosion potential may also be expdavhen comparing that under
the influence of a magnetic field and that in a netg field-free environment.
This thesis is to study, analyze and understargldtfiect on judiciously selected

types of materials.



Chapter 2
OBJECTIVE
One main objective of this research is to givevaht information on the
possible effect of magnetic field on the corroshwhavior of metals in similar
environments. Though various metals and their allaye subjected to similar
type of aggressive environments, they behave iierémt manner. For electrical
and mechanical-electric propulsions, electromagpetver generators and
electrical capsulations a wide range of metals methllic alloys are used. Most
commonly used are stainless steel, aluminum, niekel copper alloys. These
alloys are exposed to high magnetic fields directtyindirectly during power
generation and other applications. Considering ddgerse and most severe
situation, which these metallic components canXpoged to, this research is a
study on their corrosion behavior in such environtae
This thesis in conducted to clearly understandmatg field effects on the
anodic dissolution, passivation and trans passimatehavior of both ferrous and
non-ferrous metals in 3.5% NaCl solution (nearwater composition). To do so,
a variety of metals were selected which have differ combinations of
electrochemical and magnetic nature that includgnegc, non-magnetic, active
dissolution and active passivation. Hence, theystfdhe corrosion behavior of

304 stainless steel (SS), 416 SS, 1018 Steeljurtaalloy (Ti 6Al4V) and zinc



(pure Zn) under the influence of an external magngeld, is the primary

objective of this research study.



Chapter 3
LITERATURE REVIEW

Corrosion has always been one of the major cosceirmmost industries.
By the evolution of modern technology and integmatof highly complicated
systems, the challenges to be faced are also yapicleasing. Where, corrosion
has been one predominant cause for failure, matiesa and inefficiency in
different sections of these modern developmentsioua researchers are making
efforts to eradicate or at least minimize this mhmanon. The concern of
corrosion exists for a wide range of sectors; froemoscale level in NEMS and
MEMS to macro scale level in heat exchangers aildrepfrom extreme cold to
hot conditions as well as ambient conditions overet Hence, the study of
corrosion is most emphasized on various factorsctffg it and the kinetics of
this process.

3.1 Introduction to the Electrochemistry of Cormsi

Corrosion is an irreversible electrochemical psscehat results in the loss
of material, by dissolution due to its environmeltd. environment acts like an
electrolyte and any changes in the nature of teetwllyte greatly affects the
kinetics of corrosion phenomena. It is a process thvolves exchange of ions
and electrons between an anode and cathode, thtbegitectrolyte which occurs

due to a potential difference that is present atritaterial/environment interface.



The anodic material undergoes dissolution and ¢dsslectrons and hence gets
oxidized. The oxidation of the metallic surfacevalves electrochemical
reactions and other factors that control its kogeti

In nature, all metal surfaces (except gold) arecoed with its own oxide
films when exposed to air. When the metal gets omtact to an aqueous
environment, it breaks down the oxide film. If egpd to an acidic solution,
complete dissolution of oxide film will occur andave behind a bare metal
surface which can further be degraded. While wheposed to near neutral
solutions, the extent of oxide layer degradatioh t&nd to be smaller since the
solubility of the oxide layer is much lower. In $ucases, the initial breakdown of
metallic oxide layer occurs at areas of some disigoity in the metal structure,
e.g. at defects such as grain boundaries or pres#nnclusions. The oxide layer
thickness decreases or may be more prone to digsolat defect areas than
elsewhere. In cases where there are inhibitingnsnpyesent in the near-neutral
solution, dissolution of the oxide layer is suppgegs and oxide film is stabilized
to form a passivating oxide film which can effidigninhibit the metal from

corrosion, is then in the passive state [12].



3.2 Basic Process and Kinetics of Corrosion

The basic process of metallic corrosion in an agaesolution consists of
the anodic dissolution of metals and the cathoelittiction of oxidants present in
the solution. The chemical representation of tlaetien is:

Anodic reaction involved in the electrochemicaltes
M-> M"™+ne (1)

Five possible cathodic reduction reactions:

2H,0 + 2e D Hyg + 2 OH@g E%ed=-0.632V vs. SCE )
2HY + 2e D Hyy EOred=-0.192 V vs. SCE 3)
Oyg *2HO + 4e > 4 OH g EOed=+0.628 V vs. SCE (4)
Oy, + 4Ht + 46 > 2HO Ered=1.038 V vs. SCE (5)
M™ +né> M (6)

Since the redox reactions (Egs. 1-6) involve thadfer of electrons and
ions between the metal and the solution the rateseguivalent to electric
currents. The rates of these electrochemical @aktdepend on the potential
difference between the metal and the electrolybiatson, i.e. the instantaneous
potential of the metal electrode in that particutatution. The potential of a
metallic corroding electrode in aqueous solutionkiown as the corrosion

potential. It is relative to its aqueous solutiorddies in the range between the



equilibrium potential of anodic oxidation and callmreduction. It is known
from the corrosion kinetics, that the anodic oxmlatcurrent of metal degradation
and the cathodic reduction current of the oxidam equal, at the corrosion
potential. When the metal electrode potential isrenpositive, the rates of
cathodic reactions increase and the rates of amedations decrease accordingly.
Conversely, as the metal electrode potential besam@me negative, the effect on
the reactions is opposite. The relationships betwibe potential of a metal and
the currents flowing (which is equivalent to théesaof corrosion reactions), in
the electrochemical system, can be used to stuelyctirosion behavior of the
metal in that system. Relation between potentiad acurrent in the
electrochemical system is used to determine thesion kinetics. These curves
are plotted by electrode potential versus the m@acturrent for both anodic
oxidation and cathodic reduction and are known @srRation curves. Anodic
and cathodic polarization curves allow determinthg state of the corrosion
reaction, i.e. both the corrosion potentialsgfEand the corrosion currentdi) for

a certain metal in that system. Various metals beha different ways in an
agueous solution. Corrosion behavior of an anoditenal can be studied using
an Evans diagram, Figure 3-1. Diagrams which sspre schematically the
polarization curves of the anodic and cathodic trteas in relation to the

corrosion potential and current are known as Exziagrams [12]. The different

10



possible translations and occurrences seen in ribdi@ behavior of different
metals can be determined using this diagram.dtss vital for understanding and
estimating qualitatively the effects of changesanrosion potential and current
on the polarization curves, which can also be wided from the Evan’s
diagram. It is a plot of the logarithm of the ahgelvalue of current as a function
of the potential.

From Figure 3-1, the different regions in the andskhavior of a metal
can be seen. As the curve proceeds from A-B anehpiat increases fromcg; to
Epass it indicates that the metal is undergoing actdissolution. Eassis the
potential at which a thin layer of oxide film isrfimed and hence passivation
occurs on the metal surface. It is due to this @Xayer formation that, on further
increase in potential, the current either remaiosstant till a higher potential
(from B to B’) or drops to a much lower current wal(from B to C). In in the
case of a metallic oxide layer with poor electricahductivity, the oxide layer is
stable and thereby the current density value resn@nstant (from C to D). For a
metal having an oxide layer with good conductivigy, evident increase in the
current is seen at a certain high potential (at&® to the evolution of oxygen
during oxidation of water. If the oxide layer isngposed of cations which can be
oxidized to higher oxidation state forming solupleducts an increase in current

may occur at lower anodic potentials (at F) accamgsh by the dissolution of

11



metal due to transpassivity. In many metals andysliwhich exhibit passive
behavior, due to presence of halide anions in ¢fueaus solution, the oxide layer
becomes locally unstabbg a certain critical potential. Due to the breakd of
the passive layer, a sudden exponential increasieeircurrent (at G) leading to
various forms of localized corrosion is seen. Ag tnetal/solution interface if
chemical micro or macro heterogeneity is developedorrespondence to the
system morphology, it can be classified as pitiangcrevice type of corrosion.

While in the metal itself, if there exists a cheatimicro heterogeneity, selective

dissolution or intergranular attack can occur.
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Figure 3-1: Variations of anodic behavior of paating metals seen in aqueous

solutions [13].
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3.3 Types of Corrosion

Most metals tend to undergo corrosion when in acntvith agueous
solutions (or moisture), salts, acids, oils ancttiga materials. Uniform type of
corrosion is seen in most cases when metals ajecseth to these conditions.
Metals that corrode uniformly are known to have ative nature in that
particular solution. Some basic structural stelite, 1018 and 8620, are active-
metals and exhibit uniform corrosion in most aquesalutions. However, some
metals exhibit active-passive behavior in aqueoahkitisns. For example,
stainless steel like 304 and 416, nickel and tilan@are resistant to corrosion.
They form an oxide layer on the metal surface wlacts as a passive layer and
inhibits corrosion. Such metals that passivize maaglergo a localized type of
corrosion known as pitting corrosion. Pitting caiom forms tiny pits or holes in
the metal component and occurs due to the breakdwwts passive layer or
presence of a defect or any dissimilarity in itsgae layer. In some cases, the
passive layer can be worn off due to erosion oasibn by mechanical or other
types of forces which can repeatedly wear off isgive layer and cause
continuous loss of the meal component. Furthermibrere are many types of
corrosion that can be caused due to different enments and forces involved. A
classified form of most commonly seen types of @sion based on material and

driving force are given in Table 3.1.
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Table 3-1: Table illustrating the types of corraslzased on the system and

driving force [2]

Type of Corrosion Material System Driving Force Control Point Remark
Unifom/General Al Metals in Afmospheric - Amospheric - Painting - Corrosin Cost of this form
Corrasion Environment -Temperature - Hot Dip Galvanizing about 50% of the total comosion cost

- Seldom lead o failre
Infergranuler Al Alloys, -Third Phase Precipitate - Heat Treatment in Manufacturing |- Loss of Strength and Ductity
Corrosion Ni-Cr Austentic Stainless Steel - Temperature - Welding during Fabrication - Severe atiack can lead to failure
Acids Conteining Oxdizing Agents
(sulfurc, phospharic), Hot Orgenic
Acid. Hgh CI Content Seawater
Galvanic Carresion | Galvanic Coupling Materials Oifferent Metalin - Proper Design; Moderate effect but can be defrimenta
e.g. Fe with Cu, Carbon steel with electrolytc solution - RivettinglJoining Materials, for 2 longer period
Stainless Steel - Insulating Coupling Materials
Crevice Comosion | Metal to Metal/Non Metal in Electrolyte |- Small Gap in electrolyte - Proper Design Moderate effect but can be defrimental
Metalin two Electolyte (<3, 18mm - Gesketting Materials for 2 longer period
Aluminium and Stainless Steel - Stagnant Fluid -Proper Drainage Practce
in Seawater
Pittng Stainless Steel and Aluminium - Surface Imegularities - Surface Qualiy Contrd Severe attack can lead fo failure
in cloride or bromide environment -Presence of Clor Brlon - Proper Welding Practis (second biggest corrosion failure)
(waterlsolls) - Chemical Campostion -Proper Materiel Hendling
- Temperature - PREN Material Selection)
- CPT {Critical Piting Temperature)
Erosion Comosion ~ |Carbon Steel, Stainless Steel Synergy effect of passive fim  (Corrodent; turbulency Severe aftack canlead to failure
Trbo-Carrosion in flowing fluid containing abrasives  [breakdown by abrasive Corrodent impingement
and localized corrosion in elbow and tees
Stress Comosion | Stainless Steel, Carbon Steelin -Microstucture - Microstucture Conirol during -Biggest Cause of Corosion Failre
Cracking (SCCY~~ [High pH (pH >9.3) - Temperafure Region -H,5 Content & Temperature -5CC found in gas and liquid pipelines
HE-SCC -600- 730 my - Existence of Residual Stress |- Operation Temperature - In Canada since 1977 recorded
- Temperature Sensitive - Suitable pH 22 catatrophic failre
Near Nefral pH (5,5-75) - Presence of HyS, Chloride ion (12 rupture, 10 leeks)
- Free Potentia -Residual Stress
- Non-Temperature Sensifve
Biolagical Comosion/ ANl Metals in Environment with; - Gravitafionel & Pellicular Water  (Application of Organic Caating InUS, §1.2billion SPENT annually
Microbial Induced |- Sulfate Reducing Bacteria -pHE- 8 Cleaning Practice on biocidd chemicals o fight MIC.
Corrosion - Sulphur/Sulfate Oxidizing Bacteia |- Potential-42mV o 820mV Use of Biocide

- Fellin Cridizing Bacteria

- Organic Acid Producing Bacteria

- Temperature: 20°C-45°C
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3.4 Electrochemical Nature of Metals

Different metals exhibit different behavior wheheir electrochemical
nature in various aqueous, neutral, acidic andcbaslutions is considered.
Neither is there any change observed in the cathpdlarization curves for
reduction of hydrogen ions or oxygen molecules inathe reversible potentials
for these reduction reactions as well. But, thisr@ change in the exchange
currents and Tafel slopes of the polarization csimay considerably differ. The
corrosion potential of a metal may be affectedh®y formation of an oxide film,
and the tendency to form such a film is relateth®standard electrode potential
for the electrochemical reaction. The standardosion potentials of metals in
aggressive solutions (that include chlorides) aictwhan oxide layer can be
formed, does not always mean that the oxide layeng at those potentials and
hence differs from the standard electrode potefdiametal/metal ion reactions.
The factors that control the oxide layer formatipotentials are (a) oxide
solubility; (b) kinetics involved; additional actition potential may be required
for oxide formation at significant rate; (c) insiiétly due to action by aggressive
solution ions, e.g. chloride. Ti has the most nalderosion potential despite its
very negative thermodynamic standard potentialnf@tal ion formation. It is
because it actively passivates forming a very ptote oxide film at even very

negative potentials, and the oxide film has sigalffit resistance to breakdown by

15



chloride ions (highly corrosion resistant film). the case of chromium and
aluminum, the potential has a considerable nobtgeadue to the formation of
oxide films, but these are partially broken downdbjoride ions giving rise to
localized corrosion. On the other metals, oxidendildo not behave as protective
films due to the action of chloride ions, or filmstability. Thus, corrosion rate in
aggressive solutions is then controlled mainly iy mmagnitude of the reversible
potential for the metal/metal ion reaction in riglatto the cathodic polarization
curves for oxygen and water reduction (as illusttain Figure 3-2) [12]. The
figure illustrates the anodic polarization curvet aopper, iron and zinc
intersecting the cathodic reduction curve of oxygehich causes a negative shift

to the corrosion potentials and corrosion curréntBe order, copper<iron<zinc.
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Figure 3-2: Metal/metal ion reversible potentiaselation to the cathodic
polarization curve for oxygen reduction [12]
Understanding the basic thermodynamics involvetnigortant to study
the electrochemical behavior of metals. As disadiggeviously, formation of an
oxide film on metal surfaces is a critical aspdatarosion protection. Figure 3-3

illustrates schematically the anodic and cathodi@anzation curves of a system
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where passivation is possible, e.g. stainless stedilute acid solution. If the
solution is de-aerated, the cathodic reaction mellreduction will be reduction of
hydrogen ions with a cathodic polarization curve/JWhich intersects with the
anodic polarization curve (ABCDE) at V, corresparglio corrosion in its active

state, which determines the corrosion rate antsmmn potential.
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Figure 3-3: Schematic of polarization curves farasion, passivation and

passive film breakdown for stainless steels intdicid solutions [12]
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Corrosion behavior of Fe has been greatly stutiedeveral researchers,
due to its high importance, it being a main couostit of most metallic
construction materials. Complex corrosion procesgehas been analyzed by
carrying out most research on its anodic behawi@uilphuric acid solutions. The
potentiodynamic anodic polarization curves deduoédre in sulphuric acid
solution can be divided in four sections [13, 14 low polarization in the active
anodic section, i.e. the Tafel section, the ovenaditallic dissolution of Fe is
charge transfer controlled [13-17]. The active alisBon phase is followed by a
transition phase, characterized by adsorbed FefQkDn the electrode surface.
A maximum-minimum behavior of the current densitgswoted for the transition
phase and was related to the adsorbed fractione(@D) aqs[14-18]. Later,
Schweickert et al [18] reported a plateau of theresu density instead of a
maximum-minimum nature.

According to thermodynamics, an electrochemicattien is reversible at
its equilibrium potential, where no net reactiorolsserved. The thermodynamic
prediction of metallic corrosion behavior was ithaged by Pourbaix [1] in the
form of potential-pH diagrams. Figure 3-4 showsiraplified Pourbaix diagram
of iron in aqueous solutions in which no complems@re formed and the oxides
or iron are the only stable solid phases. The Rourbiagram is calculated for

concentrations of dissolved iron of 4™ and for at a temperature of 25°C. The
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various stages of iron can be seen at the givenapii potential values, viz

passivating, corrosion (ionic form) and immunitie¢de metallic form).
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Corrosion HFeO;

Figure 3-4: Simplified potential-pH diagram forir@an a solution containing
dissolved iron at a concentration of 1Bl at temperature 25°C [12].

3.3 Magnetic Field Effect on Corrosion Behavior

Magnetic field effects on electrochemical behawbmetallic materials
have been recently studied with great interestelsgarchers [5,19-42]. According

to literature, a magnetic field can influence mietatorrosion by acting on the
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electrode kinetics [44-45], on the mass transpttg1], on the formation of an
interfacial oxide/hydroxide layer [52-55] or on tip@tential difference at the
metal solution interface [56]. In magnetoelectroulsdry, i.e. in electrochemistry
influenced by external magnetic field, differenrdes of magnetic origin are
hence found and actively debated by many reseaclaer overview of these
forces under discussion can be found in [11]. Rigerthe so-called
‘concentration gradient force’ or ‘paramagneticdyeat force’ [11] has attracted
much attention, can be seen in [56-64]. Accordmglécumented arguments in
favor of the existence of this force results frame unexpected low deposition
rates of metal, e.g. Cobalt ions, in presenceroagnetic field [59].
Magnetohydrodynamic theory (MHD) is generally usedormulate the
effect of magnetic fields on mass transport ratgsch has been reviewed in
Refs. [19-20]. Magnetic fields can affect electrexctical reactions, especially
mass transport rates, i.e. limiting current densdy metallic materials in aqueous
solutions [16-20]. The main effect of a magnetield applied on an
electrochemical system is the introduction of addal forces on the ions in the
electrolyte [15] and also called as the “MHD effedihese effects of magnetic
fields on the electrochemical process involving sniansport and Lorentz force
generated due to the magnetic fields, have also aealyzed based on the MHD

theory [16-20]. Figure 3-5 depicts the schematic tbé overlapping and
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perpendicular magnetic-electrical fields, givingserito Lorentz Force in a

direction mutually perpendicular to both the fields

Force F Length of eanductar
im thefield L

C

ACumentl | Grentz force F- Bu

Figure 3-5: Schematically representation of indulceentz force in the presence
of mutually perpendicular magnetic and electrigglds [2].

Compared to both the paramagnetic gradient fonceLarentz force, the
former one is more widely accepted and establisifieite in magneto
electrochemistry. In the case when the magnetid fee normal to the working
electrode (WE), i.e. the magnetic field lines aaeafiel to the electric field, then
Lorentz forces are often assumed to be absent. Eveis can be accepted to be
the real scenario in the direct vicinity of the WByrentz forces can still originate
at the areas anywhere else in the cell where lhatrelectric and magnetic field
are not strictly parallel. Thereby, the conventaising from the Lorentz forces in

the aqueous solution, will influence the electroulwal reaction kinetics and

mass transfer at the electrode since it is gererat always confined to its
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origin. This scenario is even more seen in smdl @éhich have to be used in the
narrow gaps of electromagnets. Besides the findimag the magnetic field

gradient force can dominate the electrode behatherjmpact of high magnetic
flux densities and high gradients of the magnelix fdensity on corrosion

processes has barely been investigated. Furthermotarization experiments
reveal integral information over the whole elece@lirface, but for application a
localization of the corrosion reaction is of veragtical importance [65].

Unlike most researchers, Weier et al [66], inttlseéudy of magnetic field
effects on electrochemical reactions, concentraaed observed convection
arising in the solution and its direction. Thettito identify whether a possible
paramagnetic gradient force or Lorentz force ipoesible for the confinement of
the paramagnetic ions at the electrode surfadbgeipresence of a magnetic field.
In their research, to measure the flow fields, asilg applicable measurement
technique named Particle Image Velocimetry (PIV}waed. Interferometry, was
used previously by O’Brien and coworkers e.g. pH, to measure concentration
fields in the electrochemical cells under magnéttd influence. For a more
practical and compatible system to PIV system, gamknd oriented schlieren
(BOS) [68] was used for concentration configuragiam this research. The main
objective of this research was to demonstrate tbeeritz force generated

convection at milielectrodes via PIV while the @sponding concentration
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variations were visualized by BOS and interferome®n analyzing keenly the
important reactions such as deposition, dissolutaod the electrochemical
behavior by switching back to open circuit potentthey did not find any
influence of the paramagnetic gradient force, neagsto explain convection in
the solution. By experimental observations, thegyctaded that the confinement
of paramagnetic ions at circular electrodes is edus a large extent by Lorentz
force driven convection only.
3.3.1 Magnetic field effect on anodic behavior of ferromagnetic materials

In the case of iron, some fundamental studiesfimete of magnetic field
on its anodic polarization behavior in strongly daci solutions [40, 69] and
weekly alkaline solutions [42] and neutral solugdi0] have been carried out. In
weekly acidic buffered solutions no investigati@are reported yet. In the study
by Tang et al [69] and few other researchers [4]), # was shown that the
passivation potential shifts to a more noble valith an applied magnetic field,
especially with the magnetic flux perpendiculatte electrical charge flow. The
common explanation given to this phenomenon is Ni¢D effect driven by
Lorentz forces.

However, iron gets magnetized under the influeot@ magnetic field
attributing to its ferromagnetic nature. The magmeet iron electrode leads to a

strongly inhomogeneous stray field over the surfaite a flux density which can
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overcome the external one. Ragsdale et al [33] dstrated that paramagnetic
molecules are concentrated at the iron electrodacidue to the magnetic field
gradient force. This increased concentration ateleetrode surface can become
important during the dissolution and passivationaoferromagnetic electrode
itself, especially when the effect of Lorentz forise minimal. Lu et al [71]
reported an impact of an applied magnetic fieldtlo@ surface structure after
anodic dissolution of Fe. A characteristic pattegnof the cross-sectional area of
a Fe cylinder after anodic polarization in sulpbuacid with a magnetic field
applied parallel to the investigated surface waseoled and explained by
Lorentz force driven convention. Quantitative imf@tion or study on the field
driven localization of the corrosion, especiallg impact of very high magnetic
flux densities, is not yet been reported. Furth@an magnetic field effects in
different electrolytic concentrations were alsadgtd.

Sueptitz et al [72] studied the electrochemicdladwor of a ferromagnetic
electrode in acidic solution under external infloerof an applied magnetic field
and depending on the orientation of its field lin&gs iron wire was used in 0.5M
sulphuric acid solution (pH 0.25) and 0.5M phthalauffer (pH 5) under the

influence of a 0.6T homogenous magnetic field.

26



_Jé E:
l'j
]
0"
L&
E (V) ve. GME
(@)
1I:I'!-
T e L T

i (e’
1 || -
m

W4
. pH =025 ——0T
| —~—03T
- —e—08T
-I'II_E ) o ao s I r!:ﬁ o 1:l.'| I s 1I5
E [V va. SHE
(b)

Figure 3-6: The potentiodynamic curves of iron Imthalate buffer (pH 5) without
and with magnetic field applied (a) parallel anfigbrpendicular to the electrode

surface (scan rate of 0.5mV/s) [72].
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The potentiodynamic polarization curves recorded the iron wire in
sulphuric acid solution (pH 0.25) without and wittagnetic field applied parallel
to the electrode surface are shown in Figure 3)6 \(éhile, when applied
magnetic field is perpendicular to electrode swefacshown in Figure 3-6 (b). It
was found that when the applied magnetic fieldasafel to the electrode surface
there is no much effect on the OCP. While thereossiderable effect on the
current density in the diffusion-controlled regiavhich increases from,s,=120
mA/cn? without applied magnetic field t@.d=540 mA/cnt at a flux density of
0.6T and the potential of the active-passive ttansiregion is shifted to more
noble values, i.e. 7000 mV at 0.3T and 1250 mV .&T Qrespectively. These
results were also reported by Lu et al [40]. Theulis were attributed to an
additional convection of the electrolyte driventhg acting Lorentz force, which
has its maximum in this field configuration [73].

Current-density curves obtained in sulphuric adén, the magnetic field
is applied perpendicular to the electrode configana are observed to show not
much variation when compared to its counterpare faximum current density
is reached at -100 mV with applied magnetic fiefdd dollowed by constant
current density which is about one tenth of theitlimg current density reached

without applied magnetic field. The passive currdansity is not significantly
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affected but he active-passive transition appearsccur much earlier, i.e. at
much more negative potential.

The anodic behavior of iron in phthalate buffdfeted strongly from the
behavior observed in the sulphuric acid solutiorslaswn in Figure 3-7 (a) for
parallel magnetic field configuration and (b) farpendicular field configuration.
The OCP adjusts at much more anodic values andctineent density was
observed to be one order of magnitude lower. Lasgaution rates are observed
from which it is inferred that, a Lorentz-force \tn convection shows no
significant effect on the current density. By fuathincrease of flux density the
active-passive transition potential is shifted @ssl noble values and the passive
current density is decreased, which cannot be equaby a MHD effect. While,
in the case when magnetic field is applied in pedo=ular direction the current
density during active dissolution slightly increaséhe active-passive transition
potential shifts towards negative direction and fg@ssive current density is
lowered to about one tenth of its value at OT. Asesved in the case of magnetic
field effect in sulphuric acid solution, the effelties not change on increasing the
flux density from 0.3T to 0.6T.

It was firstly concluded that the Lorentz forcdyoaffects the dissolution
and passivation behavior of an iron wire in acieivironment when the anodic

reaction is diffusion-controlled in the active-regi When the magnetic field is
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applied perpendicular to the wire cross sectiomomogenous maximum flux
density occurs at the rim of electrode surfacehis configuration, field gradient
force dominates the Lorentz force effect which getmldecrease in the diffusion-
limited current density and a negative shift of thetive-passive transition
potential. This is presumably due to a favoredkspaslayer formation at the rim
of the electrode, which expands towards the ceiidr progressing passivation.
Secondly, in phthalate buffer solution, the anatigsolution rate is not diffusion-

controlled and only affected by the field-gradiéarce.
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Figure 3-7: The potentiodynamic curves of iron Imthalate buffer (pH 5) without
and with magnetic field applied (a) parallel anfigbrpendicular to the electrode

surface (scan rate of 0.5mV/s) [72].
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3.3.2 Magnetic Field effects on corrosion behavior of non-ferrous alloys

In comparison to the large number of availableorepon the study of
magnetic field effect on the mass transport belafoo metallic materials in
aqueous solutions [5, 19-26], relatively few repaate available on the study
related to effect of magnetic field on the electtansfer process [27-33]. Kelly
[55] has studied the effect of magnetic field oe ghectrochemical behavior of Ti
in flowing sulfuric acid. The electrochemical systechosen for their study,
titanium in 1N HSQ,, was studied extensively in the absence of mag/ieid
[29] and was one in which the interfacial reactioife oxidation of titanium to
form Ti (IIT) ions in solution and the hydrogen evolution reextare both under
activation control. Changes of the open-circuit godial (OCP) difference
between two Ti electrodes were found to increasth vimcreasing applied
magnetic flux density in the range of 0-2.0 T ireithstudy. The potential
difference was found to be directly proportionathe magnetic flux density and,
consequently, in contrast to relatively small vabloserved in their work 4=0.25
V at B=2.0 Tesla)A would attain a value of 1.5 V at B= 12 Tesla, ather
factors remaining constant.

Electrodeposited coatings of zinc-nickel alloysvénaattracted much
attention in the revolutionary world, due to itglicorrosion resistance and better

mechanical characteristics than pure zinc or o#wec-alloys [74-82]. Several
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authors have proved that Zn-Ni alloys have the besision behavior in saline
environment [83-84]. Corrosion behavior can berattdoy many factors such as
morphology, or crystallographic phase compositiéinalat et al found that the
presence of particular additives in the electrolytedia improved the surface
homogeneity, which leads to better corrosion rasst even for an alloy with
low Ni content [85]. A way to obtain different cowgition phases and alloys is to
superimpose a magnetic field during co-depositioocgss [86-99]. When an
electrochemical co-deposition is undertaken undagmatic field, convection in
the electrolytic solution is induced (called MHDfesft as discussed earlier).
Fahidy reported that surface roughness could beedsed by MHD effects on the
surface three-dimensional deposit film structur@][®evos et al reported that a
magnetic field could change the surface morphokryy the preferred orientation
of the nickel grain due to an increase of the diffa flux of specific inhibiting
species [92].

Electrochemical corrosion behavior in NaCl mediohzinc-nickel alloys
electrodeposited under applied magnetic field wasied by Chouchane et al
[100]. In their research, electrochemical electpm#gtion of zinc-nickel alloy
coatings from sulfate bath was been carried outeunow and high applied
magnetic field and its influence on alloy structuparameters was discussed.

They concluded that, the magnetic field can sigaiftly improve the corrosion

33



resistance of alloys with low alloy nickel contewithen the horizontal magnetic
field has a low amplitude (B<1 T), the induced dapooughness modification

has no important effect on the corrosion behaviothe electrodeposited zinc-
nickel alloy whereas the induced phase compositnadification improves the

polarization resistance of alloys which contain w@th® at% of nickel. When high

magnetic field amplitude was involved, the morplggievas not largely modified

but the hydrogen reduction current dramaticallyreased which lead to a large
shift of the corrosion potential. This phenomenoaswevidence for magnetic
effect on the surface reactivity of electrodepakadoys.

It is quite evident that most of the previous egsh work reporting
magnetic field effects on electrochemical naturenaterials were not studied in
sea water solution in spite of its significanceeal world. In this research, a near
sea water solution, i.e. 3.5% NaCl solution wasduge address this issue and
characterize the corrosion behavior of selectedineegng materials in this

environment.
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Chapter 4
EXPERIMENTAL

4.1 Materials
4.1.1 Materials Selection
To study the corrosion behavior of most common tgbematerials, specific
materials were selected to distinguish the diffeeein the behavior between
ferrous, non-ferrous, passivating and non-passigaéis well as magnetic and
non-magnetic.
Ferrous Alloys
304 Austenitic Stainless Sedl: It is a grade of SS that shows an active-passive
nature during corrosion due to its high Cr cont@his material was used since it
demonstrates passivation and is a non-magnetioueralloy. Its nominal
elemental composition is given in Table 4-1.
416 Sainless Sedl: It is a grade of SS that also shows an activerpasehavior
with an amount of Cr around 13%. However, its pagsin ability is lower than
that of 304 SS that has a much higher Cr contdnis material was used since it
demonstrates passivation and is a ferro-magnetterrah Its nominal elemental

composition is given in Table 4-1.
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1018 Low-carbon Sedl: It is a most common type of steel known for itesgth.
This material was used since it is an active arfee@o-magnetic material. Its
nominal elemental composition is given in Table.4-1

Table 4-1 Nominal elemental composition of 304 SS, 416 S$H1.8 Low-

carbon Steel

Elements 304 SS 416 SS 1018
Carbon, C <=0.080 % <=0.15% 0.18-0.23 %
Chromium, Cr 18-20 % 13% 0.40 - 0.60 %
Iron, Fe 66.345 - 74 % 84 % 96.895 - 98.02 %
Manganese, Mn <=2.0% <=1.25% 0.70-0.90 %
Nickel, Ni 8.0-10.5% _ 0.40-0.70 %
Phosphorous, P <=0.045% <=0.060 ¢ <=0.035 %
Silicon, Si <=1.0% <=1.0% 0.15-0.35%
Sulfur, S <=0.030 % >=0.15% <=0.040 %
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Non-ferrous
Ti-6Al-4V alloy: This nor-ferrous alloy was chosen since it actively passs
and is non-magnetia terms of corrosic.
Pure Zn: Pure Zn was selected as it is -ferrous, nommagnetic and is an acti
material.
4.1.1.1 Sample Preparat

Each sample was initiallsectioned from 1 cm diameter ramsalength of
about 1.6 cm.The sectioned samplewere mounted in epoxy and threac
through the bottom edge, to be able to be suspewithin the electrolyte s a
WE. Prior to testingthe mounted samples were polished using a combinec
and rough grinder. Thethey were fine polished using emery papers of g3}
400, 600, 840 and lastly 1000 grA mirror-like surface finid (as shown in th
Figure 4-1) vas obtainewsing 1micron camond paste on a cloth rotating grir

as the final step.

Figure 41 Sample as afterreparation (with mirror finish)
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4.1.2 Permanent Magnet

An NdFeB N50 permanent magnet was used for gengrétte magnetic
field that was applied to the samples. The maximuagnetic strength of the
magnet was 0.7 T, which was measured using a mageé&tr.
4.1.3 Electrolyte

To simulate the salinity of sea water, 3.5% Na&bdfjum chloride)
solution was used as the electrolyte for corrodiesting. The electrolyte was
prepared by adding 35 g of sodium chloride salstailg in 1000 ml of distilled
water and stirred to produce a clear solution ofp&i8.

4.2 Electrochemical Testing

Electrochemical experiments were carried out talyme the corrosion
behavior and corrosion kinetics involved for alirgdes in 3.5% sodium chloride
solution, both with and without the influence ofmagnetic field.Initial baseline
experiments were carried out with no magnetic feehdl then, followed by a set
of similar experiments under the influence of a e field. Both results and
data were used to deduce and understand the madredt effect on the
corrosion behavior of the selected materials.

4.2.1 Electrochemical Cell for baseline experiments
All electrochemical baseline experiments (withmagnetic field) in this

research were carried out in a KO047 Corrosion frelin Princeton Applied
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Research, shown in Figure 4-2. As can be seen @ fifure, the cell
accommodates openings for the WE, reference etext(®E), two counter
electrodes (CE) and gas purge tube. It is a stdnckl used to test and analyze
the electrochemical reactions of metal specimerms)ureous solutions. The design
of this cell is well-known and is used in many ASBkandards.

The cell can very well accommodate testing of aietya of metal
specimens in most aqueous environments. It cansbd in extreme conditions
like, in highly aggressive environments (except Héther than in ambient, in

elevated temperatures as well and for long duraésting.
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Figure 4-2: KO047 Corrosion cell from Princeton Apgd Research
4.2.2 Electrochemical Cell for Magnetic field influenced experiments

Figure 4-3 shows the electrochemical cell that designed with a similar
configuration as the one used for the baseline raxpats. The NdFeB N50
permanent magnet was placed externally adjacehetworking electrode, and

such that the magnetic field was perpendiculahéosimple surface.
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Figure 4-3: Electrochemical Cell with a NdFeN50manent magnet in the
holder, attached alongside the cell

4.2.3 Electrochemical Testing

All electrochemical testing was performed using #bove mentioned

electrochemical cell. All samples were cleanedihging with methanol prior to

testing. Two graphite rods were used as CE anduaased calomel electrode

(SCE) as the RE. A double-salt-bridge was used dxtvwthe electrochemical cell

and the SCE reference electrode in order to prahentontamination of chlorides
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from the reference electrode [102]. A magnetiaetivas used for agitation and
to maintain uniform concentration in the electrelythe electrochemical cell was
connected to an EG&G Princeton Applied ResearclerRioistat/Galvanostat
model 273A interface for all electrochemical expents. This setup is linked to
a Dell personal computer loaded with the 352 Safi@ocorrosion software used
for electrochemical experiment’'s data acquisitiod analysis. Figure 4-4 shows
the electrochemical experimental laboratory setptgsent in the Surface and

Nano-Engineering Laboratory (SaNEL).

42



- v

T g

E

-7 ) \ =

N

¥

Figure 4-4: Electrochemical Testing experiment&lugeavailable at SaNEL
4.2.3.1 Corrosion Potential vs Time Measurements
The open circuit potential (OCP), also referredas the equilibrium
potential, the rest potential, or the corrosioneptial) is the potential at which
there is no net current in the circuit. Hence, @kperiments that are based on the
measurement of the OCP apetentiometric experiments. A stable Jgp was

measured until the potential at the electrode saerfaas stable over time. All
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electrochemical corrosion potential vs time expenits were carried out in
aerated solutions (open to lab environment) unguildorium was attained.
Initially, a set of baseline experiments were eatout for all the samples without
any magnetic field, followed by, a set of experitsefor all samples with the
external magnetic field applied.
4.2.3.2 Potentiodynamic Polarization Testing

To understand and analyze the corrosion behawidr lanetics of the
chosen materials, potentiodynamic polarizationstegére carried out in 3.5%
NaCl aqueous solution. The tests were allowed to by adjusting the initial
potential to 200 mV below the OCP and carried onaup00 mV above the OCP
at a scan rate of 1 mVsAll anodic polarization tests were carried outirated
environment. Both baseline experiments and expatsnafluenced by external
magnetic field were carried out with similar paraens and post data acquisition,
Tafel exploration method was used to calculateosoon rates.

4.3 Characterization

4.3.1 X-Ray Diffraction

X-ray diffraction (XRD) was used to determine thieases present in 304
SS sample only. The XRD pattern was obtained frddeanens Krystaloflex 810
D500 machine. It was carried out by the low glagciangle method. The

diffraction pattern was obtained by positioning thetector for 2/ values from
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20° to 50° and the Cu & X-ray source X= 1.542R) was at 10° (as shown in

Figure 4-5).

Diffracted
Beam

0 +¥
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Figure 4-5: X-Ray Diffraction method to measure ititensity diffracted from the
hkl planes at an ang! to the surface of the specimen [103]

4.3.2 Scanning Electron Microscopy (SEM) and Energy dispersive Electron

Spoectroscopy (EDS)

All sample surface were characterized by HitacHkB0BON Variable
pressure SEM in conjunction with EDS. A workingtdnce of 15 mm with high
vacuum setting and electron voltage of 20-25 ke\s waed to obtain images
before and after performing electrochemical testi8gM micrographs were used
to study and analyze the surface morphology andpeoenboth micrographs of
baseline samples and the ones of magnetic-filddented samples. In order to

have a more clear understanding of the magnetid &Bect at different regions
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of the sample surface, scanning electron micrograpére captured at various

magnifications and locations (edges and center).
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Chapter 5
RESULTS AND DISCUSSION

5.1 X-Ray Diffraction analysis

The degree of magnetic response or magnetic pérhtgs derived from
the microstructure of the steel. Figure 4-1 repres¢he XRD pattern obtained
from 304 SS. It clearly shows two sharp peakslatvaluesof 38.2 ° and 44%
which represent the (111) and (200) planes of fcstemitic steel respectively.
From literature and according to Cheary et al [1@3jharacteristic peak at 45.5°
represents the (110) plane of martensitic phase&hnk not seen in Figure 4-1.
According to a review published by the British 8tass Steel Association [104],
the Austenitic structures are totally non-magneticd so a 100% austenitic
stainless steel would have a permeability of 1cfually, this is not achievable.
There is always a small amount of ferrite and/ortemssite even in the austenitic
steel and so permeability values are always abovg/dical values for standard
austenitic stainless steels can be in the ord&rGF — 1.1 which is still very low

to exhibit ferromagnetism.
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Figure 5-1: X-Ray Diffraction pattern of 304 stas$ steel

5.2 Electrochemical Testing

Introduction
When an electrochemical reaction occurs at thalredtctrolyte interface,
i.e. corrosion on the metal surface, it causesifaishthe potential of the system
from the equilibrium half-cell potential. This islted polarization. During this
phenomenon of loss of electrons from the metalransform into its ionic state,
the deficiency of electrons causes a positive ghithe potential and this is called

activation polarization. Current density measureimenalso calibrated during
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polarization tests because the corrosion rate ttjreepends on the amount of
current per unit area.

As mentioned in the previous chapter of this redeapotentiodynamic
polarization tests and potential vs time measurésnaerre carried out on ferrous
alloys (i.e 304 SS, 416 SS and 1018 steel) andfeous alloys (Ti6Al4V and
pure Zn) both, with and without the influence ofetiernal magnetic field under
aerated conditions. Potential vs time measuremerdse carried out over
variation with time. The final stable potential a&so known as the corrosion
potential (Eor). At Ecorr the system is said to have reached equilibriursteady
state at which all corrosion reactions are sailctur.

Anodic reaction involved in the electrochemicaltses

M-> M"™ +ne

where M is Fe for ferrous alloy tests which oxidize Fé" and M is Ti (oxidizes
to Ti*") , Zn (oxidizes to Zf) for titanium and zinc respectively.

Cathodic reactions involved in the tests:

O, + 2H,0O + 4é > 40H (neutral aerated electrolyte) (7)
The standard reduction potential is +0.628 V vsESC

All corrosion experiments were carried out in aedatonditions and hence the
possible cathodic reduction reaction is oxygen cédo. However, the reaction

for hydrogen reduction reaction in deaerated smtuis,

49



2H,0O + 26 2 Hy + 20H (8)
The standard reduction potential is -0.632 V vs SCE
5.2.1 Corrosion Behavior of Ferrous Alloys

5.2.1.1 304 Stainless Steel

The results obtained from the potential vs timeasoeements for 304 SS
in 3.5% NaCl solution can be seen in Figure 5-2. (&) illustrates the
measurements obtained without and with the preseh@n external magnetic
field. The potential increases initially from -202v and -284 mV to a stable
potential of -128 mV and -133 mV with time, whenasered with and without
magnetic field, respectively. On comparing the ltsswf potential vs time
measurements obtained with and without the preseha magnetic field, as
illustrated in the plot, it can be inferred th&ierte is no effect of magnetic field on
OCP of 304 SS in 3.5% sodium chloride solution.

Figure 5-2 (b) illustrates the potentiodynamicgraation results of 304
SS in 3.5% NaCl solution in aerated conditions patith and without the
influence of an external magnetic field. The colwogate and corrosion potential

for experiments conducted in both conditions abelteted further in Table 5-1.
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Table 5-1: Potentiodynamic polarization curves repb304 SS in 3.5% NacCl

solution without and with an external magneticdiel

Type Test 1 Test 2 Test 3
Magnetic field strength, B(T) 0T 0T 07T
Corrosion Potential (mV) -196 -195 -192
Corrosion Rate (HA.cni®) 0.015 0.019 0.063

From the anodic polarization curves of 304 SS.B?@NaCl solution, a
typical active-passive behavior can be seen. Atcibreosion potential of -195
mV, it transforms from cathodic to anodic behaviBurther up till a small
potential range above the corrosion potentialjahidctive dissolution is seen.
From a potential of -100 mV the current density,abbut 10 A.cm?, remains
almost constant indicating passive region of 304 B%& passive region ranges
from a potential of -100 mV to 240 mV which is digeits highly stable oxide
layer. After a significant long range of passivgios, at a potential of about 245
mV a drastic increase in the current density is1gadicating the breakdown of
the oxide layer (breakdown potentialg)EThe oxide layer breaks down at a

potential of about -250 mV which is due to the @ctof chloride ions, giving rise
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to pitting corrosion and formation of pits on thetal surface. Hence, it can also
be called as the pitting or breakdown potential.

From the results of potentiodynamic polarizatianves of 304 SS in 3.5%
NacCl solution obtained with the impact of the emtgrmagnetic field, there is no
significant change in the corrosion potential orrgsion rate when compared to
the results obtained without an external magnetid.fHowever, two effects may
be noted. First, the corrosion rate even though flamboth conditions is higher
under the influence of the magnetic field. It shkibddle noted however, that
‘corrosion rate’ in this case describes the anamicent required for oxide
formation rather than dissolution of some kind. @k the results show that the
Eg is somewhat higher (by about 50 mV) under theuarice of the magnetic
field. Both of the above observations are consistgth the effect of the magnetic
field attracting oxygen at a higher pace thus, mimg and enhancing
passivation.

The presence of the near hundred percent aust@hiéise in 304 SS, as
obtained from the XRD results, clearly explains liheted effect of the magnetic
field on its corrosion behavior. Austenitic phase.(gamma iron) is known to
have very low relative permeability (~ 1.005) andttis why is called non-

magnetic. Also, due to high Ni, Cr content, whicbt only act as austenitic
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stabilizes, it even causes the electrode to readily passimad thereby showir

no impact of the magnetic field on the corrosioteptial and corrosion kinetic

(b)
Figure 5-3:SEM micrographs of the edge and centre of 304 S%bivh NaCl

solution (a) without and (b) with impact of extern@agnetic fielc
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Figure 5-3 (a) and (b) illustrates the SEM image30z SS in 3.5% NaCl
solution taken after the OCP measurement test$, and without an external
magnetic field, respectively. It can be observedt tthe pit density and pit
diameter are similar in both cases. The pits asenied to be homogenously
spread on the metal surface and have a very smaatieter (~0.4 um). In support
to the results of the electrochemical analysis, @smparing the SEM
micrographs, it confirms that there is no significaffect of the magnetic field on
304 SS.
5.2.1.2 416 Stainless Steel

The results obtained for the OCP measurement atdnipodynamic
polarization tests, with and without magnetic fighddluence are represented in
Figures 5-4 (a) and (b), respectively. From theraion potential versus time
response, it can be seen that the initial poterdgfat200mV decreases and
stabilizes to -308 mV in the case without the méagrfeeld influence. Similarly,
when there is an external magnetic field appliédse OCP decreases from a
potential of -301 mV and stabilizes eventually gpatential of -410 mV. The
magnetic field causes a negative shift of the O@P416 SS by about 100 mV.
For a wide range below ca. 0.6 V corrosion of $¢ais steel is determined by the
reaction.

Fé* +e > Fé' ©)
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The anodic polarization curves of 416 SS in 3.58&CNsolution is also
observed to represent a typical active-passive \b@haHowever, its passive
current density is not stable and much higher timat of 304 SS (a couple of
orders higher). 416 SS is not exhibiting a fulsgige behavior as shown by its
anodic polarization curve. Due to the negative qaential, the cathodic
behavior is obtained and then at the corrosionntiatie it changes and records its
anodic behavior. It can be seen that, further i@ tsmall potential range above
the corrosion potential, active dissolution is seen

From a potential of -200 mV the current density, affout 1, not
completely constant but shows a gradual increasBc¢ating passive region of
416 SS. The passive region ranges from a poteasfti2l00 mV to 50 mV which is
due to its considerably stable oxide layer. Aftex tange of passive region, at a
potential of about 70 mV a drastic increase in therent density is seen
indicating the breakdown of the oxide layer. Thedexlayer breaks down at a
potential of about 70 mV which is due to the acdrchloride ions, giving rise to
pitting corrosion and formation of pits on the niastarface (k).

From the potentiodynamic polarization curves ih dze seen that the
corrosion potential has a negative shift from -83 to -408 mV due to applied
magnetic field (0.7 T) in a perpendicular directiorthe 416S S electrode surface

in 3.5% NaCl solution. The current density alsaéases significantly from 10
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A.cm? to 10°>° A.cm? due to the effect of the magnetic field. The nagashift
in the corrosion potential and increase in currdansity integrally can be

attributed to the impact of the magnetic field ba torrosion kinetics.
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Table 5-2: Potentiodynamic polarization curves repb416 SS in 3.5% NacCl

solution with and without an external magneticdiel

TYPE Test 1 Test 2

Magnetic field strength, B (T) 0T 0.7T
Corrosion Potential (mV) -308 -410
Corrosion rate (LA.cm?) 0.316 1.99

In Figure 5-5 (a) and (b) the SEM micrographs ofhbsamples studied
with and without the magnetic field influence respeely are illustrated. The
difference in pit density and pit diameter at tleetce and edges when compared
to the baseline experiment's SEM micrographs carolieserved. Due to the
maximum flux density at the rim of the electrodsignificant increase in the pit
density, with smaller diameter are observed as emetpto the homogenously
distributed pits observed on the electrode surfsfcthe experiments without a
magnetic field. The different pitting pattern aéthm and center of the electrode
surface due to the Lorentz force influenced coneactvas also confirmed by
Linhardt et al [101]. Due to the higher velocitpwl at the rim it promotes the

repassivation tendency and thus causing a decnedke current and associated

59



IR-drop. The smaller IR-drop causes an increasienpotential which triggers
initiation of new pits and hence raising the cutragain. The interrelated
mechanism involved at the electrode/surface interfeeactions allows for a
certain limited growth rate for pits and the altegotential and current density

causes the high pit density with smaller diameter.
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(b)
Figure 5-5: SEM micrographs of the edge and ceoftdd 6 SS in 3.5% NacCl
solution (a) without and (b) with impact of externaagnetic field (both at edge

and center)
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5.2.1.3 1018 Carbon steel

The results obtained for the corrosion potenteakus time measurements
and potentiodynamic polarization tests, with andhaut a magnetic field
influence are represented in the Figure 5-6 (a) @)drespectively. It can be
observed that the corrosion potential which inias -548 mV decreases and
stabilizes at equilibrium corrosion potential oB&mV for baseline test. As seen
in the case of magnetic test, due to the impad¢hefmagnetic field, the initial
potential of -560 mV, decreases and stabilizespaitantial of -710 mV. It causes
a negative shift in the stable OCP of 1018 steelabgut 110 mV. Similar
observations were made for 416 SS in 3.5% NaCltisolldue to the magnetic
field.

Comparing the potentiodynamic polarization curwéth and without the
influence of a magnetic field, a significant impastobserved of the magnetic
field on the corrosion kinetics. The corrosion pai shifts from -400 mV to -
608 mV when an external magnetic field was applestpendicular to the
electrode surface of 1018 steel in 3.5% NaCl smtutThe current density shows
a considerable increase which means, a highersiorr@ate due to the magnetic
field impact which is illustrated from the calibedt values seen in Table 5-3. It
can also be confirmed by the higher Tafel slopeillastrated in the anodic

polarization curves. As mentioned in the previoesearch, oxygen being
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paramagnetic in nature is attracted towards thetrelde surface and hence causes
higher activity at the surface. The magnetic fielduced Lorentz force promotes
the mass-transport controlled reduction reactiso abserved in research Lu et al
[102]. The magnetic field has also found to effinet electron-transfer controlled
Fe dissolution. The stray field on the electrodefemie attracts paramagnetic

oxygen which thereby increases the rate of elelc&gaical reactions.
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Table 5-3: Potentiodynamic polarization curves repb1018 steel in 3.5% NaCl

solution with and without an external magneticdiel

TYPE Test 1 Test 2 Test 3 Test 4
Magnetic field strength, B (T) 0T 0T 0.7T 0.7T
Corrosion Potential (mV) -400 -401 -596 -608
Corrosion rate (HA.cm) 8.31 7.94 3.71 3.16

5.2.1.4 Zinc
The corrosion potential vs time and potentiodyramolarization test

results obtained for Zn in 3.5% NaCl, with and with the impact of an external
magnetic field (baseline) are shown in Figures(®&)7and (b), respectively. From
Figure 5-7 (a) it can be see that there is no efdé¢the magnetic field on the
OCP. The equilibrium potential is reached at -1603 and remains similar at -
1008 mV when observed in 3.5% NacCl solution unteriinpact of the magnetic
field. Also, from the Figure 5-7 (b), which compar¢he potentiodynamic
polarization curves, in both conditions, the anduaghavior of Zn is seen. From
the Tafel extrapolation, the corrosion rate andason potential was determined

and shown in Table 5-4. The values obtained froenTtafel slope extrapolation
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confirms the very active dissolution of Zn obserwe®.5% NaCl solution with
and without impact of a magnetic field.

Zn being an active material whose oxide layer rimt#tes and causes
further dissolution of the bulk in the chloride swbn. It can be confirmed from
the highly negative corrosion potential which i908 mV in 3.5% NacCl solution.
No effect of the external magnetic field of 0.7sTobserved on Zn as it is a non-
magnetic material. Also, Zfhions are diamagnetic in nature due to their paired
electron configuration. Zinc has zero unpairecctetas in its ionic state and
hence is diamagnetic in nature. The driving forge dctive dissolution of the
metal is larger than any other magnetic field driverces in the electrolyte and

therefore no major effect is seen.
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Table 5-4: Potentiodynamic polarization curves repbZn in 3.5% NaCl

solution with and without an external magneticdiel

TYPE Test 1 Test 2 Test 3
Magnetic field strength, B (T) 0T 0T 07T
Corrosion Potential (mV) -1003 -998 -978
Corrosion rate (HA.cm?) 31.60 30.19 28.18

5.3.1.5 Ti alloy (Ti-6Al-4V)

The corrosion potential vs time and potentiodyramolarization test
results obtained for Ti alloy (Ti-6Al-4V) in 3.5% dCl, with and without the
impact of an external magnetic field (baseline)s@en in Figure§-8 (a) and (b),
respectively. From Figure 5-8 (a) it can be seat there is no effect of the
magnetic field on the OCP. The corrosion potengalches equilibrium at -278
mV and settles at a similar equilibrium potenti&l-73 mV when observed in
3.5% NaCl solution with and without the impact of0&Z T magnetic field,
respectively. Also, from Figure 5-8 (b), which coangs the potentiodynamic
polarization curves, in both conditions, the andahavior of Ti alloy is seen.
From the Tafel extrapolation method, the corrogiate and corrosion potential

was determined and shown in Table 5-5. Ti alloy dasry well-defined passive
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region from -300 mV to 280 mV with constant curreensity of ~10 measured
in 3.5% NaCl solution in both with and without ingbaf a magnetic field. The
long passive range of Ti illustrates the highlybfanature of its passive oxide
layer. Also, no effect of magnetic field is seentba corrosion potential which is
observed at -300 mV and corrosion rate of ~0.07 mA/c

Ti though has a negative standard metal/metafaomation potential, its
oxide layer has a very noble standard potentiahclively forms its oxide layer
which is diffusion controlled. The effect of magetield driven forces are of
much lower magnitude than the driving force forokide layer formation which
confirms the previous studies on forces involvedhia electrolyte. No effect of
the external magnetic field of 0.7T is observedloalloy as it is a non-magnetic
material. Also, Ti" ions are diamagnetic in nature due to their pagkettron
configuration in their outer shell. It has zero aimpd electrons in its ionic state
and hence is diamagnetic in nature. And henceJaina highly passivating 304
SS, Ti alloy also has a very high passivating teogend it being non-magnetic,
has no effect of the magnetic field on its corrasieehavior in 3.5% NaCl

solution.
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Table 5-5: Potentiodynamic polarization curves repbTi alloy in 3.5% NaCl

solution with and without an external magneticdiel

TYPE Test 1 Test 2
Magnetic field strength, B (T) 0T 0T
Corrosion Potential (mV) -300 -301
Corrosion rate (HA.cmi?) 0.079 0.063
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Chapter 6
CONCLUSIONS

Based on the electrochemical nature and magnetipepties of each
material, the impact of an external magnetic fislts determined in this research.
Both ferromagnetic materials and diamagnetic matetave different response
to an external force based on magneto-hydrodynaamdscorrosion kinetics.

Few notable conclusions of the effect of a 0.7 agnetic field on the
corrosion behavior of selected materials in 3.5%Nsolution were found to be
as follows:

A. 304 SS: minimal impact on its corrosion rate anckfiect on its corrosion
potential. It enhances passivation of 304 SS.

B. 416 SS: increased its corrosion rate and redusezbirosion potential (in
the active direction). Oxygen being attracted te tiegions of high
magnetic flux, at the rim, causes increased pitind overall increased
dissolution.

C. 1018 steel: in the case of an active metal like818feel, there is a
cathodic shift of the corrosion potential becauseoreased dissolution.
Fe* ions also being paramagnetic in nature are aginlatct the rim, locally
increasing the pH and also repels iens which causes a slight lowering

of corrosion rate, however, the overall rate reméigh.
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D. In the case of non-ferrous metals like Ti4AlI6V gnde Zn, no effect on
its corrosion behavior is seen because of its figldssive or active
nature, respectively. The driving force involved the electrochemical
reaction itself is larger than other magnetic figlfiuenced forces due to a
magnetic field strength of 0.7 T.

Magnetic field of 0.7 T therefore affects ferromatic materials by
attracting oxygen to the surface and increasingati@lic current and promoting
either passivation or dissolution based on the typenaterial. The electronic
configuration of the outer shell of ions that digsan the electrolyte also plays a

role in affecting the corrosion kinetics.
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