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ABSTRACT

In this dissertation, micro-galvanic corrosion effects and passivation behavior of single-
phase binary alloys have been studied in order to formulate new insights towards the
development of “stainless-like” lightweight alloys. As a lightweight material of interest,
Mg-xAl alloys were studied using aqueous free corrosion, atmospheric corrosion,
dissolution rate kinetics, and ionic liquid dissolution. Polarization and “accelerated” free
corrosion studies in aqueous chloride were used to characterize the corrosion behavior
and morphology of alloys. Atmospheric corrosion experiments revealed surface
roughness and pH evolution behavior in aqueous environment. Dissolution in absence of
water using choline-chloride:urea ionic liquid allowed for a simpler dissolution
mechanism to be observed, providing additional insights regarding surface mobility of
Al. These results were compared with commercial alloy (AZ31B, AM60, and AZ91D)
behavior to better elucidate effects associated with secondary phases and intermetallic
particles often present in Mg alloys. Aqueous free corrosion, “accelerated” free corrosion
and ionic liquid dissolution studies have confirmed Al surface enrichment in a variety of
morphologies, including Al-rich platelet and Al nanowire formation. This behavior is
attributed to the preferential dissolution of Al as the more “noble” element in the matrix.
Inductively-coupled mass spectroscopy was used to measure first-order rate reaction
constants for elemental Mg and Al dissolution in aqueous chloride environment to be
kmg = 9419x10  ©andky; = 2.103x10  © for future implementation in kinetic
Monte Carlo simulations. To better understand how “stainless-like” passivation may be



achieved, Ni-xCr alloys were studied using polarization and potential pulse experiments.
The passivation potential, critical current density, and passivation current density were
found to decay with increasing Cr composition. The measured average number of
monolayers dissolved during passivation was found to be in good agreement with
percolation theory, with a fitted 3-D percolation threshold of p3? = 0.118 compared with
the theoretical value of 0.137. Using these results, possible approaches towards achieving

passivation in other systems, including Mg-Al, are discussed.



In dedication to my loving husband. | would be lost without you. Only you could fill my
darkest moments with light.



ACKNOWLEDGMENTS

I would like to express the utmost gratitude and thankfulness for my advisor Karl. Prior
to meeting Karl, a doctoral degree had never been a consideration, let alone a possibility
to me. He has always been so generous with his vast reservoir of knowledge, and | have
grown so much during my time with him. | cannot thank him enough for the endless
patience, kindness, and understanding he has shown me. This has truly been a life

changing experience for me in so many ways.

I would also like to thank my committee members Prof. Daniel Buttry, Prof. Candace
Chan, and Prof. Peter Crozier for their willingness to participate in my research. Each of
you has offered valuable and unique insights and advice. | would like to thank Dr.
Allison Handler, Dr. Qing Chen, Julia Fisher, and Anna Weiss for their contributions

towards the development of the magnesium program.

I thank my mentors and group members—Dr. Allison Handler, Erin Karasz, Ke Geng,
and Julia Fisher—for their support and many thoughtful discussions, especially when |
have felt lost along my way. | am so thankful this journey has brought you all into my

life.

Most of all, I thank my husband Ken. | never imagined that choosing to pursue my PhD

would also mean meeting the love of my life. | thank God every day for you.



Special thanks goes to the Department of Energy Office of Energy Efficiency and
Renewable Energy, Lightweight Materials, Vehicle Technology Office (Contract No:
DE-EE0006436) for support on Mg alloy corrosion and the National Science Foundation
Division of Materials Research (Contract No: 1708459) for support of Ni-Cr alloy

investigations.



TABLE OF CONTENTS

Page
LIST OF TABLES
LIST OF FIGURES
CHAPTER
1 INTRODUCTION ...t 1
2 OVERVIEW OF TECHNIQUES AND METHODS.........ccocoiiiieiee e, 5}
2.1 Electrochemical MethodsS..........cooiiiiiiiiiee e 5
2.1.1 Electrochemical Cell TYPES....c.oiiiiiiiiiieieeie et e 5
2.1.2 PotentiostatiC EXPEITMENTS ....ccveiieiiie e e 6
2.2 IVHICTOSCOPY - tcnteteeteesteeteesteestesseesteasbesseesbeestesbeesbeasbesbeesbeeneeebeebeeneesreenbeanbeabeenbeaneenreas 8
3 MAGNESIUM-ALUMINUM ...t 11
3.1 INErOTAUCTION ..ot 11
3.1.1. Magnesium as a material of INTEresSt..........cccovveveiiieriieie e, 11
3.1.2. MagNeSiUM COALINGS .. .cveirveireeieeieseesieeeestee e ee e e e eseessaesseesaesreesseeneesneesseens 12
3.1.3 AlOYING MAQNESTUM....ecuiiiiieiieiie et e st ae e ste e e e neenneens 13
I = 7 1ot 0| {01 T SR 17
3.2.1. Commercial Mg-Al Alloys and Processing Methods............cccoeeviiieninnenn. 17
3.2.4. Rotating Disk EIECIOUe. ........cocviiiiieiecesee e 23

Vi



CHAPTER Page

3.2.5. 1onic Liquid DISSOIULION .......ceiuiiiiiieiieeie e 24
3.3 MBENOUS ... 26
3.3.1. Alloy Characterization and Fabrication.............cccoccovevieiininii i, 26
3.3.2. SaMPIE Preparation.........cccueieeiieieieesie e siee sttt nae e 28
3.3.3. AQUEOUS Free COMTOSION .....ccueeiiiiieiieesiesiiestee ettt sttt sae e 28
3.3.4. ATMOSPNEIIC COITOSION. ... .coiuieiiiie ettt et 29
3.3.5. RALE KINELICS. ....cuiiiitiiiiiiieieeee e 30
3.3.6. 1onic liquid diSSOIULION .......oiuieiiiie e 30
3.4. ReSUItS aNd DISCUSSION .......cuviiiriieiiiteireesie ettt 31
3.4.1 CharaCteriZAtION.......ccveveeiieeieeieies et 31
3.4.2. AQUEOUS FIee COMTOSION. .. .ccuveieeeiesieesieeeestee e eeestee e esaesseesaeeaesreesseenaesseesseens 38
3.4.3. AtMOSPNEIIC COMTOSION .....vviiieiicic sttt nne e 42
344, RALE KINELICS. ....eiueiiieieeisie et 51
3.4.5. lonic Liquid DISSOIULION ........cciuiiiiiieciecic st 55
3.5, CONCIUSIONS ...t 61
4 NI-CR ALLOY S e 66
A1 INEFOTUCTION ...ttt bbbt 66
= - Tod (o | {010 o SRRSO 68
4.2.1. Passive Film FOrMAtioN .........ccooeiiiiiiiiiieseeeee e 68

vii



CHAPTER Page

4.2.2. Electrochemical DENAVION .........c.cooeiiiiiiiiiice e 71
4.2.3 Percolation ThEOIY .......ooiiiieieiieee e e 74

4.3, MBLNOGS ... 78
4.3.1. Alloy characterization and preparation...........cccceeerenenieneene e 78
4.3.2. EXPEriMENtal SELUPD ...cuveiveeieeie sttt e 79
4.3.3. Passivation CharaCterization.............coceoeririninineeieeesesese s 79
4.3.4. Passivation Potential PUISE ... 80

4.4 ReSUILS aNd DISCUSSION........c.viiiiiiiiiiiiiiieieie e 80
4.4.1. Polarization Observation of Passivation Behavior ............cc.ccocoovneriinincnnnn, 80
4.4.2. Monolayer Dissolution Using Potential PUISE...........ccccovevvviveiviiciiccc e, 84
4.4.3. Experimental Comparison with Percolation Theory Predictions..................... 86

4.5 Summary and CONCIUSION .......ccveiiiieiiee ettt sre e sae e 90

5 CONCLUSIONS AND FUTURE WORK .........ooomirrrrinnessiesssssisssssssssssssssessennnes 91
REFERENGCES ...ttt sttt st me e e be e nneenee e 95

viii



LIST OF TABLES

Table Page
1.1. Electromotive Force Series for Common MetalS..........evvvveiiiieiiiieieiiee e 4
3.1. Relevant Crystal Structures of the Mg-Al SyStem........cccoveiiiiiinniniee e 19

3.2. Compositions of Studied Commercial and Binary Phase Alloys, along with
COMPONENT PRASES ...ttt sttt nre e 32

3.3. Summary of Corrosion Potential Shifts (vs. Ag*/AgCl) for Component Phases and
Binary-Phase Alloys during 20 Hour Free Immersion in 3.5% NaCl ................... 38

3.4. Summary of Pitting Potentials for Component Phases and Binary-Phase Alloys
during 20 Hour Free Immersion in 3.5% NaCl...........cccocoiiiiiiiiiiicee 38

4.1. Calculated Parameters as a Function of Cr COmMPOSItION .........ccceeveeieeienienieniesee e 88

vii



LIST OF FIGURES

FIGURE Page
2.1. Diagram Of SEM and EDS...........ooi i 9
3.1. Alloy Density as a Function of Solubility in Solid Solution with Magnesium .......... 16
3.2. Al-MQ PNase DIAQIam .........ooieiiiiiiieiieie ettt sttt sneenes 19
3.3. Diagram Of RDE SYSEIM ......oiiiiiiiiiieiieie et 24
3.4. Molecular Structure of Choline Chloride (top) — Urea (bottom)..........ccccceeviivennnne 25

3.5. Microstructural Characterization of Untreated Commercial Alloys at Various

Magpnifications using SEM for a, b, ¢c) AZ31B, d, e, f) AM60 and g, h, i)

3.7. XRD Patterns for a) Commercial Alloys AZ91D, AM60 and AZ31B, b) Solid-
Solution a-Phase Samples Containing Approximately 2-8 at.% Al, ¢) Mgi7Al.w2 B
Phase with and without 1% Zn and d) Manganese Aluminide............cccoccoevvnnee. 35

3.8. SEM Surface Morphology of 5%, 100 nm Al Coverage on Pure Mg Substrates that
Underwent 1 min Sputtering during Photolithography at a) Higher Magnification
Showing the Al island including the Deposit Texture (inset) and b) Lower
Magnification Showing the Overall Pattern ... 36

3.9. Shift in Corrosion Potential (vs. Ag*/AgCl) for (a) Component Phases, (b) Synthetic
Alloys, (c) Binary-Phase Alloys, and (d) Commercial Alloys during 20 Hour Free

IMMErSION 1N 3.5%0 NACH ...t 37



FIGURE Page

3.10

3.11

3.12

3.13

3.14.

3.15.

3.16.

3.17.

3.18.

3.19.

3.20.

. Diffusion Boundary Layer Thickness as a Function of Rotation Rate.................... 40
. SEM Imaging of Mg-2%Al (left panel) and Mg-5%Al (right panel) Following a 20h
Immersion in 3.5% NaCl at 1600 rpm at Increasing Magnification..................... 41
. Contact Angle Images of 3.5% NaCl on AZ91D a) Un-corroded and b) Following
20 hr Aqueous Corrosion inN 3.5% NaCl ... 45
. Time Dependent Contact Angle of a SuL of 3.5% NaCl on the Indicated Sample
Surfaces (a) Mg-Al Alloys: AZ91D (black), AM60 (red), AZ31B (blue), and

aMg-5 at.%Al (green) and (b) Component Phases: Al (black) and Mg (red) ...... 45

Evolution of Electrolyte pH under Full Immersion, Free Corrosion in 3.5%
Aqueous NaCl using a Standard Glass Electrode..........c.cccocevvvevieiiicine i, 46
Universal Dye-Indicator Color Scale (PH 1-11) ...cccoooiiiiiiiiiiieiiee e, 46

Universal Dye-Indicator in Ultrapure Water on Al for 70 Second Free Corrosion
Duration with Corrosion Time Indicated in SECONS ........cccovveiiriniieeneniiesieins 47
Universal Dye-Indicator in Ultrapure Water on Mg for 14 Second Free Corrosion
Duration with Corrosion Time Indicated in SECONdS ........ccccovveeririniieieniieieeins 47
Universal Dye-Indicator in UP Water on AM60 for 58 Second Free Corrosion
DUFALION ..ttt b et et e b e e e e sbeebeeneesneeae s 47
Universal Dye-Indicator in UP Water on AZ31B for 32 Second Free Corrosion
DUFALION ..ttt ettt b et e et e b e e e e bt e beeneesne e e s 48
Universal Dye-Indicator in UP Water on AZ91D for 212 Second Free Corrosion

DU AEION ettt e nnnnnn 49



FIGURE Page
3.21. Universal Dye-Indicator in Ultrapure Water on aMg-2%Al for 60 Second Free
COITOSION DUFALION ... bbb 50
3.22. Universal Dye-Indicator in Ultrapure Water on aMg-5%Al for 60 Second Free
Corrosion Duration with Corrosion Time Indicated in Seconds ............cc.ccceveeene. 50
3.23. ICP-MS Determination of Chemical Dissolution of (a) Mg and (b) Al in 2 mL of
3.5% NaCl Over 20 Hour Immersion in 3.5% NaCl ...........cccceveieninininiiin 51
3.24. First-Order Rate Expression for Mg and Al Dissolution in 3.5% NaCl where (a)
Shows the Fitted Exponential Equation during a 20 hour Free Corrosion where
Mg (black) kyg = 9.419 x 107° s~* and k,; = 2.103 x 10~°s~" and (b) Shows
The Fitted Exponential Equation until the Solution Reaches Saturation............... 55
3.25. Anodic Dissolution Waves for Synthetic Alloys and Component Phases................ 58
3.26. SEM Images of Commercial Alloy Surface Morphologies Following Potentiostatic
Dissolution in ChCI-Urea for the Indicated Times at -220 MV .........cc.ccoceevvevnenn. 59
3.27. Surface Morphology using SEM of aMg-5at% Al Following Potentiostatic
Corrosion at =100 mV vs. Al/AP* for 60 min in a Deep Eutectic 1:2 Molar Ratio
of Choline Chloride:Urea at 150 °C ........cccooviiiiiiiiiniiceseees s 60
3.28. Surface Morphology of aMg-2 at% Al Potentiostatically Held at -600 mV vs.
Al/AR* for 60 min in CC-Urea at 150°C ........cceveirevivereeieeicrsse s 60

3.29. Surface Morphology using SEM of aMg-2 at% Al.........cccoovveeeieiiece e 61



FIGURE Page

3.30. Corrosion Process in Mg-Al alloys in Solid Solution...........ccccveiiiiennniencie, 64
4.1, Ni-Cr PNase DIAQIaM .......coiiiieiieniieie ittt sre et sbeeae s nes 67
4.2 FE-Cr Phase DIagramM ........ccoiieieiieiieie ettt ettt es 68

4.3. The Four Primary Regimes Marking General Polarization Behavior of Ni-Cr

ATTOYS .. e bbbt nreeae s 72
4.4. The Infinite Cluster for 1%t and 2" NN for a Flat 2-D SUrface .........cccoccevvvevvrvevrennn. 76
4.5. Simplified Illustration of the Infinite Cluster in a 3D Lattice............ccoocvvververierinnne. 77

4.6. Linear Sweep Voltammetry for Ni-x at.%Cr alloys in Deaerated 0.1M H2SO4 from
VL =-0.6 V (vs. SCE) to Vu =1.0 V (vs. SCE) at Sweep Rate 1 mV/s using SCE
Reference Electrode and Pt Mesh Counter Electrode..........ccoocevveiiiieneniesennnns 81

4.7. Passivation Potential (Black) and Critical Current Density (Blue) as a Function of
at.% Cr Composition in Binary Ni-Cr Alloys in Deaerated 0.1M H,SOs.............. 82

4.8. Critical Current Density of Ni-xCr Alloys in Variable Concentration Deaerated
Sulfuric Acid Solution as a Function of Cr Composition..........cccccevveeieeniennnene 83

4.9. Passivation Current Density of Ni-xCr Alloys in 0.1M Deaerated Sulfuric Acid
Solution as a Function of Cr COMPOSITION.........ccvueiiiiiiie e 84

4.10. Surface Charge Density of Ni-xCr Alloys in 0.1M Deaerated Sulfuric Acid Solution
as a Function of Cr COMPOSITION ........cocuiiiiiiiiesie e 85

4.11. Preliminary Results Showing Number of Monolayers Dissolved as a Function of

AL.%0 CF COMPOSTTION ...ttt ettt rs 89

Xi



1 Introduction

Magnesium has become a popular source of commercial interest for lightweight
structural applications. In addition to its low density of 1.738 g/cm?, magnesium
possesses several other desirable industrial attributes—it is the eighth most abundant
resource in the world, has a high strength-to-weight ratio, and can be easily processed
using casting methods [1]-[6]. Magnesium is also an ideal component for biological
applications; it plays an essential role in many physiological functions in the human body
with a consumption rate of ~250-500 mg day [4]. In fact, approximately 20 g of
magnesium is present in the human body at all times, and a toxic dosage has yet to be
identified [4]. This combination of properties is particularly desirable for the

transportation, aerospace, and biomedical industries.

Although there are several commercially available magnesium alloys (e.g. AZ31B,
AMG60 and AZ91D), the primary obstacle for consistent industrial implementation of
magnesium is its high susceptibility to corrosion. As shown in Table 1.1, magnesium is
highly electrochemically reactive with a low standard potential of -2.370 V vs. SHE.
Magnesium does not form a passive film under atmospheric conditions, leaving it
susceptible to corrosion attackers and internal galvanic corrosion [7]. This material is also
difficult to alloy since it has a strong tendency towards formation of secondary phases,
leading to increased microgalvanic corrosion [8]. The magnesium dissolution process is

rather complicated, as it is governed by a combination of four simultaneous



electrochemical and chemical reactions involving magnesium dissolution, oxide
formation, and oxide hydration [9]. While these reactions are agreed upon within the
scientific community, the dissolution behavior at the surface, including microgalvanic

effects on alloying, are not well understood.

Single phase alloy systems are the simplest to observe electrochemically since the
presence of multiple phases introduces a galvanic coupling effect with numerous
complications to consider. Aluminum is known for atmospheric formation of a passive
film and exhibits one of the highest solubilities in solid-solution with magnesium. In an
effort to elucidate some of the surface mechanisms occurring during active dissolution of
magnesium alloys, primarily regarding compositional changes and secondary phase
formation, we have studied Mg-xAl single-phase alloys using aqueous free corrosion,

atmospheric corrosion, reaction rate kinetics, and ionic liquid dissolution.

While “noble” element enrichment was consistently observed during these studies,
passivation was never achieved. To further explore passivation mechanisms in solid-
solution alloys, the Ni-Cr system was studied. Stainless steels are well known for their
passive behavior in atmospheric conditions with additions of approximately 12-13 at.%
Cr. Although this fact is regularly implemented in industrial applications, passive film
formation in stainless steels is not well understood. The Ni-Cr and Fe-Cr systems display
similar passive behavior with additions of 12-13 at.% Cr. Referencing the electromotive

force series in Table 1.1., nickel is less electrochemically active than iron and forms only



one oxidation state as opposed to two. Additionally, the packing order of the close packed
planes in FCC (i.e. Ni-Cr alloys) and HCP (i.e. Mg) crystals are more closely related than
BCC (i.e. Fe-Cr) and HCP crystals. As such, we have chosen the Ni-Cr system as our
“ideal” example of a passive solid-solution alloy. Unfortunately, the dissolution behavior
of Ni-Cr alloys has not been electrochemically well studied and only a few reports exist
in the literature [10]-[12]. To gain a better understanding of passivation behavior in
single-phase alloys, polarization and potential pulse studies were used in Ni-xCr alloys.
By connecting these results to percolation theory, we have been able to further our
understanding of passive film formation in single-phase alloys and formulate new ideas

regarding the development of “stainless-like” magnesium alloys.



Electromotive force series

Electrode reaction Standard Potential, E* (V VS. SHE)

Au " +3¢” - Au 1.500
Pt* +2e — Pt 1.200
Hg™ +2¢ — Hg 0.854
Ag +e — Ag 0.800
Cu +e — Cu 0.521
Cu® +2¢” — Cu 0.337
2H +2e — H, 0.000
Fe’ +3¢” - Fe -0.036
Ni*T+2¢”— Ni -0250
cd* +2¢ —cd -0.403
Fe' +2¢ — Fe —0.440
¥ +3e S or —0.740
Zn*"+2e —Zn —0.763
Mn' +2e — Mn ~1.180
Zr v 4e > 7 ~1.530
AP+ 3e” > Al ~1.660
Mg* +2¢ — Mg ~2.370
Li*+2e —Li —3.050

Table 1.1. Electromotive force series for common metals [13].



2 Overview of Techniques and Methods

2.1 Electrochemical Methods

2.1.1 Electrochemical Cell Types

Two primary electrochemical cells were used, depending on the experiment type— (1) two
electrode and (2) three electrode. As indicated by their name, two electrode cells are
comprised of two components suspended in conductive electrolyte—(1) working
electrode and (2) reference electrode. The two electrode cell is an open circuit system
where no outside current is passed through the system. The working electrode provides
the site of the desired measurement while the reference electrode serves as the designated
standard by which potentials are measured by the potentiostat. In a two electrode system,
the potential at zero current, or the open circuit potential (OCP), can be monitored using a

potentiostat.

Three electrode cells are closed systems requiring three primary components—(1)
working electrode, (2) reference electrode, and (3) counter electrode. Just as with the two
electrode cell, the working electrode serves as the measurement site, and the reference
electrode sets the standard by which potentials are measured. In order to measure and
control the current of the system, however, a counter electrode is required. For any

external charge maintained at the working electrode, an equal and opposite charge must



be maintained at the counter electrode. By applying a known potential or current,
reactions can be observed and controlled. The counter electrode is composed of inert
material to prevent electrochemical reactions from taking place at the surface. In the case
of metallic corrosion studies, the working electrode typically serves as the anode, where
oxidation occurs, and the counter electrode serves as the cathode, where reduction occurs.
In all experiments performed, platinum serves as the counter electrode in either bulk or
mesh form. It is important that the counter electrode surface area should be greater than

that of the working electrode to prevent Kinetic limitations.

Electrochemical studies rely on system responses to an applied current or potential to
understand electrochemical systems. Current and potential measurements are typically
recorded using a potentiostat, which controls the potential difference between the
working and reference electrodes. A Gamry Interface 1000E potentiostat was used to

perform all electrochemical experiments.

2.1.2 Potentiostatic Experiments

Five primary potentiostatic experiment formats were used for electrochemical studies.
These include: (1) open circuit potential or corrosion potential measurements (OCP), (2)
chronoamperometry (CA), (3) chronocoloumetry, (4) linear sweep voltammetry (LSV),

and (5) cyclic voltammetry (CV). For open circuit and/or corrosion potential monitoring,



a two electrode system is used, and the open circuit potential is simply monitored for a
specified duration by taking OCP measurements every specified number of seconds. The
remaining four potentiostatic experiments require a three electrode setup since they rely
on either an applied potential or current. Chronoamperometry measures the current as a
function of time while a specified potential is applied to the system. These experiments
typically run for either specified duration or until a specified current limit is reached.
Similarly, chronocoulometry measures the charge that has been passed as a function of
time while a specified potential is applied to the system. The potentiostat will
continuously calculate the integrated area beneath the current vs. time curve to measure
the passed charge. Just as with chronoamperometry, these experiments can run for either
specified duration or until a specified charge limit has been reached. Chronocoulometry
is especially useful when electrodepositing a layer of specified thickness. Linear sweep
voltammetry is a more dynamic experiment, where the current is measured within a user-
defined potential window. Controlled parameters include the potential step size, scan rate,
and current limit. A common use of linear sweep voltammetry in corrosion experiments
is for observation of the polarization behavior of the corrosion reaction to observe
reaction Kkinetics and corrosion potential. Cyclic voltammetry is similar to LSV in the
sense that the current is measured within a specified potential window. A CV does not
stop after one sweep in a specified direction, however. Instead, it will stop at the potential
limit and begin scanning in the opposite direction until the next potential limit is reached.
In addition to the step size, sweep rate, and current limit, the scan direction and number

of cycles can be specified by the user.



2.2 Microscopy

The majority of surface analysis of samples was performed using scanning electron
microscopy (SEM) and energy-dispersive x-ray spectroscopy (EDS). This combination of
techniques can be used to provide high magnification surface imaging and compositional
data, and they can be performed simultaneously when an X-ray detector is fitted onto the
SEM. A simplified diagram of an SEM with fitted X-ray detector is provided in Figure
2.1. The entire column is maintained under vacuum, requiring a separate chamber for
insertion and removal of the sample. An electron beam source is heated to
thermoionically produce an electron beam (e-beam), which is directed towards the
sample surface using condenser and aperture lenses. When the e-beam hits the sample
surface, the beam electrons will interact with electrons in the sample atoms, resulting in
electron scattering, producing secondary electrons, backscattered electrons, and x-ray
emissions. These signals are collected as the beam is scanned along the sample surface
for imaging and compositional purposes. SEM imaging and EDS compositional data was

collected using a Philips XL30 SEM.



Electron Beam Source

Back Scattered
X- EDS
ray (EDS) Electrons (BSE)
®.. E-Beam
. Secondary
. Electrons (SE)
Sample

Figure 2.1. Diagram of SEM and EDS.

For SEM imaging, secondary electrons (SE) or backscattered electrons (BSE) can be
used as the image source. Low-energy secondary electrons are produced by inelastic
scattering, meaning that the kinetic energy of the incident electron is not conserved.
Secondary electrons are produced from the outer electron shells and are characterized by
energies of 50 eV or less. Secondary electrons are used for high-resolution imaging, as
this is a more surface sensitive technique. Backscattered electrons, meanwhile, are
produced by elastic scattering where the kinetic energy of the incident electron is
conserved. Backscattered electrons are sourced from the lower electron shells at the
atomic nuclei. The strength of the backscattered electron signal is dependent on the
atomic number of the source atom with the strength increasing as the atomic number
grows higher. BSE imaging is particularly useful for providing contrast between different

phases or materials.



Energy-dispersive x-ray spectroscopy (EDS) relies on x-ray photon emissions as the
electron beam interacts with the sample surface. When core electrons are ejected from
sample atoms, the atom enters an excited state. To return to a neutral state, an x-ray
photon is emitted. The energy of the photon is dependent on the atomic number of the
atom, allowing for compositional data to be obtained. EDS can be used to obtain

compositions of the overall image area, specified areas, or for elemental mapping.
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3 Magnesium-Aluminum

3.1. Introduction

3.1.1. Magnesium as a material of interest

Magnesium has become a highly desirable metal, particularly for the aerospace,
automotive, and biomedical industries, due to its high abundancy, high strength-to-weight
ratio, good castability, biocompatibility, and high thermal conductivity [1]-[6].
Unfortunately, magnesium displays poor corrosion-resistance and is highly reactive in the
presence of corrosion attackers, susceptible to internal galvanic corrosion, and unable to
form a stable passive film. While magnesium does form a quasi-passive film of Mg(OH)>
in aqueous environment, this film is only stable at pH levels greater than 11 [9], is
vulnerable to corrosion attackers, and demonstrates poor pitting resistance [7]. Strong
passive films perform three key functions—(1) restriction of outward flow of cations, (2)
resistance of inward flow of damaging anions or oxidants, and (3) rapid repair of
localized damage [7]. In metals, these passive layers are often characterized as a thin,

oxidized, protective film in the presence of corrosive aqueous environments [14].
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3.1.2. Magnesium coatings

Common ways to increase the corrosion resistance of metals include the use of a
protective coating or alloying agent. Protective coatings are often not of interest,
however, unless they possess self-healing properties. While intact, coatings can provide
an effective electrochemical barrier between the metal and a corrosive environment (e.g.
seawater). In the event that a coating is damaged, by a scratch for instance, galvanic
corrosion will ensue with the coating acting as the cathode and the now exposed area
acting as the anode. Due to the small exposed area of the anode in comparison with the
cathodic area, the coated material experiences rapid localized attack. This corrosion
mechanism means that any small defect in the coating can cause catastrophic damage to
the coated material, although this can be eliminated were the coating capable of self-
healing (i.e. metal oxide formation). One of the most common and successful coatings
used for corrosion-susceptible alloys, including Mg, are chromate convergent coatings.
Due to the high toxicity and carcinogenic nature of chromate convergent coatings,
however, they have been gradually removed from use despite the lack of a reliable
replacement. The low reversible metal/metal-ion electrochemical potential of Mg
eliminates nearly all metallic coating options. Recent work done by Hiromoto describes
self-healing properties of hydroxyapatite and octacalcium phosphate coatings on both
AZ31B and Mg during 4-6 week observation in 0.9% NaCl [15]. Hiromoto reports a
two-layer self-healing mechanism, a Mg, P, and O based layer that forms initially at the

exposed surface, followed by a Ca, P, and O outer layer. NEI Corporation has created

12



NANOMYTE PT-60, a chromate-free conversion coating that reportedly displays similar
corrosion behavior to chromate conversion coatings on AZ91D substrate [16]. Data
surrounding this is limited, however, as this is a patent-pending technology. Other forms
of convergent coatings have been reported on Mg, although the lack of self-healing
properties significantly reduces their application possibilities [17],[18]. The development
for self-healing, chromate-free coatings remains an area of demand with continued

interest.

3.1.3 Alloying magnesium

Alloying agents can be used to improve the corrosion performance of a material by
altering the material properties. This can introduce a wide range of complications,
however, since multiple material properties are influenced by addition of alloying
agent(s), such as number of phases, grain size, crystal structure, ductility, density, etc.
Solubility is an especially important factor to consider, especially in the case of highly
reactive metals, since exceeding the solubility limit results in precipitation of secondary
phases, introducing galvanic corrosion effects. Although the microgalvanic corrosion
rates can be controlled by particle size, spacing, area fraction, and electrochemical
properties (i.e. cathodic kinetics and open circuit potential), secondary phases are
considered highly undesirable are a current issue with commercially available Mg-Al

alloys (e.g. AZ31B, AMG60, and AZ91D) [19]-[24].
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For our purposes, the alloying agent should be able to form a passive film in atmospheric
conditions, display solubility in solid solution with magnesium, and have a low enough
density to maintain the desirable lightweight properties of the material. Figure 3.1. shows
elemental solubility in solid solution and corresponding alloy density for binary alloys
fully saturated with the secondary component. With the exception of Cd, no metals
exhibit over 20 at.% solubility in solid solution with Mg. Magnesium displays a high
tendency towards the formation of secondary-phase intermetallics at thermodynamic
equilibrium that accumulate at the grain-boundary interface. Only six metallic elements
display solubilities over 10 at.% in solid solution with Mg — Cd, In, Li, Tl, Sc, and Al. Of
these, only Cd and Al display any corrosion resistance in atmospheric conditions. Cd,
although it displays full solubility in solid solution with Mg, is toxic and has an extremely
high density (8.7 g/cm?®) compared with Mg making it completely unsuitable for

production of lightweight materials.

Recent reports of a newly developed Mg-33 at.% Li alloy, in combination with small
quantities of Al, Y, and Zr, measure a corrosion potential approximately 225 mV more
positive than that of pure Mg in 0.1M NaCl [25]. This result is somewhat unexpected, as
Li is more electrochemically active than Mg and known for its high reactivity in aqueous
conditions. The alloy also displays improved mechanical performance (higher specific
strength, increased ductility, and higher yield strength) compared with pure Mg and
commercially available Mg alloys. Limited testing of these alloys in atmospheric

conditions has been performed, however, as imaging of the sample is only available for 1
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hour immersion in 0.01M NaCl [26]. Previous corrosion studies by Makar et. al. of
binary-phase Mg-Li (up to 14% Li) alloys report decreased corrosion performance
compared with pure Mg [27]. Additionally, the high Li content of this alloy may pose an
issue for commercial applications due to the already high demand placed by lubricant,

battery, ceramic glass, and dye industries.

Al presents itself as the strong commercial candidate since it is corrosion-resistant, highly
abundant, cost-effective, and displays low toxicity. As shown in the phase diagram
provided in Figure 3.2, Al is soluble in solid solution with Mg up to just under 12 at.%.
At higher concentrations, B-phase Mg will form, accompanied by a crystal structure shift
(Table 3.1.). Studies of binary-phase Mg alloys performed by Makar et.al. using Al, Zn,
Li, Ca, and Si revealed slower corrosion rates only for Al containing alloys, with the

corrosion rate decreasing with increasing Al concentration [27].
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Figure 3.1. Alloy density as a function of solubility in solid solution with magnesium.
Red data points mark elements with strong corrosion performance [8].

To gain a more complete understanding of the corrosion mechanism of magnesium, both
as an elemental component and within the magnesium-aluminum binary system, four
primary areas of interest have been identified: (1) aqueous free corrosion, (2) atmospheric
corrosion, (3) dissolution rate kinetics, and (4) corrosion in absence of water. Aqueous
free corrosion and atmospheric corrosion studies provide a baseline for the typical
corrosion behavior of these materials. By studying the dissolution rate of Mg and Al,
first-order rate kinetic expressions have been experimentally-derived. In an effort to
study Mg-dissolution in absence of cathodic surface reactions that occur in aqueous

environments, ionic dissolution studies were performed.
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3.2. Background

3.2.1. Commercial Mg-Al Alloys and Processing Methods

Several commercial forms of Mg-Al alloys are available, including AZ31B, AM60, and
AZ91D, which contain approximately 3, 6, and 9 wt.% Al, respectively. Additional
alloying agents are used to influence grain size and corrosion resistance, and the full
composition of these three alloys is provided in Table 3.2. As a result, all three alloys
contain intermetallic particles and secondary phases. This morphology can typically be
described via three primary phases: (1) a-phase (solid solution Al in Mg), (2) B-phase
(Mg17Al12), and (3) intermetallic phases containing Mn, Fe, and Al [20],[28]. The
corrosion performance of alloys containing multiple phases is highly dependent on grain
size, area fraction of phases, and spatial distribution of phases and intermetallic particles.
Multiple studies have shown that increases in the amount of solid solution result in lower
corrosion rates [19],[20]. Bland et.al. have also gone on to report effects of intermetallic
particle size and spacing [19]. Their results show that maintaining the same area fraction,
but increasing the distance between intermetallic particles (creating larger particle size)
also reduced corrosion rates and limited the majority of corrosion to the area at the
intermetallic particle/Mg interface. Aung and Zhou have also reported the presence of

twins and large grain size to increase corrosion rates in AZ31B alloys [23].
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Various processing methods and alloying agents are often used to control the grain size,
area fraction of phases, and spatial distribution of phases within the alloy. Most Mg
alloys are formed using casting or forming methods [29]. Casting is the most common
form of Mg alloy production, mainly high-pressure die-casting and gravity casting (i.e.
sand and permanent mold casting), although squeeze casting, thixo-casting, and
thixomolding are also used [29]. Most forming processes can be performed on Mg alloys
at elevated temperature (230°C - 370°C), and wrought alloys typically display higher
strength and ductility in comparison with cast alloys, although this is at the sacrifice of
surface quality and corrosion performance [29]. The high reactivity of magnesium,
combined with its less formable hcp structure (compared with the more ideal cubic
structures) has always presented a challenge when creating magnesium alloys, although
new techniques are constantly being investigated to improve processing methods. Recent
work by Zander and Schnatterer, for instance, has shown improved corrosion resistance
in thixomolded AZ91D when compared with twin-roll casting and high-pressure die
casting due to its influence on microstructure uniformity [30]. Small amounts of various
alloying agents can be used to control the grain size of alloys as well, including Ti, Zr, Si,
Cu, Ag, Sn, Co, and Mn [3]. Small additions of Mn are popular for improved corrosion
performance in Mg alloys due to a sheathing effect or formation of intermetallic phases
with cathodic impurity particles such as Fe [31]. The use of Zn, meanwhile, targets
mechanical property improvement since it provides greater strength benefits over Al
although it can only be used at small concentrations owing to its high density and low

solubility in a-Mg [32]-[34].
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Figure 3.2. Al-Mg phase diagram [35].

Material Structure

Point Group  Space Group

Lattice Parameters

b c
Mg HCP 6/mmm P6s/mmc 3.209  3.209 5.211
Al FCC m 3m Fm 3m 4.046  4.046 4.046
ALO, Trigonal ~ 3m R 3c 4.785  4.785 12.99
B-Mg BCC 43m I 43m 10.56  10.56 10.56
Mg(OH), PH 3m P 3m 3120 3.120  4.730
MgO FCC m 3m Fm 3m 4212 4212 4.212

Table 3.1. Relevant crystal structures of the Mg-Al system [8].



3.2.2. Dissolution Mechanism

Magnesium dissolution is governed by four primary reactions (Equations. 3.1-3.4) [9].
The reversible metal/metal-ion electrochemical potential of magnesium is -2.37 V (vs.
NHE) (Equation 3.1), however the experimental OCP is measured at ~ -1.5 V (vs. NHE)
in aqueous electrolyte due to the formation of the quasi-passive Mg(OH) film. While the
primary anodic reaction, dissolution of Mg, is described by Equation 3.1, Mg will
simultaneously react with water via three mechanisms (Equations. 3.2-3.4) to produce
various quasi-passive films. These include the formation of magnesium oxide (Equation.
3.2), hydration of magnesium oxide to produce a magnesium hydroxide (Equation. 3.3),
and additional creation of magnesium oxide via hydration of magnesium anions
(Equation. 3.4). Due to the fact that magnesium hydroxide is thermodynamically more
stable than magnesium oxide in aqueous environment, the exposed surface is typically
composed of magnesium hydroxide [9],[36]. Of these three reactions, only the anodic
dissolution and hydration of bulk magnesium are electrochemically-dependent, and both
hydration of magnesium and magnesium anions are pH-dependent. Hydration of
magnesium oxide is purely a chemical reaction, independent of pH and potential. Thus,
due to the fact that the solubility of Mg(OH). at room temperature is on the order of a

millimolar, the system tends to self-buffer in a pH range of 8.5-10.
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Mg - Mg*t + 2e” E, = —2.37V +0.0295log[Mg?*] (3.1)

Mg+ H,0 — MgO + 2H* +2e~  E,= —1.86— 0.059 pH V (3.2)
Mg0 + H,0 < Mg(OH), (3.3)
Mg?*t + H,0 & MgO + 2H* log[Mg?*] = 16.95 — 2pH (3.4)

As Mg is anodically dissolved, the following cathodic reaction will proceed at impurity

sites, intermetallic particles, or secondary phases more “noble” to pure Mg:

2H,0 +2 e~ > H, + 20H™ E,=0.00—0.059pHV  (3.5)

Magnesium is also known for displaying an electrochemical phenomena known as the
negative difference effect (NDE), where the cathodic reaction continues to proceed
during anodic polarization. For typical metallic polarization behavior, as the potential is
increased, the cathodic reaction (e.g. water reduction) rate will slow while the anodic
reaction (e.g. metallic dissolution) rate increases. This means the hydrogen evolution rate
at the surface at the free corrosion potential is higher than the hydrogen evolution rate at
anodic potentials, and the difference between these two values is positive. In the case of
magnesium, however, as the potential is increased, the cathodic reaction rate will actually
increase as the anodic reaction rate increases. As a result, the difference between the
hydrogen evolution rate at the surface at the free corrosion potential and the hydrogen
evolution rate at anodic potentials is negative. This phenomena originally led to theories

of univalent Mg dissolution, although divalent Mg dissolution is generally agreed upon
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within the scientific community [5]. Regardless, the NDE is still not well understood and

continues to serve as a topical issue of interest.

3.2.3. Oxide Film Formation

Characterization of quasi-passive film formation on magnesium has been performed
using scanning electron microscopy (SEM), X-ray diffraction, and electron diffraction,
where it has been found that the initial air-formed magnesium oxide layer is quickly
replaced by epitaxial growth of crystalline magnesium hydroxide [37]—-[39]. Several
studies have shown the thickness and composition of the quasi-passive film to be
influenced by alloy composition, as decreasing film thickness and presence of Al has
been found as a function of increasing Al concentration in Al-containing alloys [27],[40].
The film structure may also be sensitive to processing methods, as some studies have
reported morphology and corrosion rate changes following rapid solidification processing
[36],[41]. These kinds of effects may be more closely related to size and spacing of
secondary phases and intermetallic particles, however. Reports by Unocic have also
found the presence of MgCOs in addition to the commonly noted components of
Mg(OH). and MgO when using transmission electron microscopy (TEM), X-ray
photoelectron spectroscopy (XPS), and secondary ion mas spectroscopy (SIMS) to
examine the surface of ultrahigh purity Mg films formed in room temperature water [42].
Additionally, impurity metal precipitates were found within the film for Mg-alloys. Thus,

while the exact mechanism behind the formation of the quasi-passive film is not well-
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understood, it is generally accepted that a layered combination of MgO/Mg(OH)2 will
form on the surface of Mg and Mg-alloys in aqueous solutions, with the presence of

“noble” metal precipitates when impurities are present.

3.2.4. Rotating Disk Electrode

While countless aqueous free corrosion tests have been performed on Mg and Mg-
containing alloys, very little work has been done using rotating disk electrode (RDE)
systems. Rotating electrodes improve mass transport while reducing concentration
polarization through mixing in the form of steady laminar flow over the sample surface
[14]. At low rotations speeds, laminar flow is maintained throughout the entire region of
flow. At sufficiently high rotations speeds, however, the region of laminar flow becomes
limited to the boundary layer adjacent to the sample surface, producing turbulent flow
conditions that can be used to simulate erosion corrosion [14],[43],[44]. Figure 3.3.
shows a typical RDE setup, where laminar flow across the sample surface is induced by
rotating the sample, working to minimize the diffusion boundary layer at the sample
surface. While Bender [45] and Marco [46] have used RDE setups to perform
polarization experiments on Mg and Mg-containing alloys, no morphology studies or
accelerated corrosion testing has been performed using RDE. As an accepted means of
performing “accelerated” long-term free corrosion studies, RDE experiments would
provide a valuable means of observing the long-term corrosion behavior of Mg and Mg-

containing alloys in agqueous environments.
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Figure 3.3. Diagram of RDE system.

3.2.5. lonic Liquid Dissolution

For the purpose of studying a simpler Mg dissolution mechanism in absence of
significant surface cathodic activity, the dry conditions produced in ionic liquid (iL) in
argon atmosphere provides the ideal environment. lonic liquids are composed of organic
salts, making them aqueous-free solutions comprised entirely of ions. One of these ions
will be characterized by a bulky, asymmetric structure, preventing strong ionic
interaction between the electrolyte constituents [1]. This prevents the formation of the
normally densely packed crystal lattice characteristics of salts (i.e. NaCl), resulting in the
low melting temperatures (below 100°C) characteristic of ionic liquids [1]. These low
melting points, in addition to their high ion conductivity, low volatility, and good thermal
stability, make iLs suitable for a variety of electrochemical applications [1]. Primarily,

research performed using Mg in ionic liquid is focused on energy [47],[48] and coating
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applications [18],[49]-[57], although work performed by Qing Chen and Sieradzki [58]
reports the use of a choline-chloride and urea (ChCI-Urea) eutectic mixture for
magnesium dissolution from Mg-Cd alloys to form bi-continuous Cd structures. Results
from this work show ChClI-Urea iL to aggressively attack the MgO surface film, allowing
for dissolution of Mg from Mg-rich Mg-Cd alloys and successful production of uniform
bi-continuous porous morphology. Chen et. al. also reports 1-Butyl-3-
MethylImidazoliumm bis-Trifluoromethylsulfonat (BMImT{SI) as an unsuitable iL for
dissolution of Mg owing to the inert nature of MgO in this electrolyte. From this, it is
expected that a ChCl-Urea eutectic mixture would make a suitable electrolyte for Mg

dissolution studies, the structure of which is shown in Figure 3.4.
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Figure 3.4. Molecular structure of choline chloride (top) — urea (bottom).
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3.3. Methods

3.3.1. Alloy Characterization and Fabrication

Component phases.—99.95% commercially pure (CP) magnesium (Alfa Aesar) and
99.9999% pure Al sheet (Alfa Aesar) were used in elemental metal studies. Mgi7Al12 B-

phase was supplied by Stéphane Mathieu (Université de Lorraine, Nancy France).

Binary Phase alloys.—Mg-Al alloys of variable Al concentration (2, 5, and 8 at% Al)
were synthesized by the Ames Lab. To ensure solid solution and elimination of B-phase
precipitates, samples were annealed in He/Ar at 425°C for 6 days, followed by room
temperature water quench. This procedure was successful in Mg-2%Al and Mg-5%Al,
referred to herein as aMg-2%Al1 and aMg-5%Al, respectively. Owing to the slow
cooling rate of the water quench, the procedure failed to eliminate all B-phase precipitates
in the case of Mg-8%Al, which contains Al concentration much closer to the solubility
limit (~11.5 at.% Al). As such, experiments conducted on Mg-8%Al were performed

with the understanding that some [-phase precipitates are present on the sample surface.

Synthetic alloys.— “Synthetic” alloys were produced using photolithography techniques.
The photolithographic mask pattern (Chrome/Quartz, Photo Sciences) was designed to

produce 5% areal coverage of Al. The mask was used during photoresist development to
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reveal 7.3 um diameter holes of exposed substrate located on the corners and edges of a
50 um square lattice. The newly exposed areas were sputtered for 1 minute under vacuum
using an ultra-high purity Ar plasma to remove any residue and oxide followed by 100
nm Al layer deposition using Mg (99.95%, Alfa Aesar) and a-Mg-5%Al substrates.
Unlike other tested samples, no additional sample preparation was performed on

synthetic alloys in order to preserve the surface patterning.

Characterization.—Surface morphologies were characterized using X-ray diffraction
spectroscopy (XRD), scanning electron microscopy (SEM), and energy dispersive X-ray
spectroscopy (EDS) on an etched mirror surface finish. Following completion of the
standard sample preparation procedure outlined in the subsequent section, a mirror finish
was obtained by continued polishing using a series of oil-based diamond slurries down to
0.5 um particle size, followed by ethanol rinse. To accentuate the surface morphology, an
acetic picral etchant was used to selectively attack grain boundaries and secondary phases
on the surface [59]. Compositions of all alloys and component phases were confirmed
using X-ray diffraction spectroscopy (XRD), shown in Figure 3.7. Phases were identified
using scanning electron microscopy (SEM), and secondary confirmation of surface

compositions was performed using energy dispersive X-ray spectroscopy (EDS).
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3.3.2. Sample Preparation

Samples were prepared by sanding the surface to 1200 grit using carbide paper and

ethanol lubricant, followed by ethanol rinse and drying under nitrogen gas flow.

3.3.3. Agqueous Free Corrosion

Corrosion potential monitoring.—Kapton tape was used to encase samples with copper
tape backing, providing an extended electrical connection while maintaining an exposed
surface area of 0.124 cm?. Samples were immersed in 30 mL 3.5% w/v NaCl. The
corrosion potential monitoring experiment for each sample was comprised of four
components. To begin, corrosion potential monitoring was performed for 1 minute,
immediately followed by linear sweep voltammetry (LSV) from lower limit —0.1 V (vs.
initial corrosion potential) to upper limit 1.0 V (vs. initial corrosion potential) at 200mV/s
using Ag*/AgCl reference and Pt disk counter electrode. Corrosion potential monitoring

was then performed for 20 hours, followed by an additional LSV using the same settings.

Rotating disk electrode (RDE) free corrosion.—Cylindrical samples of 5 mm diameter
were individually prepared by free immersion in 30 mL of 3.5% NaCl for variable
duration at 1600 rpm with 0.196 cm? exposed surface area using a Pine RDE710 Rotator.
Samples were then soaked in ultra pure (UP) water for 20 minutes to reduce corrosion

product and left to air dry in a desiccator overnight.
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3.3.4. Atmospheric Corrosion

Contact angle evolution.—Prepared samples were freely corroded for variable duration,
rinsed in UP water, and left in a desiccator overnight to dry. A pipette was then used to
place a 5 puL drop of UP water on the surface and imaged using a Nikon D3200 camera
with lens extension tube set. The contact angle between the droplet and sample surface

was measured using ImageJ software.

20 hour pH monitoring.—Prepared samples were encased in Kapton tape with exposed
surface area of 0.124 cm?. Samples were then immersed in 30 mL 3.5 w/v% NacCl for 20
hours while the pH was monitored by standard glass electrode positioned near the

corroding surface.

Surface pH monitoring.—The surface pH within a droplet of UP water on sample
surfaces was observed using a universal dye-indicator in ultrapure water suspension. The
dye-indicator solution was synthesized via dye extraction from universal pH strips
(Advantec) [15]. A drop of universal dye-indicator solution was then placed on a
prepared sample surface, and images were taken using a Nikon D3200 camera with lens

extension tube set approximately every four seconds until pH stabilization was observed.
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3.3.5. Rate Kinetics

Prepared samples were encased in Kapton tape and parafilm to maintain 0.124 cm?
exposed surface area. Samples were then freely corroded in 2 mL of 3.5% NaCl for 20
min, 80 min, 180 min, 240 min, 4 hr, and 20 hr durations in 15 mL trace metal-free tubes
(VWR). This procedure was repeated in an additional solution of 2 mL 3.5% NaCl + pH
9 buffer solution in the case of Al. Inductively coupled plasma mass spectroscopy (ICP-
MS) was used to record Mg and Al concentrations in the electrolyte following free

corrosion.

3.3.6. lonic liquid dissolution

Corrosion potential of synthetic alloys and component phases in ionic liquid. —Prepared
samples were encased in Kapton tape with copper tape backing, providing an extended
electrical connection while ensuring an exposed surface area of 0.124 cm?. Owing to
previous results by Qing Chen et. al. reporting successful targeted dissolution of Mg in
1:2 molar ratio choline-chloride:urea (CC-urea) at 150°C in inert argon environment [60],
all ionic liquid dissolution was performed using 1:2 molar ratio CC-urea. Samples were
immersed in 15 mL CC-urea at 150°C in inert argon environment. Polarization behavior
was observed by performing LSV from lower potential limit -600 mV to upper potential
limit 600 mV (vs. AI¥*/Al) at 10 mV/s using Al wire quasi-reference and Pt mesh counter

electrode.
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Potentiostatic anodic dissolution. —Prepared samples were encased in Kapton tape with
copper tape backing, providing an exposed surface area of 0.124 cm?, followed by
immersion in 15mL CC-urea at 150°C in argon. Anodic dissolution was then driven by
potentiostatic hold at -100 mV (vs. AI¥*/Al) for variable duration using Al quasi-
reference and Pt mesh counter electrode. Following dissolution, CC-urea was rinsed
from the surface using 1.0 M propylene carbonate heated to 150°C, followed by
acetonitrile.

3.4. Results and Discussion

3.4.1 Characterization

Following the acquisition of AZ31B, AM60 and AZ91D commercial alloys, their
microstructure and composition were characterized using SEM, EDS and X-ray
diffraction (XRD), the results of which are reported in Figures 3.5, 3.6. and 3.7.,
respectively. The XRD results in Figure 3.7.a as well as EDS were used to identify the
bright contrast secondary phases present in the commercial alloys such as the f Mgi7Al12
phase in AM60 and AZ91D as well as MnAls particulates in AZ31B. They were also

used to verify the Al concentration in the solid-solution a-phase.
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Al

Composition (at.%)

Cu Fe Ni

AZ31B 2.70 0.019 0.002 0.002 0.373 0.088 0.087
Commercial AM60 5.39 0.004 0.002 0.001 0.082 0.185 0.087
AZ91D 8.77 0.011 0.002 0.001 0.255 0.147 0.087
o-Mg 2 at.% Al 2 0 0 0 0 0 0
Binary Phase a-Mg5 at.% Al 5 0 0 0 0 0 0
Mg 8 at.% Al 8 0 0 0 0 0 0

Table 3.2. Compositions of studied commercial and binary phase alloys, along with

component phases.

Figure 3.5. Microstructural characterization of untreated commercial alloys at various
magnifications using SEM for a, b, ¢c) AZ31B, d, e, f) AM60 and g, h, i) AZ91D.
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Figure 3.6. Distribution of Al concentration in a balance of Mg within a representative
AZ91D grain. The Mgi7Alw2 B phase is proximal to the grain boundary, a solid solution a
phase 4-8 at.% Al is located inside the grain, and between the two phases exists a eutectic
region consisting of both o and B phase. The lowest Al concentration is found at the
center of the grain, and it gradually increases outward toward the grain boundaries.

In Figure 3.7.a, reference patterns for Mg, a-Mg-10% Al, B Mgi7Al12 and MnAlz phases
were superimposed over the data and shown in the insets plotted in the two regions most
prominent for the listed phases. AZ31B exhibited a peak between Mg and a-Mg-10% Al,
which is in good agreement with the 2.7 — 3.2 at.% Al probed by EDS. Also, as shown in
the second inset graph, a small peak is exhibited associated with MnAlz, as displayed by
the bright particulates in Figure 3.5.b located near the boundaries of 5-10 um size grains
(see Figure 3.5.c). For AM60, a peak was observed between Mg and a-Mg- 10% Al,

supporting the ~ 4.0 at.% Al measured by EDS. A small peak is exhibited associated with

the B-phase, as displayed by the bright particulates in Figure 3.5.f located near the
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boundaries of 2-5 um size grains. AZ91D exhibited a high intensity peak associated with
the B-phase as well as a small peak between Mg and a-Mg- 10% Al consistent with the
4.2-7.9 at.% Al measured by EDS across grain sizes ranging from 50-100 um. This
relatively large distribution of Al within the AZ91D grains is plotted in Figure 3.6. as
measured by EDS. The lowest Al concentration is found at the center of the grain,
approximately 4.2 at.% Al, and it gradually increases radially outward toward the grain
boundaries to a maximum of approximately 7.9 at.% Al. This is consistent with results
obtained by Ambat et. al [61]. Large secondary 3 phases reside at the grain boundary, and

between the o and B phases, a eutectic region exists containing both phases.

XRD was also used to verify composition of solid solution solid solution a phase
containing approximately 2, 5 and 8 at.% Al (Figure 3.7.b), B phase with and without 1.0
at.% Zn (Figure 3.7.c) as well as MnAls (Figure 3.7.d). The peaks exhibited in the XRD
spectra agree with the desired phases. Furthermore, the peak shift between reference
patterns for Mg and o Mg- 10% Al are in good agreement with the desired range of Al

composition for the solid solution oo Mg-Al alloys.

Synthetic alloy morphology and composition was characterized using SEM and EDS
elemental mapping. Figure 3.8.b confirms successful patterning of islands using
photolithography. Higher magnification also reveals even deposition of Al with ~150 nm

grain size (Figure. 3.8.a). EDS elemental mapping confirms Mg substrate and Al island
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composition. Presence of a carbon ring surrounding the Al island edges is likely residual

photoresist.
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Figure 3.7. XRD patterns for a) commercial alloys AZ91D, AM60 and AZ31B, b) solid-
solution o phase samples containing approximately 2-8 at.% Al, ¢) Mgi17Al1> B phase with
and without 1% Zn and d) manganese aluminide.
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Figure 3.8. SEM surface morphology of 5%, 100 nm Al coverage on pure Mg substrates
that underwent 1 min sputtering during photolithography at a) higher magnification
showing the Al island including the deposit texture (inset) and b) lower magnification
showing the overall pattern. EDS areal mapping was performed on the aluminum island
in a) to show the elemental mapping of Mg, Al, C and O.
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Figure 3.9. Shift in corrosion potential (vs. Ag*/AgCl) for (a) component phases, (b)
synthetic alloys, (c) binary-phase alloys, and (d) commercial alloys during 20 hour free
immersion in 3.5% NaCl. Solid lines indicate polarization results after 1 min immersion
while dotted lines indicate polarization results after 20 h immersion. LSV was performed
from lower limit -0.1 V (vs. initial corrosion potential) to upper limit 1V (vs. initial
corrosion potential) at 10 mV/s using Ag*/AgCl reference electrode and Pt mesh counter
electrode.
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CORROSION POTENTIAL V.vs Ag'/AgCl; 3.5% NaCl

SAMPLE 1 minute 20 hours A CP
Primary Synthetic -1.60 -1.35 0.25
Synthetic AZ91D -1.51 -1.49 0.02
aMg-2At%Al -1.62 -1.53 0.09
aMg-5At%Al -1.63 -1.52 0.11
Mg-8At%Al -1.59 -1.56 0.03
AZ31B -1.44 -1.22 0.22
AMG60 -1.55 -1.56 -0.01
AZ91D -1.53 -1.11 0.42
Al -0.86 -0.66 0.20
B-Mg -1.38 -1.13 0.25
Mg -1.56 -1.46 0.10

Table 3.3. Summary of corrosion potential shifts (vs. Ag*/AgCl) for component phases
and binary-phase alloys during 20 hour free immersion in 3.5% NacCl.

Anodic Branch Slope Change mV.vs CP; 3.5% NaCl

SAMPLE 1 minute 20 hours
oMg-2at?Al 150 -
oMg-5at?Al 130 -
Mg-8at%Al 170 -

Al 210 -
p-Mg - 190

Table 3.4. Summary of pitting potentials for component phases and binary-phase alloys
during 20 hour free immersion in 3.5% NaCl. CP Mg and commercial phases have not
been included, as they do not display pitting behavior.

3.4.2. Aqueous Free Corrosion

Polarization behavior of binary-phase alloys and component phases.— Corrosion
behavior of binary and commercial alloys during 20 hour free immersion in 3.5% NacCl

was characterized using polarization testing (Figure. 3.9.b-c). To establish an expected

38



behavior regime, polarization testing was also performed on component phases: CP Mg,
B-phase Mg, and 99.999% pure Al (Figure. 3.9.a). A complete summary of observed

corrosion potentials is provided in Table 3.3.

Corrosion potentials ranged from -1.56 V vs. Ag*/AgClI (initial immersion of CP Mg) to -
0.66 V vs. Ag*/AgCI (20 hour immersion of Al) for component phases, all of which
displayed positive potential shift and decreasing corrosion kinetics during 20 hour free
immersion. Binary alloys displayed corrosion potentials characteristic of CP Mg, along
with small positive potential shifts during free immersion. Contrary to component phases
behavior, binary alloys exhibited increasing corrosion kinetics. Commercial alloys
generally maintained similar corrosion kinetics throughout 20 hour immersion with a
noble corrosion potential shift. Exceptions include AM60, which maintained similar
corrosion potential throughout immersion time, and AZ91D, which displays decreased

corrosion kinetics after 20 hr free immersion.

The primary synthetic alloy corrosion potential shifts +250mV during 20 hour
immersion. Interestingly, in comparing the behavior of the synthetic alloy containing 5 %
area fraction of Al with the a-phase 5 % Al alloy, the initial corrosion potentials are
similar, but after 20 hours there is a significantly larger increase in the corrosion potential
of the synthetic alloy (0.25 V vs. 0.11 V). The initially measured corrosion potentials of

synthetic and commercial AZ91D are nearly identical. Unlike commercial AZ91D,
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however, synthetic AZ91D experiences very little positive shift in the corrosion potential

(30 mV) after 20 hour free immersion.

In the case of Al and binary phase alloys, the one-minute anodic branch exhibits an
increase in slope within a few hundred millivolts of the corrosion potential, as
characteristic of pitting in Al (Table 3.4) [62],[63]. This feature is not present in the
anodic branch of Al or binary phase alloys following long term immersion. In the case of
the Al-containing B-phase Mg, however, the sharp slope increase occurs only after 20
hour immersion, possible suggesting Al surface enrichment and subsequent pitting.
These pitting potentials have been summarized in Table 3.4. Although exact pitting
potentials of Mg and Mg-Al alloys have proven difficult to characterize in aqueous
chloride [64]-[66], values obtained for Al are consistent with those reported in the

literature [62],[67],[68].
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Figure 3.10. Diffusion boundary layer thickness as a function of rotation rate evaluated

from 6 = 11.1(@)0-5.
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508

Figure 3.11. SEM imaging of Mg-2%Al (left panel) and Mg-5%Al (right panel)
following a 20h immersion in 3.5% NaCl at 1600 rpm at increasing magnification.
Higher magnification image (bottom panel) includes EDS data of Al normalized to Mg
for the exposed substrate area between platelets (red), platelet surface (yellow), and
overall composition (white).

Rotating disk electrode effect on aqueous corrosion.—A rotating disk electrode (RDE)
cell was used to simulate long-term corrosion behavior in binary-phase alloys. The use
of the RDE experimental design provides continuous laminar flow along the electrode
surface, simultaneously minimizing the diffusion boundary layer and increasing the

concentration gradient. The diffusion boundary layer thickness can be calculated using

Equation 3.6 [69]:
> 11
0(w) = 1.61Djw zvs (3.6)
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2
where 6 is the boundary layer thickness (cm), D, is the diffusion constant (%), W=

is the angular frequency (rotation/min ), and v is the kinematic viscosity of the solution

(ﬁ) As seen in Figure 3.10., at 1600 rpm the diffusion boundary layer thickness is

N

approximately 12um. Knowing a-Mg-5%Al contains approximately 500um grain size,
an order of magnitude greater than the calculated diffusion boundary layer thickness, we

consider the diffusion boundary layer negligible at this rotation frequency.

For 20 hour free immersion in aqueous chloride at 1600 rpm, platelet formation occurs on
the surface of both solid solution binary alloys (Figure 3.11). The most noticeable
difference between the two compositions using SEM imaging lies in the surface
coverage—a-Mg-2%Al displays nearly full platelet surface coverage whereas substrate
exposure is more readily apparent in a-Mg-5%Al. Compositional analysis performed
using EDS revealed the platelet concentration of both alloys to be approximately 32 at%
Al normalized to Mg. As such, the differences in overall surface composition are
significant, with overall Al concentration increasing to 28 at% Al and 7at% Al in a-Mg-

2%Al and a-Mg-5%Al, respectively.
3.4.3. Atmospheric corrosion

Contact angle evolution.—As a component of atmospheric corrosion studies, the wetting
angle of Mg-Al alloys (Mg-5%Al, AZ91D, AM60, and AZ31B) and component phases

(Al 'and Mg) were measured as a function of free corrosion duration. Figure 3.12. shows
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representative images for wetting of AZ91D un-corroded and 20 hr corroded sample. One
can qualitatively observe the decrease in contact angle. Figure 3.13. shows the
exponential decrease in wetting angle with increasing corrosion time for all samples. This
is likely due to increased surface roughness with longer corrosion durations. Magnesium
surfaces undergo rapid dissolution when exposed to aqueous chloride due to its high
susceptibility to corrosion. Magnesium is preferentially dissolved from the surface while
more “noble” components, including Al and impurity metals (i.e. Fe, Zn), will remain on
the surface until they are undercut. Areas of lower surface energy, such as step and kink
sites with fewer nearest neighbors, are preferentially attacked. This combination leads to
rapid surface roughening and increased wetting. The effects of surface roughness on the
contact angle have been well documented by Wenzel where surface roughness is

connected with Young’s equation by:

cosOy, = psv¥s) _ rcos6, (3.7)
YLv

where 8y, is the contact angle of the roughened surface, r is the roughness ratio factor,
¥y 1S the interfacial energy of the solid-vapor interface, ys; is the interfacial energy of
the solid-liquid interface, y; is the interfacial energy of the liquid-vapor interface, and 6
is the contact angle of the geometrically flat surface [70]. From Young’s equation we
know ys;, > ygy for 180° > 6, > 90° and yg, < ysy for 0 < 6, < 90°. Looking at
Equation 3.7, we see that for 180° > 6, > 90° increasing r results in 8, < 8y, and for

0 < 8, < 90°increasing r results in 8, > 6y,. Our results are consistent with this since
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all surfaces show an initial tendency towards wetting with contact angles less than 90°
and the contact angle continues to decrease with increasing roughness. Al does not
display these effects as rapidly as Mg and Mg-containing alloys, likely due to the
protection of the passive Al oxide film. This appears to extend to higher Al-content alloys

as well since AZ91D shows slower decay compared with other commercial alloys.

20 hour pH monitoring.—A standard glass electrode was used to monitor pH evolution of
component phases, binary-phase alloys, and commercial alloys during 20 hour free
immersion in aqueous chloride (Fig. 3.14.). All Mg-containing samples display initial
rapid increase in pH with eventual stabilization within pH range 8-10. As expected, after
a brief initial pH increase, Al stabilized at approximately pH 6.5 during 20 hour free
immersion. Of the binary phase alloys tested, both a-Mg-5%Al and Mg-8%Al display
behavior characteristic of CP Mg while a-Mg-2%Al maintains Al-like behavior for the
first 10 hours of immersion before stabilizing at pH 9. Commercial alloys also resemble

the behavior of CP Mg, with AZ31B displaying slower pH increases.

Surface pH evolution.— Surface pH approximation of binary phase alloys and
component phases was performed using universal dye indicator with initial pH 5-6. The
color scale for the universal dye indicator is provided in Figure 3.15. Just as in the case
of 20 hour pH monitoring, Al remains stable at pH 5-6, and no observable change occurs
when a droplet of UP water is applied to the surface (Figure 3.16). CP Mg experiences

immediate pH increase as dye indicator is placed on the surface with rapid stabilization at
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pH 9 within four seconds (Figure 3.17). As shown in Figures 3.18-22, stabilization
within the droplet takes more time in the case of commercial and solid-solution binary
alloys. Although stabilization time for solid solution alloys appears independent of
concentration, commercial alloys display the opposite trend, with pH stabilization time

increasing with increasing Al concentration.

Figure 3.12. Contact angle images of 3.5% NaCl on AZ91D a) un-corroded and b)
following 20 hr aqueous corrosion in 3.5% NaCl.
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Figure 3.13. Time dependent contact angle of a S5uL of 3.5% NaCl on the indicated
sample surfaces (a) Mg-Al alloys: AZ91D (black), AM60 (red), AZ31B (blue), and aMg-
5 at.%Al (green) and (b) component phases: Al (black) and Mg (red). Error bars indicate
standard deviation of average measurement for 5 samples.
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Figure 3.14. Evolution of electrolyte pH under full immersion, free corrosion in 3.5%
aqueous NaCl using a standard glass electrode. (a) component phases: Mg (black) and Al
(red), (b) binary-phase alloys: a-Mg-2%Al (black), a-Mg-5%Al (red), and a-Mg-8%Al
(blue), and (c) commercial alloys: AZ91D (black), AZ31B (red), and AMG60 (blue).

1 2 3 4 5 6 7 8 9 10 1
Figure 3.15. Universal dye-indicator color scale (pH 1-11).
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Figure 3.16. Universal dye-indicator in ultrapure water on Al for 70 second free
corrosion duration with corrosion time indicated in seconds.

Figure 3.17. Universal dye-indicator in ultrapure water on Mg for 14 second free
corrosion duration with corrosion time indicated in seconds.

Figure 3.18. Universal dye-indicator in UP water on AM60 for 58 second free corrosion
duration. The corrosion time in seconds is indicated in the upper left-hand corner.

47



Figure 3.19. Universal dye-indicator in UP water on AZ31B for 32 second free corrosion
duration. The corrosion time in seconds is indicated in the upper left-hand corner.
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Figure 3.21. Universal dye-indicator in ultrapure water on aMg-2%Al for 60 second free
corrosion duration. The corrosion time in seconds is indicated in the upper left-hand
corner.

Figure 3.22. Universal dye-indicator in ultrapure water on aMg-5%Al for 60 second free
corrosion duration with corrosion time indicated in seconds.
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Figure 3.23. ICP-MS determination of chemical dissolution of (a) Mg and (b) Al in 2 mL
of 3.5% NaCl over 20 hour immersion in 3.5% NaCl. To determine Al free corrosion
rates during localized pH increases, Al dissolution was also performed in 3.5% NaCl +
pH 9 buffer.

3.4.4. Rate Kinetics

Oxide dissolution rate kinetics—Expressions for the first-order rate reaction of Mg and
Al dissolution were found through experimental observation of the chemical dissolution
rates in aqueous chloride using ICP-MS. As reported in Figure 3.23, the Mg and Al
dissolution from CP Mg, bulk Al, and a-Mg-5%Al was measured as a function of
immersion time in 3.5% NaCl. Al dissolution at elevated pH was also measured to
simulate local pH increases that occur during Mg corrosion. When examining the Mg
dissolution from CP Mg and Al dissolution from bulk Al, both concentration profiles

display a linear trend.

Assuming a first-order rate reaction, the Nernst-Brunner equation can be used to fit the
data to a rate kinetics equation:
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& = k(G- 0) (3.8)

where k the rate constant (s*) is equal to k = %. Here D is the diffusion coefficient

(D ~ 107 cm?2s™1), A is the surface area of the dissolving hydroxide (4 = 0.124 ¢m?),
V is the volume of electrolyte (V = 2 ¢m?), h is the thickness of the diffusion boundary
layer (h = 0.01 cm), C is the concentration, and Mg?* or AI** in the electrolyte. Using

these values, we estimate a rate constant of kj;;~ 6 x 107 s,

In the case of Mg, the saturation concentration is determined by examining the rate-

limiting equation for chemical dissolution of Mg:
Mg?*t + 20H~ & Mg(0OH), (3.9)
Equation 3.9. can be used to obtain the equilibrium constant (K).
K = ayge+ady- (3.10)

The activity of hydroxide ions (aon’), hydrogen ions (ax+), and magnesium ions (amg2+)

within aqueous chloride are described by the following:
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oy = (3.11)

ag+

ay+ = 107PH (3.12)

Apge+ = Vyger [Mg**] (3.13)

where K, is the stoichiometric equilibrium constant of seawater (K;;, = 6.3 x 10™1* M

[71]), and y, 42+ is the activity coefficient of magnesium ions (0.255) [72]). The
saturation concentration of magnesium ions occurs for the condition K = Kj,,, where
Ksp = 1.2x 107" M (magnesium hydroxide) [73]. The pH reaches a maximum of

approximately 9.3 during magnesium dissolution. Using Equations 3.10-13, we

determine the saturated magnesium concentration, C y, = 2.98 mM.

The Al saturation concentration is similarly calculated using the following rate limiting

equation for chemical dissolution of Al:

Al,O5 + H,0 © 24105 + 2H* (3.14)

Assuming the aluminum oxide is composed of boehmite, the saturation of aluminate ions

is described by the following Pourbaix equation [9]:

log[AlO5;] = —12.32 + pH (3.15)
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For pH 9, the saturation aluminum concentration, C; 4, = 0.4786 mM, where

Cs.ar = [ALOF].
By integrating Equation 3.8, the data can be fit to a first-order rate reaction:
= =1—exp(—kt) (3.16)

As shown in Figure 3.24.a, experimentally-derived rate constants were determined for
both Mg and Al dissolution from component phases in 3.5% NacCl, both of which are of
the same order of magnitude as our estimated k value. From this fit, it was determined
that a 20 hour free corrosion achieved approximately 50% and 10% of the saturation

value, Cs, for Mg and Al, respectively (Figure 3.24.b).

Once accurate fits for the first-order rate expression were obtained, average dissolution
rates for Mg?* and AI®* per surface site were determined using Equation 16,
__ CNpv
Np = —— (3.17)
Where, Nj, is the dissolution rate per site (atoms s~1site™1), C is the ion concentration
(mol L™1), N, is Avogadro’s number (N, = 6.022 = 1023 atoms mol™1), V is the total

volume of electrolyte (V = 0.002 L), t is the time (s), and n is the number of lattice sites
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on the exposed area. The number of exposed lattice sites was estimated assuming that the
basal (0001) plane was most prevalent for Mg and the close packed (111) plane was most
prevalent for Al. For an exposed area of 0.124 cm?, the number of sites was estimated to
be 1.39 x 10* for Mg and 8.73 x 1013 for Al. Using the experimental dissolution data
(Fig. 10a) the average dissolution rate was determined to be 0.222 and 0.022 ions s site”

! for Mg?* and AI®*, respectively.
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Figure 3.24. First-order rate expression for Mg and Al dissolution in 3.5% NaCl where
(a) shows the fitted exponential equation during a 20 hour free corrosion where Mg
(black) kprg = 9.419x 10~ ©and Al (red) kg; = 2.103x10 ~ ©and (b) shows the
fitted exponential equation until the solution reaches saturation.

3.4.5. lonic Liquid Dissolution

Dissolution potential of commercial alloys, binary-phase alloys, and component

phases.— In an effort to minimize the various side reactions that occur during Mg
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dissolution in aqueous conditions, dissolution studies of Mg and Mg-Al alloys were
performed in absence of water using CC-Urea ionic liquid electrolyte. LSV was used to
assess the anodic behavior of binary-phase alloys, commercial alloys, and component
phases, the results of which are summarized in Figure 3.25. Al exhibited strong passivity
in the tested potential window while the dissolution potentials of Mg and binary-phase
alloys ranged from -600 mV to 200 mV (vs. AP*/Al), suggesting targeted Mg attack. The
peak current density of all alloys was higher than that of CP Mg, with the exception of
AMBGB0. Of the tested alloys, Mg-8%Al and all three commercial alloys display dissolution
potentials less noble than CP Mg. Two dissolution peaks are observed for alloys
containing secondary phases (Mg-8at.%Al and commercial alloys). Although the
locations and sharpness of the peaks vary, it is possible that they are related to

preferential phase dissolution.

Morphology studies of binary-phase alloys.—The morphology of commercial alloys
(Figure 3.26) and single-phase binary alloys (Figures 3.27-28) following 60 minute
potentiostatic dissolution in 150°C ChCl-Urea ionic liquid was observed using SEM. As
seen in Figure 2.26.a-b., AZ91D displays a highly regular mesh-like morphology
composed of ridges surrounding 5 um diameter pits, accompanied by significant Al
surface enrichment up to approximately 40 at.% Al (Figure 2.26.c). Alloys containing
lower concentrations of Al display more irregular morphologies with ridge-like and

platelet-like structures located on the substrate.
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Both single-phase alloys form highly ordered surface morphologies following 60 minute
potentiostatic dissolution in 150°C ChClI-Urea. Dissolution potentials of -600 mV and -
100 mV (vs. AI¥*/Al) were chosen for a-Mg-2%Al and a-Mg-5%Al, respectively, based

on the LSV behavior of each alloy in the electrolyte (Figure 3.25a).

As seen in Figure 3.27, a-Mg-5%Al produces an ordered, mesh-like morphology
composed of ridges surrounding pits of approximately 10 um diameter. This is
significantly smaller than the 500 pum grain size observed in the alloy. Higher
magnification reveals these ridges to be composed of Al-nanowires (Figure 3.27.b-c).
The pits, meanwhile, contain high levels of Mg true to the original substrate composition.
SEM characterization of a-Mg-2%Al, meanwhile, reveals the development of a cracked
surface morphology composed of Al-rich platelets, shown in Figure 3.28. This is similar
to the surface morphology evolution of aMg-2 at.% Al during 20h free corrosion at 1600

rpm in 3.5% NacCl, and a side-by-side comparison is provided in Figure 3.29.
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Figure 3.25. Anodic dissolution waves for synthetic alloys and component phases. LSV
was performed in 150°C ChCI-Urea using 99.999% Al wire reference, Pt mesh counter
electrode from lower limit -0.6 V to upper limit 0.6 V (vs. AIP*/Al) at 10 mV/s. Figure (a)
shows results for 99.95% Mg (black), aMg-2%Al (blue), aMg-5%Al (red), and Mg-
8%Al (green). Figure (b) shows results for 99.95% Mg (black), AZ31B (blue), AM60
(red), and AZ91D (green). Figure (c) shows results for 99.999% All.

58



g

40

60f o5 azein
aCc
o0
0F Ly

oAl

Concentration (at%) ¢

0.1 05 1 5 10 50
Corrosion Time (min)

-

o
[+1] =] Qo
[=] (=] (=]

Concentration (at%)
=y
(=]

20

0.1 05 1 5 10 50
Corrosion Time (min)

-Al =
- )b/\/
0 a 5 - - -
0.1 05 1 5 10 50
Corrosion Time (min)

Figure 3.26. SEM images of commercial alloy surface morphologies following
potentiostatic dissolution in ChCl-Urea for the indicated times at -220 mV vs. Top panel:
AZ91D, for a) 20 minutes, b) 60 minutes; Middle panel: AM60, d) 20 minutes, €) 60
minutes; Bottom panel AZ31B, h) 20 minutes, i) 60 minutes. The corresponding insets
show higher magnification images. Plots c), f), and j) are the corresponding EDS
compositional data. These insets show the Al concentration normalized to Al+Mg.
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Figure 3.27. Surface morphology using SEM of a Mg-5at% Al following potentiostatic
corrosion at -100 mV vs. AI/AI** for 60 min in a deep eutectic 1:2 molar ratio of choline
chloride:urea at 150 °C shown at increasing magnification (a-c) as well as EDS areal
mapping of the base, nanowire and ridge morphology shown in d) for €) Mg and f) Al
abundance.
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Figure 3.28. Surface morphology of aMg-2 at% Al potentiostatically held at -600 mV vs.
Al/AP* for 60 min in CC-urea at 150°C shown at increasing magnification.
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Figure 3.29. Surface morphology using SEM of aMg-2 at% Al. Left: 20h corrosion at
1600 rpm in aqueous chloride. Right: potentiostatically held at -600mV vs. Al wire for 60
min in CC-urea at 150C.

3.5. Conclusions

Both aqueous free corrosion and ionic liquid dissolution studies indicate surface
enrichment of Al during the corrosion process. In the case of polarization experiments,
shifts in the corrosion potential indicate changes in surface composition. Nearly all alloys
display positive corrosion potential shifts over time during free immersion in aqueous
chloride. Polarization studies also revealed pitting potentials for all three binary-
component alloys after one minute of free immersion that were no longer present
following 20 hour immersion. “Accelerated” free corrosion in single-phase binary alloys
revealed the development of an Al-rich platelet surface morphology, which led to up to

26 at% increase in the overall surface concentration of Al. Additional dissolution studies
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performed in ionic liquid similarly produced Al-rich surface morphology evolution in

single-phase binary Mg-Al alloys.

In both *“accelerated” free corrosion and ionic liquid dissolution, a-Mg-2%Al displayed
significant surface enrichment of Al in the form of Al-rich platelet formation. Similar
platelet formation was observed in a-Mg-5%Al during “accelerated” free corrosion
testing. Interestingly, platelets were measured to contain the same Al concentration,
seemingly independent of the substrate coverage. Surface coverage of Al-rich structures
was significantly higher in a-Mg-2%Al, however, leading to greater overall Al surface

concentration.

Studies performed on a-Mg-5%Al revealed very different morphology evolution
depending on the experiment type. In the case of aqueous “accelerated” free corrosion,
Al-rich platelets very similar to those on the surface of a-Mg-2%Al were observed. For
ionic liquid dissolution, however, an Al-rich web morphology was revealed, similar to
that displayed in higher Al concentration commercial alloys (i.e. AZ91D). The reason for
these large changes in the morphology evolution has yet to be determined, although we
speculate that this is at least in part due to surface diffusion during the dissolution

process.

Atmospheric studies confirm rapid roughening of sample surfaces and pH 10

stabilization. Additions of Al had a general tendency to slow these processes slightly,
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although not significantly. These results allowed us to confirm rapid formation of an

unstable pH environment for elemental Al and more accurately measure first-order
reaction rate kinetics of Mg an Al dissolution, where k;, = 9.419 x 10 s tandk,, =

2.103x 1076571,

Despite the evidence of Al enrichment, no passivation was observed in low-Al content
binary Mg-Al alloys or commercial alloys. While bulk Al may develop on the surface
during the dissolution process, the Al concentration is simply not high enough to allow
formation of large enough structures to cover the entirety of the exposed surface area.
That said, Al enrichment at the surface may occur by the following description, also

shown in Figure 3.30.

Within the solid-solution matrix, Mg is the active component and Al the more noble
component. Microgalvanic corrosion acts as the primary corrosion mechanism. Mg will
be preferentially dissolved from the surface, and this dissolution will favor sites with
fewer nearest neighbors, such as step and kink sites. Al redistribution occurs as Al atoms
will diffuse along the surface, collecting at step edges. Since Mg will be preferentially
dissolved from the step edge, the Al atoms will move tangentially with the step as it is
pushed back along the surface, eventually leading to agglomeration of Al atoms. As the
agglomerated structures continue to grow, they begin to act as bulk Al, passivating on the
surface in the form of a standalone “island”. Due to the low concentration of Al within

the a-matrix, these agglomerated structures are unable to form a full coverage passive
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film at the surface, and instead act as Al oxide islands that are galvanically coupled with
the substrate. These islands serve as cathodic sites, contributing towards the production
of a hydroxide layer at the surface and subsequent pH increases. As the pH continues to
increase, the Al oxide islands lose stability and dissolve from the surface if they are not
first undercut by continued Mg dissolution. In the case of commercial alloys, this process
is “accelerated” due to the presence of secondary phases, resulting in larger-scale

galvanic corrosion.
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Figure 3.30. Corrosion process in Mg-Al alloys in solid solution. Al atoms (red) and
impurity atoms (grey) are present within the Mg matrix (white). A magnesium hydroxide
layer (light blue) covers the surface. (a) In near neutral electrolyte, Mg cations dissolve
from the surface, resulting in Al enrichment, while Al clusters act as cathodic sites for
water reduction, producing localized hydroxide buildup. (b) As Mg continues to dissolve,
the surface roughens, and diffusion of hydroxide results in a surface pH 10 environment
(light grey). Al is no longer stable in this pH regime and dissolves from the surface in the
form of aluminate anions.

Percolation theory can be used to provide a theoretical possibility for the production of a
passive surface film in binary, single-phase Mg-Al alloys. Knowing the 3D site

percolation threshold, p;p, of the Mg hcp lattice to be 0.2 [74], this percolation threshold
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can be used to estimate the required concentration for formation of a fully connected Al
structure across the surface, allowing for passivation. This would cause us to assume that,
at concentrations below 20 at.% Al, full percolation of Al across the surface will not
occur, allowing for undercutting of any areas of bulk Al at the surface. As such, no
passivation is likely in Mg-Al alloys containing less than 20 at.% Al. In studies of
AZ91D alloys performed by Ambat et. al., preferential dissolution of areas containing
less than 8 wt% Al within the a-phase Mg-Al matrix is observed [61]. Were higher Al

concentrations to be distributed in the a-matrix, passivity may be achievable.

Due to the fact that the solubility of Al in solid solution is 11.6 at.% [8], a third
component will likely be required to stabilize higher concentrations of Al in solid
solution with Mg. Continued work is being done to determine suitable candidates for this

purpose using our experimentally-derived rate kinetics for dissolution rates of Mg and Al.
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4 Ni-Cr Alloys

4.1. Introduction

Stainless steel is a well-studied system known for its passivity in most dilute, aerated
solutions. This passive behavior is typically attributed to chromium compositions at or
above 12-13 at.%, although the exact details of this process are still not well understood.
Below this threshold composition, the alloy does not display passive behavior. Although
pure chromium is more electrochemically active (more negative standard potential) than
both nickel and iron, chromium acts as the “more noble” component since it passivates at
lower potentials than the standard potentials of both nickel and iron via atmospheric
formation of a highly stable chromium oxide layer. While chromium?’s brittle nature and
resistance to fabrication techniques make elemental applications unappealing for
industrial purposes, this ability to easily form a very stable, thin, resistant surface film

makes chromium ideal for alloying purposes [14].

Our interest lies in single-phase, binary alloys, as it serves as the simplest case for
studying micro-galvanic aqueous corrosion processes. Of the binary systems composing
stainless steels, Fe-Cr has been studied extensively, with significantly less research being
performed on the Ni-Cr system. Both systems display stainless-like passivity with
additions of 12-13 at.% Cr. Ni is less electrochemically active (more positive standard

potential) when compared with Fe, however, and it is well known for its low corrosion
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rates in acid solutions, with Cr additions inducing passivation and corrosion resistance,
even in the presence of oxidizing solutions [14]. Additionally, within the composition
range of interest (0-25 at.% Cr), Ni displays full solubility in solid solution with Cr,
whereas Fe passes through four different phase regions. This led to our focus on the Ni-
Cr system to study passivity in solid-solution binary-component alloys. By studying the
corrosion behavior of the ideally passive Ni-Cr system, it may be possible to shed some
light on aqueous corrosion mechanisms and compositional-dependent passivity in single-

phase alloys, providing insights for design of new stainless-like alloys.
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Figure 4.1. Ni-Cr phase diagram [75].
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Figure 4.2 Fe-Cr phase diagram [76].

4.2. Background

4.2.1. Passive Film Formation

Although electrochemical studies of the Ni-Cr system is limited, film formation studies

have been performed on Ni-Cr alloys using transmission electron microscopy (TEM) and

scanning tunneling microscopy (STM). It is generally understood that a primary

crystalline passive film will form on the surface of Ni-Cr alloys which, unlike passive
films in the Fr-Cr system, will maintain long-range crystallinity independent of time or

Cr concentration [10],[77]. The mechanism behind the formation of these films on a
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micro-scale is still uncertain. Luo observed film formation via a nucleation and growth
process at elevated temperatures of 700°C using in-situ TEM [77]. Island formation
begins with the nucleation of NiO islands, which grow to form a thin film composed of
NiO and Cr,03 oxide phases. In the case of alloys with Cr concentration less than 12
at.%, the film will eventually stabilize into a two-phase system composed of primary
oxide and secondary oxide. The primary oxide is composed of large, densely packed
NiCr20;4 islands while the secondary oxide displays a whisker-like morphology
composed of NiO. The secondary oxide acts as a bridge between islands of primary
oxide. In the case of alloys with higher Cr concentration, however, a continuous film of
NiCr.04 will form. TEM imaging of cross-sections of the oxidized layer from Luo reveal
thin layers of Cr.O3 beneath the NiO islands, lending some doubt as to the formation
order of these components [77]. Room temperature controlled oxygen exposure studies
on the passive layer of Ni-23 at.% Cr using X-ray photoelectron spectroscopy (XPS)
revealed preferential oxidation of Cr within the first 10 L of exposure [78]. Jeng has also
suggested the formation of a thin layer of Cr.03 on the substrate surface due to initial
absorption of oxygen anions onto Cr surface sites, followed by formation of a secondary
layer composed of a combination of Ni and Cr oxides [78]. Ex-situ STM studies
performed by Nanjo et. al. similarly reported the formation of a nanocrystalline passive
film, with the additional observation that the film grain size decreased with increasing Cr
concentration [10]. Thus, while it is generally accepted that a stable passive film forms on

the Ni-Cr surface, there is no clear understanding behind the formation mechanism.
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Electrochemical testing has been used quite extensively to study film formation in Fe-Cr
alloys. Research performed by Frankenthal has revealed two primary stages of film
formation that occur during the passivation process of Fe-24at.%Cr in dilute acid
solutions [79]-[81]. The first film is formed during the primary passivation process.
Frankenthal states that this is a reversible process that occurs within a few millivolts of
the primary activation potential where the thin primary passivation film is formed,
however we know the surface is dissolving during the active dissolution and primary
passivation regimes (Figure 4.3.). This dissolution behavior results in compositional
changes at the surface, making any passive film formation an irreversible process.
Frankenthal characterizes this reversible film by a thickness corresponding to the
adsorption of less than one full monolayer of oxygen anions on the alloy surface. At
higher potentials within the passive regime, a secondary passivation process occurs where
a secondary film grows to thicknesses exceeding 10 A. This process is irreversible, as the
secondary film grows increasingly stable and resistant to reduction with increasing
potential and time. The degree of crystallinity in these films is likely dependent on Cr
concentration and time at the passivation potential. Ex-situ scanning tunneling
microscopy (STM) studies performed by Ryan et.al. have reported increasing crystallinity
with lower Cr concentration [82]. At Cr concentrations of 15 at.%, passive films maintain
continuous crystallinity with long-range order while alloys with intermediate
concentrations (18-21 at.%) Cr displayed initial short-range order with increased long-
range order with atmospheric aging. Higher concentrations of 25 at.% Cr, meanwhile,

formed normally disordered five- or seven-membered ring network passive films. While
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it is proposed that the time-dependent change in ordering for 18-21 at.% Cr alloys is due

to structural relaxation, no clear mechanism has been defined.

4.2.2. Electrochemical behavior

Analytical electrochemical studies on binary systems composing stainless steels have
been performed on Fe-xCr alloys[79]-[81],[83], Fe-xNi alloys [84], and Ni-xCr alloys
[10]-[12], revealing similar anodic behavior in acidic solutions. As depicted in Figure
4.3, the typical anodic behavior of Fe-Cr and Ni-Cr can be characterized using four
primary regimes: (1) active dissolution, (2), primary passivation, (3) passive, and (4)
transpassive. The active dissolution regime occurs between the corrosion potential and
passivation potential. As the overpotential is increased from the corrosion potential,
nickel dissolution from the surface occurs as the oxidation reaction is driven forward. The
dissolution rate increases as a function of increasing overpotential, as reflected by the
rapidly increasing current density. As nickel continues to dissolve, chromium surface
enrichment will occur, along with subsequent Cr-O-Cr network formation. As the surface
concentration of chromium increases, the surface will begin to passivate, and the current
density will no longer increase, marking the beginning of the second regime—the
primary passivation regime. This peak current density occurs at the passivation potential
and is referred to as the critical current density. In the passivation regime, the current
density will continue to decrease as the passive layer is formed, until finally a stable

passivation current density is observed. The potential window of the passivation current
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density characterizes the passive regime, where the stability of the passive film prevents
further surface dissolution. At high enough potentials, the passive film will no longer

remain stable, and surface dissolution will begin again via dielectric breakdown. This is
marked by another rapid increase in the current density, which occurs at the transpassive

potential.
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Figure 4.3. The four primary regimes marking general polarization behavior of Ni-Cr
alloys: (A) active dissolution, (B) primary passivation, (C) passive, and (D) transpassive.
Critical parameters include (1) corrosion potential (Ecorr), (2) passivation potential (Ep),
(3) critical current density (ic), (4) passivation current density (ip), and (5) transpassive
potential (Ex).

Polarization curves detailing the behavior of Ni-Cr alloys in sulfuric acid solution have

been produced by Nanjo and Myers, and additional anodic data has been reported by
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Bond in the form of critical current densities and passivation potentials. Of the reported
polarization curves, only Nanjo examines alloys near the Cr concentration of interest—12
at.%. All three groups report decreasing current density and passivation potential as a
function of increasing Cr concentration. Bond also went on to report that the presence of
oxygen and concentration of sulfuric acid affect polarization behavior and corrosion rate
of Ni-xCr alloys [12]. These effects were not studied independently since Bond did not
study the effects of sulfuric acid concentration in absence of oxygen. Of the three groups,
only Myers reports polarization results for alloys with Cr composition ranging from 0-
100%. While Myers observes lower critical current density and lower passivation
potential with increasing Cr concentration for low Cr content alloys below 25 at.% Cr, he
observes a change in this trend for mid-Cr concentrations ranging from 25 at.% to 95
at.% Cr where the passivation potential remains relatively constant while the critical
current density continues to decrease. High-Cr concentrations exceeding 95 at.% Cr
reveal a sudden, sharp decrease in passivation potential, accompanied by simultaneous
increase in the critical current density. Neither Nanjo or Myers report any appreciable
concentration dependence in the onset of the transpassive regime, with both groups
reporting this to occur at approximately 900 mV (vs. SCE) in dilute deaerated sulfuric

acid solutions [10],[11].
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4.2.3 Percolation Theory

A possible explanation for this critical composition is described by the percolation model,
developed by Sieradzki and Newman, where passivity is achieved in the presence of the
infinite cluster of Cr [85]-[88]. In the case of a simple, 2-D lattice, the infinite cluster is
defined by a percolating network of occupied sites, in this case Cr atoms, that reaches
both ends of the lattice in both the x- and y-directions. An example of an infinite cluster
involving 1 and 2" nearest neighbors (nn) for a 2-D surface is presented in Figure 4.4.
Since passivity is defined by the formation of a thin, passive film at the surface, the
defining characteristics of the infinite cluster do not change significantly even in the 3-D
lattice. In three dimensions, the infinite cluster still must extend to either side of the
lattice in both the x and y directions. No realistic surface will be perfectly atomically flat,
however, which is the scenario presented in the 2-D case. Instead, we must account for
the roughened surface that is produced when the passive film forms over an actively
dissolving surface. We now consider filled sites that percolate in the z-direction, in
addition to those connected in the x- and y-directions, as contributors towards the infinite
cluster. A simplified example of this is provided in Figure 4.5., where we see that the
infinite cluster now resembles a roughened surface, similar to what may be produced

during the corrosion process.

When examining site percolation probability, a sharp threshold is observed at a critical

concentration (pc), also referred to as the percolation threshold, representing the
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concentration of occupied sites (or bonds) at which the infinite cluster will appear. Below
the critical degree of percolation, the infinite cluster will not appear since not enough
percolating sites exist to fulfill the necessary requirements to form the infinite cluster.
While continuous structures may form at small length scales, they do not extend from one
edge of the surface to the other and are susceptible to undercutting as the surface is
actively dissolving during the corrosion process. Once a sufficient number of sites have
been filled, however, the infinite cluster appears. The probability of observing the infinite
cluster will continue to increase with increasing concentration. In this case, the
occurrence of percolation is defined by the Cr concentration. From the well-known
behavior of stainless steels, one may be likely to guess the percolation threshold to be

0.12-0.13.

A more careful estimation of the percolation threshold can be made by considering the
crystal structure of the bulk alloy and chemical composition of the passive film. The Ni-
Cr lattice forms an FCC crystal structure. The passive film is formed by adsorption of
oxygen anions onto the surface, which form Cr-O-Cr bonds that subsequently create the
passive oxide film composed of Cr.0s. To achieve this, chromium atoms must be situated
in close enough proximity to one another to be bridged by O bonds on the sample
surface. Using the hard ionic sphere radii of 0 (1.4 A) and Cr* (0.62 A), the maximum
distance between Cr atoms at the surface can be estimated to be 4.40 A. For the FCC Ni-
Cr lattice structure with an approximate lattice parameter of 3.55 A, this means that Cr

atoms must be first or second nearest neighbors to contribute towards the formation of a
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continuous Cr-O-Cr network across the sample surface. For first and second nearest

neighbors in the FCC lattice, the 3D site percolation threshold, p3?, is equal to 0.137.

Figure 4.4. The infinite cluster for 1 and 2" nn for a flat 2-D surface. Cr atoms are
represented by blue sites and Ni atoms are represented by white sites. The Cr atoms form
a percolating network across the surface in both the x and y directions.
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Figure 4.5. Simplified illustration of the infinite cluster in a 3D lattice. Cross-sections in
the x and y directions reveal examples of what the infinite cluster (outlined in red) may
look like in each direction for 1%t and 2" nn. On the far right, the layers above the “x
cross-section” infinite cluster in the z-direction have been removed to better show the
idea of the roughened surface passive film. The number of dissolved monolayers, h, is
defined by the deepest penetration in the z-direction.

Sotta and Long have performed extensive research exploring the theoretical connections
between 2D and 3D percolation [89]. For a finite size film of with thickness h, the

percolation threshold is described by Equation 4.1.:

p.(h) =p3P + ¢ p-1/v3P (4.1

where p, is the percolation threshold, p3? is the 3D percolation threshold (0.137 in the
case of the FCC lattice), c is a dimensionless prefactor, h is the film thickness (number of
monolayers), and v3? is the 3D critical exponent for the correlation length (0.878). In the

case of Ni-Cr, the film thickness, h, is equivalent to the dissolved number of monolayers,
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defined by deepest penetration in the z-direction (Fig. 4.5.). If we think of the infinite
cluster as the passive film, we assume all layers between the surface and the infinite
cluster will be dissolved due to preferential dissolution of the more active component and
undercutting of the more “noble” component. We assume all layers below the infinite

cluster will not dissolve since they are protected by a passive film.

In an effort to test these percolation ideas in the “ideal” Ni-Cr system, Ni-Cr alloys of
variable Cr concentration near the critical composition have been electrochemically
observed. Polarization studies have been used to define the passivity behavior as a
function of composition. Potential pulse experiments were also used observe time-
dependent passivity as a function of composition, including passivation current density
and monolayer dissolution. Experimentally measured monolayer dissolution could then

be compared with predicted behavior with percolation theory.

4.3. Methods

4.3.1. Alloy characterization and preparation

Ni-Cr compositions ranging from 5-25 at.% Cr were examined. A total of 9 compositions
were examined: 5.2, 8.2, 9.9, 11.7, 14.9, 16.6, 20.1, 23.1, and 24.1 at.% Cr. EDS was
used to confirm the sample compositions. Discs of 1mm thickness and 20mm diameter

were cut using EDM. Each disc was then polished up to 4000p using silicon carbide
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paper and ethanol lubricant, followed by ethanol rinse. To ensure solid solution, a 27
hour heat treatment was executed in inert gas environment. Samples were heated to

1100°C for 24 hours, then left at 800°C for 3 hours, followed by a RT water quench.

4.3.2. Experimental setup

All aqueous testing was performed in a 30 mL Teflon beaker with an 8.5mm diameter
opening in the bottom. Samples were secured beneath this bottom opening using an O-
ring inserted between the sample surface and Teflon cell. To effectively seal the O-ring, a
stainless steel plate was placed beneath the sample and screwed into the bottom of the
Teflon cell. Electrochemical experiments were then performed in deaerated 0.1M H2SO4

using Pt mesh counter electrode and SCE reference electrode.

4.3.3. Passivation Characterization

No additional sample preparation was performed on the surface prior to passivation

characterization. To reduce the surface oxide layer, a 30 minute cathodic hold was

performed at -1.5 V vs. SCE. A linear sweep was then initiated from lower potential limit

-0.6 V vs SCE to upper potential limit 1.1 V vs SCE at 1 mV/s.
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4.3.4. Passivation Potential Pulse

Samples were polished up to 4000p using silicon carbide paper and ethanol lubricant.
After loading in the Teflon cell described above, a 30 minute cathodic hold was
performed at -1.5 V vs. SCE to reduce the surface oxide layer. The potential was then
held at 0.6 V vs. SCE until a stable current was observed, typically for 20 minutes. The
passivation current density was obtained using the stable current, and the surface charge
density was calculated by integrating the area under the CA curve, using the passivation

current as a baseline.

4.4 Results and Discussion

4.4.1. Polarization Observation of Passivation Behavior

The polarization behavior data for all Ni-Cr concentrations is summarized in Figure 4.6.
While the Cr composition has no observable effect on the corrosion and transpassive
potentials, the passivation potential, passivation current density, and critical current
density decrease as a function of increasing Cr composition. These observations confirm
the trends observed by Bond, Nanjo, and Myers in previous polarization studies
performed on Ni-Cr alloys [10]-[12]. More detailed passivation potential and critical
current density values as a function of composition are provided in Figure 4.7. Both the

passivation potential and critical current density display decay with increasing Cr
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concentration. Consistent with reports by Myers, the majority of rapid decay occurs at
low Cr concentration, below 12 at.%, with the alloy displaying more Ni-like behavior. At
mid-level ranges between 12 and 25 at.% Cr, the rate of decay decreases, the passive

window is extended, and the alloy displays more Cr-like behavior.
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Figure 4.6. Linear sweep voltammetry for Ni-x at.%Cr alloys in deaerated 0.1M H2SO4
from VL=-0.6 V (vs. SCE) to Vy = 1.0 V (vs. SCE) at sweep rate 1 mV/s using SCE
reference electrode and Pt mesh counter electrode.
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Figure 4.7. Passivation potential (black) and critical current density (blue) as a function
of at.% Cr composition in binary Ni-Cr alloys in deaerated 0.1M H>SOs . Error bars
indicate standard deviation of the average value for four samples of each composition.
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Figure 4.8. Critical current density of Ni-xCr alloys in variable concentration deaerated
sulfuric acid solution as a function of Cr composition. Experimental data is shown in
green, along with data from Bond (0.55 M, black) [12], Myers (0.5 M, red) [11], and
Nanjo (0.1 M, blue) [10].

To assess whether the experimental data was in good agreement with the literature, our
critical current density data has been overlayed with previously reported data sets within
the relevant Cr concentration range (0-40 at.% Cr) in Figure 4.8. It is worth mentioning
that each of the three literature-obtained data sets use a different concentration of H.SO4
as the electrolyte, with Myers additionally adding 0.25 M K>SO4 to his 0.5M H2SO4
electrolyte to increase the electrolyte conductivity [11]. The experimental data was
performed in the same concentration as that used by Nanjo—0.1 M H2SOs—in an effort

to obtain a close comparison with at least one set of previously reported values.

Although the experimental values are approximately one order of magnitude higher than
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those reported by Nanjo in the same electrolyte concentration, the data fits well with

literature values as a whole.

As expected, the window of the passive regime is extended as the Cr concentration
increases. Passive-like behavior is still observed in low-Cr content alloys, below 12 at.%,
which may appear to contradict the idea of percolation theory. Nickel displays quasi-
passive behavior in dilute sulfuric acids, however, due to saturation and subsequent
precipitation of salt surface films. This salt film formation has been observed in both pure

iron [90] and nickel [91] in sulfuric acid environment.

4.4.2. Monolayer Dissolution Using Potential Pulse
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Figure 4.9. Passivation current density of Ni-xCr alloys in 0.1M deaerated sulfuric acid
solution as a function of Cr composition. Data collected using passivation potential pulse
from -1.5V to 0.6V vs. SCE.
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While LSV provides valuable polarization data, this method can prove challenging when
time-dependent mechanisms are being observed. As such, potential pulse studies were
used to more accurately measure more time-dependent aspects of the passivation process,
including the passivation current density and monolayer dissolution. Passivation current
densities were observed by allowing the current density to stabilize while holding a
constant potential within the passive regime. As shown in Figure 4.9., the passivation
current density has a tendency to decrease with increasing Cr composition. By integrating
the chronoamperometry curve, the surface charge density required for passivation as a
function of Cr composition could be measured, the results of which are summarized in
Figure 4.10. It is important to note that the background passivation current density was

subtracted prior to evaluating the surface charge density.
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Figure 4.10. Surface charge density of Ni-xCr alloys in 0.1M deaerated sulfuric acid
solution as a function of Cr composition. Data collected using passivation potential pulse
from -1.5V to 0.6V vs. SCE. Error bars indicate standard deviation of four samples.

4.4.3. Experimental Comparison with Percolation Theory Predictions

We compared our experimental results to the theoretical values predicted by percolation
theory by converting the measured surface charge density to average number of
monolayers dissolved. First, the surface charge density per monolayer was calculated for
the FCC (111) plane for first nearest neighbors, \/Z—Ea. The surface atom density, n, was

calculated using Equation 4.2.:

n= Niix _ 3(%) _ 05 (4.2)
) (%) B 2.

2\ 2 4
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where N, 4, is the number of atoms A, is the surface area (cm?), and a is the lattice
parameter (cm). The lattice parameter of FCC Ni-Cr alloys has been reported as a
function of composition using a series of experimental and calculated data sets by Wu, et
al [92]. This was used to determine the lattice parameter for each tested composition, all
of which are listed in Table 4.1. After converting these values to units of mol/cm? using
Avogadro’s number (6.022 * 1023atoms/mol), we can calculate the estimated surface

charge density for each dissolved monolayer:

Q = znF (4.3)

where z is the charge (here we are assuming a charge of +2 for both Cr and Ni
dissolution), n is the surface atom density (mol/cm?), and F is Faraday’s constant
(96485 C/mol). By dividing the experimentally measured surface charge density by the
calculated surface charge density per monolayer (Table 4.1.), the average number of

dissolved monolayers can be derived.
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Lattice Monolayer Charge

Compostion n )
Parameter Density
at.% Cr Angstroms mol/cm2 |.1C/cm2
5.2 3.52861 3.08E-09 594.34839
8.2 3.53281 3.07E-09 592.93604
9.9 3.53519 3.07E-09 592.13794
11.7 3.53771 3.06E-09 591.29465
14.9 3.54219 3.06E-09 589.79991
16.6 3.54457 3.05E-09 589.00814
23.1 3.55367 3.04E-09 585.99541
24.1 3.55507 3.03E-09 585.53397

Table 4.1. Calculated parameters as a function of Cr composition.
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Figure 4.11. Preliminary results showing number of monolayers dissolved as a function

of at.% Cr composition. A reasonable fit to the equation p,(h) = p32 + ¢ h~2/7*” has
been achieved using v3P = 0.878. A fit was applied to data from (a) all alloy
compositions where ¢ = 6.14 and p3? = 0.072 and (b) compositions excluding the blue
marked region in (a) where ¢ = 4.20 and p3° = 0.118.
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To finalize the comparison, the number of dissolved layers as a function of Cr
composition was fit to the percolation threshold equation (4.1.) previously described by
Sotta and Long, as shown in Figure 4.11. We fit ¢ and p3Pusing the known values of h
(calculated average number of monolayers), v3P (equal to 0.878), and p,. (Cr
composition) to the full data set (Figure 4.11.a) and also to a smaller data set including
only alloy compositions above 10 at.% Cr (Figure 4.11.b) since we believe passivation
behavior at lower concentrations to behave independently of percolation theory. We
obtain fitted values of ¢ = 6.14 and p3P = 0.072 using all data points and ¢ = 4.20 and
p3P = 0.118 using only compositions of interest, both of which are a reasonably good fit
to the expected p3P theoretical value of 0.137. A plausible reason for this discrepancy is
due to the fact that experimental measurements rely on the average number of
monolayers dissolved whereas the theoretical value relies on highest number of
monolayers dissolved. Additionally, kinetics have not been considered in this
interpretation of percolation theory. The contribution of surface mobilities of Cr atoms

during the period of active dissolution is unknown

4.5 Summary and Conclusion

Using electrochemical studies, passivation behavior of single-phase binary Ni-Cr alloys
has been examined. Polarization curves have emphasized the dependence of passivity on
the Cr composition through shifts in the critical current density and passivation potential.

Other corrosion-related electrochemical parameters, namely the corrosion potential and
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transpassive potential, were weakly dependent on Cr composition. These studies have
been found to be in good agreement with other similar electrochemical studies reported in
the literature. Potential pulse studies lend support towards the use of percolation theory as
an explanation for the 12 at.% Cr requirement to achieve passivity in Ni-Cr alloys. The
monolayer dissolution data fits well to the theoretical model by Sotta and Long, and the

fitted p3P value of 0.118 is in good agreement with the theoretical value of 0.137.

From these results, we would expect passivity in single-phase binary alloys to be
achievable with the addition of a more “noble element” in concentrations exceeding the
3D percolation threshold in solid solution with a more active component. The more noble
element in must be either corrosion resistant and free of an atmospherically-produced
oxide (i.e. Au) or form a strong passive film in atmospheric conditions. As previously
mentioned, good passive films are thin, stable, self-healing, and corrosion resistant. As
shown in the case of chromium, although the elemental metal is more electrochemically
active than iron and nickel, chromium oxide is a strong passive film that is significantly
more noble in comparison with iron and nickel. The 3D percolation threshold will depend
on the crystal structure and degree of contributing nearest neighbors. Although these
conditions have yet to be explored in multiple alloy systems, results obtained from the
Ni-Cr system have led us to suspect that they may play a large contributing role in the

passivation mechanism.

5 Conclusions and Future Work
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The focus of this thesis has been on the study of corrosion mechanisms in single-phase
binary alloys to elucidate some of the topical issues regarding passivation mechanisms in
hopes of developing new “stainless-like” materials. In Chapter 3, we examine Mg-xAl
alloys, a highly reactive system with great industrial appeal as a lightweight alloy.
Compositional changes are observed at the surface as a direct result of the corrosion
process, primarily in the form of Al enrichment, using polarization testing and
“accelerated” free corrosion. During “accelerated” aqueous corrosion, enrichment was
observed in the form of Al-rich platelet morphology evolution. In ionic liquid studies,

both Al-rich platelets and Al nanowire morphologies were observed.

We attribute these morphologies to the preferential dissolution of Mg and surface
mobility of Al. In the a-matrix composed of Al in solid solution with Mg, Mg is
characterized as the more reactive component and Al the more “noble” component. When
placed in a corrosive environment, microgalvanic corrosion ensues, where Mg
preferentially dissolves from sites with fewer nearest neighbors (i.e. step and kink sites).
Al diffuses along the step edges, eventually forming Al-rich structures. The mechanism

governing structure type has yet to be determined and will require additional study.

In both *“accelerated” corrosion and ionic liquid studies, hydroxide layer buildup is
reduced. “Accelerated” corrosion studies rely on the use of a rotating disk electrode,

which allows for continuous laminar flow across the sample surface, minimizing the
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diffusion boundary layer and increasing the concentration gradient. lonic liquid studies at
elevated temperature in argon environment also work to prevent the hydrogen evolution
mechanism by limiting water exposure at the sample surface. By limiting pH increases at
the surface, Al remains stable, allowing for subsequent Al enrichment. The Al nanowires
formed in ionic liquid on aMg-5 at.% Al are reminiscent of metallic nanowires formed by
spontaneous electrodeposition at surface step edges described by Robert Dryfe et. al.

[93]. Aside from these general remarks, the exact mechanism behind the observed Al-rich
structures remains unanswered. In an effort to gain a more complete understanding,
kinetic Monte Carlo (KMC) simulations will be performed using the experimentally

derived first-rate kinetic parameters.

Chapter 4 continues to explore passivity in single-phase binary alloys, this time in the
“ideal” Ni-Cr system. Ni-Cr displays “stainless-like” passivity in most dilute, aerated
solutions with additions of 12-13 at.% Cr. In the Ni-Cr system, Ni serves as the active
component and Cr the more “noble” component. By electrochemically evaluating the
passivation behavior of Ni-xCr alloys as a function of composition, the passivation
potential, critical current density, and passivation current density were all found to
decrease with increasing Cr composition. Potential pulse studies were used to better
evaluate the time-dependent passivation behavior, allowing for more accurate passivation
current density and monolayer dissolution measurements. The measured number of
average monolayers dissolved during the active dissolution and primary passivation

regimes was fit to the theoretical model by Sotta and Long and found to be in good
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agreement. To determine the accuracy of these preliminary results, KMC simulations will
be used to observe the theoretical corrosion behavior of these alloys for comparison with
experimental results and the theoretical model by Sotta and Long. These results can also
be compared with the Fe-Cr system, another “stainless-like” system that has been well

studied.

From our results, we believe passivity to be connected with percolation theory. Enough
“noble” atoms must be present in the lattice to form the infinite cluster, allowing for
passive film formation. When the “noble” element composition is too low, the alloy is
unable to passivate. The required composition is determined by the percolation threshold,
which is affected by crystal structure, passive film composition, and lattice spacing. In
the case of Mg-Al alloys, the site percolation threshold is near 0.2, meaning that below 20
at.% Al in solid solution, passivity is not observed. We know from the Mg-Al phase
diagram that these conditions are not thermodynamically favorable. Thus, in order to
achieve “stainless-like” behavior in this system, some additional component(s) would be
needed to stabilize the required Al composition in the a-matrix. Thermodynamic

calculation would be required to determine what alloying agents may be suitable for this.
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