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Lay Abstract

The objective of this research was determine the extent to which dissolved
lithium carbonate (LCOs) can inhibit corrosion ofightweight magnesium (Mg) alloy
sheet metal in contact with aqueous NaCl soluti@wrosion nhibition by dissolved
LioCGOs in 0.1 M NaCl (aq) was demonstrated ftvo Mg alloy sheet metal alloys:
AZ31B (3% Al, 1% Zn,0.5% Mn, balance Mgand ZEK100 {.3% Zn, 0.2% Nd,0.2%%

Zr, balance Mg)As a next step towards the development of a protective coating scheme,
corrosioninhibition of ZEK100 by Li2COs, asa surfacecoating applied,is achieved
through a reduction of both the anodic dissolution and the caithtidgas evolution)

kineticsin large part by the formation of a-doped MgO film at anodic dissolution sites.
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Abstract

The extent towhich dissolved LiCOs can inhibit corrosion of lightweight Mg
alloy sheet metal in contact with aqueous NaCl solutweas determinedlTwo Mg alloy
sheet metal alloysvere studied, whichnclude AZ31B (3% Al, 1% Zn, 0.5% Mn,
balance Mgand ZEK100 1.3% Zn,0.2% Nd,0.25% Zr, balance Mg).

Corrosion nhibition was first determined for each alloy separatelyhen
immersed in 0.1 M NaCl (agyvith and withoutdissoled Li>COz; added. The addition of
100 mM LbCOs (aqg)reduce the corrosion rate of AZ31B by a factor of ~10 and ZEK100
by a factor of ~12. Inhibition involves a reduction in both global anodic dissolution and
cathode (Hgas evolution) kinetics. It also involves suppression of localized filatikent
corrosion andassociatechnode/cathode activatio®ite specific crossectional analysis
of the surface film formed during forced anode activation (polarizatiem@aledthe
formation of a Lidoped MgO film, akin to what forms, and provides protectigrivig
alloys with Li added as an alloying elemefuch film formationwas used t@xplain all
corrosioninhibition aspects

Corrosion nhibition was then determined for ZEK10®en immersed in 0.1 M NacCl
(ag) with and without a spregeposited LiCOs surface coatings added. commercial
hexafluoretitanate/zirconatg@olymer conversion coating (Bonderite® MNT 52G03%0
served as the comparative ba3ike LbCOs-coated surface exhibits the lowest relative
corrosion, whereas the conversiomated surfee exhibits the highest. Improved
corrosion control is attributed to the formation of campact coating (physical

contribution) and the ability of dissolved200s to inhibit both the anode and cathode
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kinetics (electrochemical) contributiohhe findingsare of interest to automotive industry
as a possible means to effectively control corrosion of Mg alloy sheet metal ugdt Li

as asurface prdareatment or the inclusion of GOz to a polymemasaninhibitor additive.
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Chapter 1

Introduction

Increased use of structural lightweight materials to reduce the mass of
transportation vehicles is arguably the best enabling means to improve fuel effj{diency
2] and, thus reduce harmful greenhouse gas emissions associated with the combusti
engine[3]. Wrought magnesium alloy sheet metal, when incorporated into lightweight
multi-material structural assemblies, has considerable potential to achieve tH#-§pal
An exemplary example is thecentMagna International, Ford Motor Company and the
U.S. Department of Energyollaboration createtb develop a mulkmaterial lightweight
vehicle (MMLV) that accomplishes eurb-side mass reductiorof 25-30% relative the
baseline Ford Fusioproduction model(1,559 kg).In the MMLV -I design an Al-
intensive vehiclevas manufacturetb demonstrat@a 363 kg mass reduction (23%hd
associatedd62-gallon fuel savings over a 250,0@f lifetime [4]. In the MMLV-II
design a Mdgcompositeintensive vehiclewas designed albeit in a paper studyto
demonstrata 797 kg mass reduction (519)ativethe Ford Fusiorbaseling5].

One key technical issue preventing increased use of Mg alloy sheet metal is the
corrosion susceptibility in aqueous chlorcdentainingsolutions. This is driven in large
part by: (i) electrochemical reactivity (low standard redox potential), (ii) high rate of the
H> gas evolution reaction as the cathode and (iii) tendency of the native oxide surface film
to breakdown and be replaced wighsignificantly thicker and much less protective

corrosion product film.Corrosion of Mg in aqueous chlorig®ntaining solutions
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involves the conversion of Mg to Mg(Officcording to the overall reaction: Mg + XM

Y Mg ( OrH). Elementary steps includé) anodic dissolution of Mg to Mg, (ii)
cathodic reduction of ¥D to H, and (iii) precipitation of Mg(OH)from a supersaturated
alkaline solution at cathode sitégarious alloying, processing and surface modification
strategies for improvedorrosion controhave been proposed and aggiewed elsewhere
[3,6,7].

Multi-layered protective coatings are currently the preferred corrosion control
strategy used for Mg alloys in automotive applicatif®9]. Typical coating schemes
involve an innemretreatment layer and a polymer ovayer as a minimum. Class A
surface finishes require additional layers, namely a leveler, base coat and a top €oat. Pre
treating the surface performs two key functions: (i) provide a measusaroér layer
corrosion control and (ii) provide a favorable surface to promote adhesion of organic
overlayers.A myriad of surface prereatments have been developed as part of protective
coatings for Mg alloys, which, for example, include those reviewed for chemical/
electrachemical depositiofj10-12], anodizing[13], plasma electrolytic depositioil4]
and solgel [15] processesThe ability to provide corrosion inhibitioat local defects sites
that expose bare metala desirable featurtnhibitor types studied ithis context include
anode/cathode site specific adsorption and barrier/blocking effects of anionic surfactants
[16-19], complexing of dissolved noble metal (relative to Mg) to prevertteposition
and associatednodetathodeactivation[20-21] andsparingly soluble anions to promote

surface film formationj22-24].
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The emergingrotective coatingor corrosion conwl of Mg alloy sheet metal in
the MMLV-II designis one comprising a commercial plasma electrolytic deposition
surface prareatment basedn Mg-F-O chemistry (HenkeBonderite® MgC(magnesium
coating)) with a cathodic electrophoretic depediépoxy (Ecoat) overlayer[1]. In a
related study, it washown that a scribeB-coated Mg alloy sheet metal surface-pre
treated withthe commerciaMg-F-O plasma electrolytic deposition process exilait
significant reduction in both corrosion spread and depth as compared to a scribed surface
pretreatedwith the industry baselineonversion coaihg (hexafluoretitanate/zirconate
polymer(Bonderite®MNT 5200) [25]. As Figure 1.1 showsgorrosion contrbof coated
Mg alloysat defect sitesat a levekimilar to that exhibited bgoatedAA6xxx Al alloys,
remains asignificant technical challenge: one that cohtl addressed with amproved
inhibition capability.

@® Galvanized HSLA WAAG111 ACC-Coated ZEK100 @ PED-Coated ZEK 100

10 + T

5 4 i 1

0 . L] T T T L] L] L]
0 100 200 300 400 500 600 700 800

Corrosion Spread (mm)

Corrosion Depth (p1m)
Figure 11: Scatter plot of corrosion spread (measured in-piew) vs. corrosion depth

(measured in crossection) after 1000 ASTM B117saltfog exposure [1](CC =



Ph.D. Thesis McMaster University
Basem Zaghloul Materials Science and Engineering

conversion coating and PED = plasma electrolytic deposition)

LioCQs is a promising candidatior inclusion into a protective coating scheme
considering the beneficial effect of Li, as an alloying element, has on inhibiting the anodic
kinetics of Mg[26] and of dissolved carbonate (€JHCO? JOH') on inhibiting both the
anode and cathode kinetics Mg [27-29]. Alloyed Li promotes the formation of Li
doped MgO surface film[30-32] that shows a seliealing capability[33] when
mechanically damaged (scratchedl)o.COs has been added as a leachable inhibitor
additive in a protective coating applied to Al alloys for improved corrosion cdid4el
36]. Dissolved Li ions promote the fast formation of a protective aaytred AtLi-O
surface film[36].

The overarchingobjective of myresearch is to determine tlextent to which
dissolved L¥CGOs inhibits corrosion of Mg alloy sheet metal when in contact with INaC
(aq).Conventional and scanning electrochemical and bulk immersion measurements were
coupled with site spedd surface structure and composition measureméntsthis
purpose.This thesis contains seven chapters, including this intrmoucChapter 2
presents a literature review that places this resdaypbthesis and associated objectives
within the current state of knowledge. Chapters 3 to 5 then present individual journal
articles that present and discuss the experimental results.eCBajst apublishedpeer
reviewedarticle, whereas Chapters 4 and 5 present articles that have been submitted for
peerreview publication. A global discussion of the experimental results is presented in
Chapter Gand proposed future research directidfinally, Chapter 7 presents the global

conclusions.
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Chapter 2

Literature Review

2.1 Mg Alloy Sheet Metal

To achieve the50% weight reduction envisioned in the MMLN design
significant use of Mg alloy sheet metallasdy-in-white (BIW) andclosurecomponents
such as doors, fendemterhood, roof, andrunk lid, has been proposdd]. Mg alloy
sheet metal is used in higher levels becausahibits improvedmechanical properties
relative tothantheir castcounterparts by eliminating the problemadefectsintrinsic to
casting[2,3]. Both strength and ductility vary with the sheet direct(orientation), thus
yielding anisotropic propertiegl]. The number of commercially available Mg sheet metal
alloys is very limited. The most commonly used alloy iSAE&1B (3% Al, 1% Zn, 0.5%
Mn, balance Mg)since it exhibits a suitablealancebetweenstrength ductility and
corrosionperformance5]. However,ZEK100 (1.3% Zn, 0.2% Nd, 0.25% Zr, balance
Mg) has been selectad the MMLV-II design given its improved lower temperature
formability [6,7].

Both sheet metal alloys are single phase alloys with a distribution of second phase
particles AZ31B is typically provided irthe H24 temper which involvesstrain hardeimg
during rolling and then partighnnealingto half hardnessSecond phase particles in
AZ31B are predominantly of theourse and finé\l-Mn type with circular and roeike
shaped particl¢2,8]. T h e b-Bdi17Al12)(pbase is not typically observed in AZ31B.

The AFMn particles observed are most commonly reported gidmlwith sizes ranging

10
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from nanometers to micrometef9,10]. ZEK100 is typically provided in the fully
annealed O temper. Second phase particles in ZEK100 areedsglobular in shape,
but include ternary M@n-Nd and Zrrich particles[11-13]. The microstructure of both

alloysand as well the etched surfaces to show the grains and grain bouadasieswn

in Figure 2.1.

Figure 21. Backscattered electratrosssectional imagesf (a) AZ31B-H24 [2]and (b)
ZEK100-O [11] microstructureshowing the coarse intermetallic phase with a bright
contrast being aligned along the rolling directinreach caseoptical micrographs of the
mechanically polished and etched surface of (a) AZBPB and (b) ZEK10@.

2.2 Localized FilamentLike Corrosion
The corrosion of Mg irwaterinvolvesthe conversion of Mgnetalto Mg(OH)
according to the overall reaction: Mg + ZH1 Y Mg o(+®iH Elementary steps of this

11
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process include: (i) anodic dissolution of Mg to ¥ii) cathodic reduction of kD to

H>, and (iii) precipitation of Mg(OH)from a supersaturated, locally alkalinelwgion

near the cathode site#lg(OH). is the thermodynamically stable product, but film
formation is more complex and involves the additional formation of N&y04,15]. The

film is quasistable in neutral agueous solutions and loses integrity in the presence of

aggressive anions such as chloride i@y&6].

The corrosion of AZ31B and ZEK10Avolves a rather unique localized filament
like mode that is driven by the ®alled cathodic activation (enhanced dhs evolution)
of the dissolving surfacéanodic actration) [8,17-20]. Local anodes initiate, likely at
secondary phase particles that serve as active catf@ijag8], and propagate laterally
across the filmed surface (akin to a filament) driven by cathodic activation, mostly
alongside anodic dissolution at thilament head, but with some contribution frorhet
porous oxide/hydroxide corrosion products left behind in thg28iR5]. The source of
cathodic activatiorcontinues to betrongly debatefR6], with current proposed theories
involving an active cathode such as the bare dissolving surface[28glfnoble metal
enrichment due to selective dissolution of Nitp,28] or redeposition[29][30] or
formation of Mg(OH) as a corrosion produd¢Bl] and the formation and subsequent
dissolution of MgH [32].

Both AZ31B [11] and ZEK100[33] are susceptible to the unique localized
corrosion modehat spreads laterally as filaments underneath an intact surface film, in a
manner snilar to that exhibited by commercially pure M@7]. The actual image
showing the filament corrosion on the surface for AZ31 immersed in 0.05 M NaCl (aq)

12
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for 3.5 hand forZEK100 immersed in 0.03 M Na@aq) for 0.5 hareshown in Figure

2.2a and 2.2b, respectively

<= ==)» Pre-existing surface film

Fresh =)
corrosion
filament

SéW 20.0 kV 6.9 mm x 200 BSE-COMP

Figure 22. (a) Backscattered electron imagehowing the typical appearance of the
localized filamenike corrosion exhibited by Mg alloys: (&Z31B immersed in 0.05 M
NacCl (ag) for 3.5 h[8] and (b) ZEK100mmersedn 0.03 M NaCl(aqg)for 0.5 h [32].

One of the most beneficial methods for monitoring localized corrosion for Mg
alloys is the scanning vibrating electrode technique (SVET), also known asaiheing
vibrating probe (SVP) technigu®Villiams et al. [17] studied the localizefllamentlike
corrosion of AZ31 under galvanostatic anodic polarization in diffeda€l (aq)and
investigated the effect of bulk elediyte pH using SVET. They found that, after starting
the anodic polarization, the appearance of dark spots on the surface coincided with a local
anodic current, as shown in Fig#&. The local anode is shown to move laterally across
the surface leaving bend a path that coincides with a local cathodic current. This
conversion is the secalled cathodic activation exhibited by dissolving Mg. The intensity
of local anodes decreases with decreasing NaCl (aq) concentaati@arneutral pH

after 4 h immersio time. For the pH effect, the spread of localizédmentlike
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corrosion is more noticeable at pH >, 42 it slows down considerably.
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Figure 23. SVET-derived current density surface maps of unpolarised AZ31 obtained
after 4 h immersion in aerated NaCl (aq) at concentrations (% w/v) of (a) 20%, (b) 1%
and (c) 0.29417].

The onset of the localizefilamentlike corosion requires a breakdown of the
intact surface film, which is demarked by a distinct small, but distinct drop in the OCP.
The time to breakdown increases with decreasing NaCl (aq) concentration. For 0.05% wi/v
concentration of NaCl (aq), there is no Ik@awn potential during this timés well, it is

shown that the amount of filament depends on pH and NaCl (aq) concer[B4diion
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Kousiset al [35] studied the effect of chloride ion concentration on the initiation
and propagation of localized filament corrosion on E(ZEK100)in aerated solutions of
NaCl (aq)using SVET Figure 2.4shows their setfacurrent density distribution maps and
associated photographionages recorded for a corroding, recorded after various
immersion times. Corrosion initiates as a local anode, which ten propagates along the
surface leaving behind a cathode activated tfdiey demonstrated that the initiation of
localized filamendike corrosiondependsn the Cl concentratiorin NaCl (aq).The time
needed for passivation breakdown potential is delayed and the localized anodic current

density is decreased with decreasimg €t concentration.
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Figure 24. SVET current density distribution maps with associated photographic images
recorded for E71¢orrosion obtainedifter (a) 200 miuates, (b) 370 mimutes (c) 630
minutes (d) 820 mimtes (e) 930 mirutes and (f) 24 h immersion in aerated 0.034 M
NaCl (aq)[35].

Canoet al [8] used a TEM examination of FHBrepared crossectional samples

to provide a physicaldescriptionof the cathod activation of thecorrosionfilamenttrails
formedon AZ31B-H24 immersedin NaCl @q). Their proposed physical description of
the filament corrosion is shown in Figugsh. The filament is a laterally propagating

corrosion process that involves a local dissolving anode head (anode activation) that is
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coupled to a cathode activated tdihe filament which isa MgO/Mg(OH)» mixture. is
significantly thicker and more defective than the intact film it propagates underneath
They showed that the presence tbfoughthickness cracksn the corrosion filament
could enable three active cathodesjudmg: (i) the Mg(OH}» corrosion product itself,

(i) Al-Mn particles in the form of AiMn4 (as determined by STEMDS analysi$ that

are inexposed onhe crack wall, (ii) the bare metal surface (with or without noble metal

(Zn) enrichment) that is exposed at eth base of the crack.

& 3 2+

H, Preexisting Mg
surface‘ film
A GRS A G

Zn-enrichment
AZ31B

Figure 25. Schematic representation of tleealized filamemnike corrosionexhibited by
AZ31B immersed in NaCl (adB].

Binnset al.[32] also prowdeda physical description of the localized filamdike

corrosion process: one based on the formation and subseligsoiution of MgH. Their
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model is shown in Figure 2.@hey propose thahat the unstable MgHforms during
activated anodic dissolution occurring at the filament head and serves as an active cathode
for hydrogen evolution. The effect is greatesthat filament head as the Mglformed is

fresh. As MgH is unstable, it transforms to insulating (unreactive) Mg(@Jhithe aged
filament tail, thereby losing its effectiveness as an active cathode. FormatidgHhf

was concluded based on evidence providedXBY) and dynamic secondary ion mass

spectrometyr (SIMS).

00
. . Q00 _ .
Filament tail 020  Filament tip
Mixed
Mg(OH),/MgO
Dense MgO
MgHQ/

Mg metal

Figure 26. Schematic representation of tleealized filamemdike corrosion exhibited by
ZEK100 immersed in NaCl (a¢32].

2.3 Protective Coating Schemédor Automotive Applications

As mentioned in the Introductioapplying aprotective coating schenm®nsisting
of an inner pretreatment layer and @olymer overlayer sealant is the minimum

requirement for corrosion control of Mg alloy componeiitse current North American
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automotive benchmark protective coatings scheme consists of a hetadoabe/
zirconatepolymer @©nversion coating (Bonderite® M T 5200E by Hen
Corporation), with a black cationic epoxy-daating oveilayer sealant applied
(POWERCON® 600CX by PPG Industries or equival¢h})[36]-[39]. The conversion
coating isa more favorable surtae on which the epoxy {oating can be applie@Given
that it is applied as a continuous layer, it is expected to provide some contribution to
corrosion control by serving as a physical barridowever, achemical inhibition
contribution to corrosion cordl is not expected. A possible leachabiehibiting
componentvould beF (aqg) anionsformed by dissolution of thilgF. componentksp =
5.16 1 10T 14D]. HoweveP, Bo sifrficant level of corrosion inhibition of Mg
[41] or AZ31B [42] is observed in NaCl (aq) with relative small additions (10 mM) F
(aq).

Brady et al. [43] examined the corrosion performanoé Bonderite® MNT
5 2 0 @dated AZ31B and E717 (ZEK100) with and without an eposgo&ing over
layer applied irsaturated Mg(OH)(aqg) with1 wt.% NaCl(aq) at ambient temperature.
SEM crosssectioral images of theBonderite® MN T 5 2 €ofvErsion coating on the
two alloysareshown in Figure2.7a and 27b, respectivelyThe thickness of the coating
on both layers ranges frofn. 6 t .&onfinuocusoating forms on both alloys, but the
cracks are observed in the coating formed on AZ31B, whereas pores are observed in the
coatingformed on E717 (ZEK100) he thickness of the epoX¥grcoatingapplied on each

conversiorcoated alloy is+ 0 ,asshown in Figur.7c and 27d.
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a) BAZ b) BE7
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Figure 27. Backscattezd electroncrosssectioral images of the asonversion coated
surfaces(Bonderite® MNT 5 2 Of@miell on (a) AZ31B (BAZ) and (b) E717
(ZEK100) (BE7). Backscattered electron cressctional images of conversion coating
(Bonderite® MNT 5200 E) w-icdating (eteptrocoatiapriied on (c) AZ31B
and (d) E717 (ZEK100®3].

Potentiodynamic polarizatiomeasurements of the conversiomated surfaces,
relative to bare metal surfaces, are shown in shown in Fig8reTBe effect of the

conversion coating on the polarization respoissenore pronounce for AZB. The
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conversion coating causes a significamtuaion in the anode kinetics, with little effect
on the cathode kinetics. A similar effect on the conversion coating on the polarization
response on E717 (ZEK100) is also observed, the effect seems to be not very

reproducible.
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Figure 28. Potentiodynamic polarizatioresponsdor (a) AZ31B (BAZ) and (b) E717
(ZEK100) (BE7) with and without conversion coating (Bonderite® N\MT 5200 E )
applied insaturated Mg(OH)(aq)with 1 wt.% NaCl(aq)atambienttemperaturég43].

Figure 29a and 2b show that the STENEDS of AZ31B and E711ZEK100)
after application ofepoxy Ecoating over the Bonderite® MN T 5 2 @ddiversion
coating. For both alloys, there is an enrichment of F in the inner, laggsumably from
the insolubleMgF. formation, which provides barrier layer protectiohe epoxyE-

coaing process is very aggressive towards the conversion cpatinging significant
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physical damage to the conversion coating on both alloys, as shown in FiguhNo2.

corrosion assessment of the&atedsamples was provided.

a) BAZ + electmcoat

A
’ 3 ~ 2 -.‘
4 \ 5 > I ASSIEN
TS joved L z

b) BE7 + electmcoat

Figure 29. Crosssection dark field STEM images and corresponding elemental afaps
the Ecoated (electrocoat) surface after conversion coaBumderite® MNT 5200 E)

for (a) AZ31B(BAZ) and (b)E717 (ZEK100)BE7)[43].
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Songet al [37] investigated the effect of mechanical abrasion surface treatment
on the relative corrosion performance of AZ31B with a novel electrolessating
applied directly onto the bare metal surfacthe study is releant since they useda
Bonderite® MNT 5200 E ¢ o mdsarfasss a comga@tve basiSignificant
corrosion damage on the conversowated sample was observed after 20 h salt spray
(ASTM B117) exposureUnfortunately, bare metals samples were exppoed Figure
2.10(a) shows the electrocheoal polarizationresponse of the conversiaoated surface
relative to the electroless-&bated surfaced he conversion coatindgoes notinhibit the
anodic kinetics to any great extent, as very little polarizability is observed in the current
response.The impedance response, shown in FigurE)B), also reveals very little
corrosionprotectiongiven therelatively small size of the capdance loop in the Nyquist
plot. The additional slope observed in the low frequency range in the Bode plot (Figure
2.10(c)) for the conversioroated surface was attributed to the breakdown of the surface

film and subsequent localized corrosion.
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Figure 210. Electrochemical response of Bonderite®NMT 5200 E ccoated er si o
AZ31B (BM) in 5 wt% NaCl (ag) at ambient temperature: (a) potentiodynamic
polarization, (b) Nyquist plot (immediately after immersion) and Bxde plot

(immediately after immersio37].

Song et al [39] alsoinvestigated theelative corrosion performanad epoxy E-
coakdand powdeicoaed AZ31 and AZ61(6% Al, 1% Zn,0.15% Mn, balance Mghfter
pretreating the surface with bgpplying theBonderite® MN T 5 2 @obersion
coating Salt spray (ASTM B117) testing revealed thatdating provides improved
corrosion protectiorompared to powder coating when applied as the sealantayesr
on the conversiogoated surface (Figure A(R)). The impedanceesponseshown in

Figure 2.1(b), also reveals improved corrosion protectiorBohderite® MNT 5200 E
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with the Ecoating rather than the powder coating applied as the sealarlbggemhey
proposed a six step corrosion process of a coated Mg diloyorrosive slution
penetrates the organimating through the pores or miercacks inthe coating and
reaches théare metakubstrate(ii) corrosion d the bare metal surfachen begins, (iii)
corrosion produces both Mg(OH)and H gas bubblesproducts of the reaction, (iv)
corrosion products then promotigcalized coating blistering acracking (v) ontinued
corrosionoccursunderneath coatingvhich causesindermining or undercut damaged
(vi) copious corrosion product generation coupled with Iddgh pressure oH. gas

causs visible coating breakdown
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Figure 211. (a) Photographs of samples after 1,000 h salt sgA&TM B117)exposure.
(b) Bode plot for samples 1 to 4 after 30 days immersion in 5 wt.% NaCl (aq). (No. 1)
powdercoated AZ31, (No. 2) powdaoated AZ61, (No. 3) foatedand powdeicoated
AZ31 and (No. 4) Ecoated AZ31[39].
2.4 Inhibitors for Corrosion Control
The storage of inhibiting (inorganic or organichgmounds for controlled release
at coating defects sites, however initiated, is a key design criterion for the development of
next generation coating schemes. The concept is exemplified by the improved corrosion

control of Mg alloys coated with inhibitor tercalated iorexchangeable hydrotalcite

(HT) or layered double hydroxide (LDH) surface {reated layer$44]-[50]. It follows
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that a weld evel oped understanding of a given
corrosion of bare Mg alloys in NaCl (aq) is criticalimibitor selection and, thus coating
design. Inhibitor types studied in this context include anode/cathode site specific
adsorption and barrier/blocking effects of anionic surfactfsity[54], complexing of
dissolved noble nial (relative to Mg) to prevent +@eposition and associateadthode
activation [55][56], and sparingly soluble anions to promote surface filaimation
[41],[42],[57]. The focus of this thesis is on the lattgparngly soluble anions to promote
surface film formation.

Williams et al. [42] investigate the influence oNasPQu, NaoCrO4, NaF, Ced
and YCk as a corrosion inhibitor for casting AZ31 in unstirred 5% w/v NaCl (aq) at pH
6.5 and 20°C. SVET measurements showed that the number density of local anodes had
approximately doubled for botGe and Y salt the reason fomwhich is not clear.In
addition, the addition dilaF (ag)remains ineffective in inhibiting the localized corrosion
of AZ31. Moreover, the addition ophosphate andhromate confirm that both types
promote a significant level oforrosion inhibition.Figure 2.2 shows he SEM-EDS
elemental mapf (a) P and (b)Cr distribution over AZ3lafter immersiorfor 4 hin 5 %
NaCl (aq) containing the addition of phosphate and chronfdte SEMEDS maps
indicatesthat Mg(P(Gs)2 and Cr(OHj}, likely forms over noble AMn patrticles (active
cathodes) in each cadaut doesform as a continuous layer that completely covers the

AZ31 surface Thisdemonstrateincompletesurface film formationnhibition.
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Figure 212. SEM-EDS elemental map showing relative abundance of (a) P and (b) Cr (b)
for a postcorrosion AZ31 surface after immersion for 4 h in 5% NaCl (aq) containing a
102 NagPQy and NaCrOq4 addition, respectivel{42].

Fenget al [57] investigated the electrochemigalsponse bAZ31 in NaCl (aq)
with various NaSeQ (aq) additions, as a corrosion inhibiteainging from 0.5 mM to 50
mM. They separated the inhibition effect &m anodic and cathodic effecAnodic
inhibition depends orof SeQ? (aqg) concentrationand the better corrosion resistance
obtained from potdiodynamic polarization and EIS by using 1 mMNaQ (aq).
Higher concentratian (10 and 50 mM)or longer periods resulted in thicker film, but
unfortunately less protectivdue to having voids, cracks and was not compact compared
to lower concentrationl( mM). This was also confirmed with STEM analy¢igure
2.13), which showed that the highest concentratior5e©? (aq) (50 mM) coincides
with afilm thatis more porous (contains more voidEhey claimed that the cathe#l
evolution reaction is suppressed due to the formation of hydroxide double layer on Al and

Mn particleswhich does not depend on t8eQ? (aq) concentratian
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d 10mMSelenite

Figure 213. STEMimages and associated EDS mapshe surface film formed oAZ31
after 24 himmersion0.1 M NaCl (aq) with various additions of pEeQ as a corrosion
inhibitor [57].

The formation of protective surface films on Mg alloys by immersioagneous
carbonate (C€} ) solutions as received some attenti®mnince et al. [58] showedthe
effect of different concentration &faoCOs (aqg), added as a corrosion inhibitor, for 342
immersed in 0.1 MNaCl (aq) saturated with Mg(Ok)which stabilized the pH at 10.3.
They presented that the inhibition efficiency usingedolution test reach 76% using 50

mM NaCOsz. As well, they showed that the inhibition effect using-@Gl@ from
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potentiodynamic polar&tion is anodic and cathodic effe€hey showed the formation of
uniform and continuous film after immersidar 7 daysin the solution with 50 mM
NaCOs (aq), a much improved situatioelative tothat observedvithout the inhibitor
added(Figure 2.8). Using XPS measurements, they showed that the protective layer is
composed of Mg(OH) MgCQ: and Mg(OH).CQs. This protective layerwhich is the

key for improved the corrosion inhibition of Mg alloys, sufficient to decrease theyi

with 50 mM NaCO:s (ag)relative tocasewithout.

Figure 214. Plan viewSEM images of the corrodediZ31 surfaceafter 7 days immersion
in 0.1 M NaCl(aqg) saturated with Mg(OH)(a-d) without NaCOs (aq) addition, and (m
p) with 50 mM NaCOs (aq)addition[58].

Gulbrandseret al [59] studied the anodipolarization responsef high purity
Mg in buffered HCOs'/CO:? (aq) (pH 9-11). They showed that the corrosion rate
depends on HC$® concentration and at higher concentration thicker porous film wa
observedvhich provides a pathway for corrosive species interaction with Mg surface.
Fazalet al [60] investigated the effect &¢.01 M (aq) Na slts of CI, F, NG5,
CH3COO, SO, CQOZ and PQ¥ on the thin native oxide layer formed over AZ31
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using OCP, potentiodynamic polarization and EIS. They showed thst @@ PQ*
dissolve the native oxide layer aptbmote theformation of a replacemepassive layer
MgCQOs and Mg(PQs)2. However, the r&t of aniongpromoted thegrowth of the native
oxide film. In addition, they showed the anodic passive behavior BDg ard PQ¥

relative to the rest of anions that showpagsivation occurreals shown in Figure 251
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Figure 215. Potentiodynamic polarization curves of AZ31 Mg alloy in seven different
electrolyteq60].

2.5 Corrosion Resistant MgLi Alloys
The tendency for the native oxide/hydroxide surface film to breakdown locally
and forthe solid oxide/hydroxide corrosion product (cathodic activation) and secondary
intermetallicphases to servas cathodes for Hevolution has inspired various alloying,
processing angurface modification strategies for improved corrosion cof@b}-[63].
Li alloying significantly stifles the anodic kinetics of the Mg matrix, with no concomitant
effect on thecathodic kinetics: a unique kinetic combinatiort nbserved in other Mg

alloys [64]. This, combined withrihibiting effect ofdissolved carbonate (GO/HCO3'/
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OH") on inhibiting both the anode and cathode kinetics of[88}-[60], underpins the
interest in LCOs as a dissolvable inhibitor for Mg alloys

Xu et al [64] designed an ultralow density Mg alloy (1.4 g/cr). The
conventionalextruded alloy exhibits a corrosion current density similar to other Mg
alloys, such as AZ31Bind ZEK100 However, by alloying modification anthermo
mechanical processing, the corrosion curdentsity is significantly reduced, as shown in

Figure 2.16. Improved corrosion resistance astained without sacrificing mechanical

properties.
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Figure 216. Plot of yield strength versus corrosion current derisityvg-Li alloys
relative to conventional Mg alloy§4].
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Figure 2.T shows the schematic diagram of increasing Li content effect on the
stability of the film that forms on Mdi alloys under atmospher&xposureconditions.
The conventional HCP Mg matrix phase forms a defective oxide and hydroxide bi
layered ilm, as shown in Figure 2.17(a). An increase in the Li content promotes the
formation of a LiCOzs layer. Protection is compromised since the presence of secondary
phases prevents the formation of a continuous layer, as shown in Figure 2.17(b). Figure
2.17¢) shows that the complete coverage with a relative thick and continu@@sLi

layer formswith a further increase in the Li content.
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Figure 217. Surface layer formation on HCP Mg and BCC iMgafter exposure to
atmospheriexposureconditions (a) incomplete coverage of the surface film developed
on conventional hcp Mg alloys, (b) thin surface film on the extrudedMalloy and
potential reactin sites due to the conventional tpbase structure and (c) complete

coverage of the thicker surface film on the solute nanostructured kidd &lpy. [64].
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Yan et al [65] investigated the aqueous stability of Mg (30.3 % at.) and
showedthattheLi-COs layer formed after atmospheric exposwedassociatedi and C
surface enrichment is removedter exposure iraqueoussolution as shown is Figure
2.18(a and b). Figure 28t shows that theventual corrosioimbhibition by Li alloying is
achieved by selectively dissolving of Mg and Li at anodic areas folldwyekdeformation
of Li-dopedMgO layer which hinder the transformation of MgO to Mg(QHjnd, this
active localized dissolutiorFilm formation involves: (i) selective dissolution of"|{ii)
diffusion of Mg?* via MgO and dissolution of Mg, (iii) doping of MgO by Li* and (iv)

corrosion products formation around cathodic sites.
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Figure 218 GDOES elemental depth profiles obtained for-M¢g(Al-Y -Zr) sample after
immersion in 0.1M NaCl (aq) for 20 h: (a) immediately aftammersion and (b) air
exposed for 3 h between immersion and GDOES profiling. (c) Schematic representation

of steps of aqueous corrosion of Mgalloy [65].
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Yan et al [66] showed a rgassivation tendency of the proteetilZi>COs film
formed on MgLi alloys in aqueous solution as anodic dissolution is radppressed at
mechanicallydamaged (scribed) sites. They showed that, after scribing, the anodic
dissolutionrates of Mg and Li increased significantly and tlieturned to the original
pre-scratch valugthus demonstrating self-healingability. A similar trend was observed
in the OCP transient: an initial drop followed by full recovery ofghescribed value.

Li et al [67] studied theincreasing Liamount as an alloying element with Mg
ranging from (4, 7.5 14 wt. %) on the negative ddfere effec{cathode activation with
increased kK gas evolution while under anodic polarizatiofhey showed thathe
negative difference effect is reduced with an increase in the alloyed Li content. The
observed reduction is linked to th@crostructure of MeLi alloy as it changes frordlCP
UMg t o -Bi@<Ethemalloyed Li content increaseshown in Figure2.19A. In
addiion, Mg-14Li alloy has the lowest cathodic current density @as evolution
reaction) relative to the other alloy8PS was used taompare the composition of the
surface film of the three alloylmrmed after immersion in 0.1 M NaCl (aq) for 2 As
Figure 2.19B shows, theMg(OH). peak is reducednd the Li 1s is strengthenedth an
increase in the alloyed Li content. The Li 1s peak caddm®nvoluted into LCO; and
LiOH. TheC 1s pealintensityis increasedwhich is attributed to LICOs. They attributed

theimprovedinhibition to anabsence o cracked surfacéim.
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Figure 219. (A) SEM images of (a) MgiLi, (b) Mg-7.5Li and (c) Mgl4Li alloys. (B)
XPS analysis of the surfacem on Mg-4Li, Mg-7.5Li and Mgl4Li alloys after

immersion in 0.1 M NaCl solution for 2 h [68].

Li et al [68] continued the assessment of {¥4Li alloy relative to pure Mg. Téy
showed that pure Mg (99.95 wk) exhibits less corrosiothan Mgl14Li alloy using

potentiodynamic polarization, EIS,2Hvolution and mass los$hey asamed that this
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contradiction of lowercorrosion of pure Mg due to the absence of second phase.
differenceis linked to differences in thenorphology and composition of intact surface
film formedafter immersion in 0.1 M NaQlaq) for 8 h as shown in Figur@.20. The
thinner intact surface film (~600 nm)formed on pure Mgis composed ofoxide/
hydroxide. In contrast the thicker intact surface film (4 pumYormed on Mgl4Li is
comprised of LiCQOs, whichincludescavities The latter is argued to be responsible for
the increase corrosion observddhey conclude thalti>COs is not an ideasurfacefilm

for the protection of Mg &bys.

Epoxy

A "
= Cavities
P TINES

Substrate

Figure 220. CrosssectionalSEM images of the surface film forméa pure Mg ) and
Mg-14Li alloy immersed ir0.1 M NaCl (aqg)for 8 h[68].

2.6 LeachableLi2COs Inhibitor for Protective Coatingson Al Alloys
Leachable Li salts have been considered as a promising replacement for the
corrosioninhibiting chromate salts for inclusion in protective coatings applied on Al
alloys. Visseret al [69] developed a designed using a polyester resin and an aliphatic
polyisocyanate thahcorporates LICOz and dher Li salts to improve corrosion control of

Al alloy AA2024-T3. Such coatings were artificially damaged to determine the extent of
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protection provided. Figur@.21 (b) shows the harmful corrosion effect (formation of
white Al-rich oxide/hydroxidecorrosion products) when the applied coating has no
leachable inhibiting Li salt. However, tiseribe shows no evidence corrosion products
when the coating included a leachable inhibitingchrbonate or oxalate, as shown in
Figure 2.21 (c and d). Figure2.22 shows a SEM image of thecribed region in cross
section. The region was covered with a protective deposit about 0.5¢0m.5t hi ¢ k
consisted of three layers, namely: (i) a dense inner layer at metal/coating intgijface,
poraus intermediate layer and (iii) a porous columnar outer |&yBEM-EELS maps
demonstrated the presence Af, O and Li throughout the deposited layewhich
indicates a uniform distribution ofLi throughout the entire layer including the dense
layer. The STEM-EELS examination revealed that Li ions were leached from the coating
into scribe ande-deposited as a polycrystalline outer latreatcould be an Al/Li layered
double hydroxideand a dense barrier layer that is composdd/éf hydroxide to form a
protective layer on AA202Z43 metal surface exposedithin the scribed region.

However, itremains unclear in which form.
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Figure 221. Optical images of coated and scribed AA20231 panels before and after
168 h salt spray exposure (ASTMIR7) (a) unexposed (b) no inhibitor, (c) lithium
carbonate, and (d) lithium oxald&9].

41



Ph.D. Thesis McMaster University
Basem Zaghloul Materials Science and Engineering

Figure 222. SEM crosscut images of protective layers generated from-&0s loaded
coating after 168 h ASTM B17 exposure (a) scribed area, (b) midsketion of the
scribe, (c) curved area of bottom of the scribe, (d) detailed morphofogyer (middle

section of the scribgp9].

Meeusenet al [70] studied the effect of incorporating leachabled®s into a
polyurethane based model coating for improving corrosion control of AAZ324n
addition, to study the active corrosion protective properties oé tbestings, an artificial
damagesite was made of Inm width and approximately 16560 mm depth followed
with exposing to the salt spray test according to ASTMI1B for 168 h. They shoed
that the polarization resistance of the applied coating Wi#BOs using 0.05 M NaCl (aq)
is three times higher than that for the applied coating witho@O:s.

Visseret al [71] elucidated the mechanism for the formation of protective layer
produced on AA20243 during immersion inLioCOs containing NaCl (ag). They
reveaedthat the passive layer formed consists of amorphous inner layer and a crystalline
outer layer, with formatin involving: (1) oxide thinning, (2) anodic dissolution and film
formation and (3) film growth through a competitive growltbsolution process.
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Visseret al [72] also studied the leachabilibf Li>COs from a polymer coating to
reform rapidly at defectsites providing continuous protective layer. They used
polyurethane model coatings with a topgment volume concentration (PVC) of 30%
and respective loadings of 15 and 2.5% PVGaltas leahable corrosion inhibitor and
demonstrated that this coating provides continucmisosion protection if the defect
location up to 6 mm width. Figu223 shows the effect differentLi.COz concentration
on the scribe corrosion of coatéd\2024-T3 after salt spragxposure(ASTM B117)

Both coatings show the successful corrosion protection, except for 6 mm scribe that
shows some corrosion product with the loMwCQOsz content.

Li-carbonate

3 e

0.5 mm

Figure 223. Light optical microscop images of different scribe widths (0.5 mm, 1.5 mm,
3.0 mm and 6.0 mm) in a polymer coating with twed@®; contents applied on AA2024
T3 taken after 168 h salt spray expoquid.
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Finally, Visseret al [73] demonstratedhe effective corrosion protection of a
polymer coating with and witholti.COs added as a leachable inhibitor on a range of Al
alloys namely: AA2024, AA7075, AA5083, and AA6014. SEM and electrochemical
measurements revealed that the leachbl€Os contaning coating provides improved
corrosion control through inhibition of corrosion process at defect sites.

Hydrotalcite (MgAl2(OH)16C0sx4H20) conversion coatings applied on Mg
alloys to control corrosion have received considerable attefi}«{76], whereas simple
carbonate conversion coatings for the same have received far less attémgdral [77]
applied carbonate as a conversion coating for AZ91. They found that via SEM cross
sectional area the coating involves a{lager coating structure. The outer one consists of
calcite (CaC@) and the inner layer osists of hydrotalcite (Mghi2(OH)16COsx4H20).

SEM and TEM crossectional images confirmed that the hydrotalcite inner layer
contained fine particles. The corrosion current density of the coated sample was

approximately two orders of magnitude lower thiaat of the untreated one.

2.7 Research Hypothesis/Objectives
From the synthesis of the literature as presented above, the idea to use leachable

LioCQs as an effective inhibitor as a part of a protective coating applied to Mg alloy sheet
metal for improved corrosion control in automotive applications shows significant
promise. The overarching hypothesis is that dissolve@Q@4 can impart effectively

inhibit corrosion of Mg alloy sheet metal when immersed in NaCl (ag) by combining the
inhibiting capability of dissolved Lj albeit based on an alloyed Li effect, and carbonate
(COs? THCOs'/OH') on both anode and cathode kinetics and protective surface film
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formation.

Arguably, the major scientific question here is how the localized filadfilent
corrosion, and associated activation (anode and cathode), is controlled to yield effective
inhibition. Key aspects in need of study include, intact surface filmligtalanode and
cathode kinetics and surface film formation during anodic (and associated cathodic)
activation. Consequently, the research objectives were defined as follows:

i. Determine the extent to which 230z (aq) serves as an effective corrosion

inhibitor for AZ31B (H24 temper)sheet metal when immersedQril M NaCl

(aq) using bulk immersion, conventional and scanning electrochemical
measurements in combination with an XPS analysis of the intact surface film
formed.

ii. Determine the combinatory effects of dissohdidsolved Li and carbonate
(COs? THCOs'/OH') oncorrosion inhibition of ZEK100 (@emper) sheet metal
when immersed in 0.1 M NaCl (agking bulk immersion and conventional
electrochemical measurements in combination with a TEM analyses of surface
films formed during node activation (polarization).

iii. Demonstrate the capability of a leachalleCOs (s) surface préreatment
coating to inhibit corrosion of ZEK100 alloy sheet metal produathen
immersed in 0.1 M NaCl (aq), relative to the bare surface and one coated with
the preferred surface pteeatment Bonderite® MNT 5200 using
conventional electrochemical measurements, including EIS;ombination

with SEM and TEM analysis of the starting surface coatings.
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3.1 Abstract
The objective of this work was to determine the effectiveness of dissoly€@das a
corrosion inhibitor for AZ31BH24 sheet metal whemmersed in NaCl (aq) at ambient
temperature. Corrosion rates were determined by gravimetric mass loss and volugnetric H
evolution measurements and the observed inhibition was investigated furtimey us
potentiodynamic polarization, scanning vibrating electragehnique, and -xay
photoelectron surface analytical measurements. It is shown that dissoly@@:s Li
significantly inhibits corrosioras it reduces the corrosion rate by a factor of 10. The
manner in which inhibition is achieved is rationalized by the role played by the surface
film produced during corrosion in inhibiting both the anode (anodic dissolution) and
cathode (H evolution) kinetics. Inhibition involves theuppression of the filametike
corrosion mode, albeit on the macroscale, and associated cathodic activation. By process
of elimination,it is proposed that the Lcations play a key role in inhibiting the anodic
dissolution and associated cathodic activation that is reqtoredve the filamentike

corrosion.

Keywords: aqueous environments, corrosion inhibitor, film, magnesium
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3.2 Introduction

As a sheet metal product, Mg alloy AZ31B (Mg@l-1Zn; UNS M11311Y)
remains of great interest to the automotnaustry with itslightweighting potential when
incorporatedinto multimaterial structural assemblitsHowever, the alloy igrone to
corrosion, particularly when in contact with aqueohkride-containing solutions, which
has stifled increasedtilization to a large eent>® The corrosion of AZ31B involvea
rather unique localized filametike mode that is driven by theo-called cathodic
activation (enhanced#tjas evolution) ofhe dissolving surfac®!® Local anodes initiate,
likely at secondaryphase particles that serve as active cathtidésand propagate
laterally across the filmed surface (akin to a filameadriyen by cathodic activation,
mostly alongside anodic dissolutiat the head, but witsome contribution from the
porous oxide/hydroxide corrosion products left behind in the &it. The source of
cathodic activation has been strongly debatexth current proposed theories involving
an active cathodsuch as the bare dissolving surféself!’ noble metal enrichmemniue
to selective dissolution of M§?° or redeposition,?*?? formation of Mg(OH) as a
corrosion product® andthe formation and subsequent dissolution of MégtHApplication
of a multilayered protective coating schenmgluding a pretreatment inner layer and a
polymer sealant ovdayer asa minimum, is currently the preferred corrosion control
strategywithin the automotive industd?>2® Inorganicbased coatingspplied either
through chemical conversion efectrolytic deposition processes have been extensively
researched fothis purpose, without any one particular combinatioprotesses being a

clear cut favorité>22 Li alloying is known to significantly stifle the anodkinetics of the
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Mg matrix, with no concomitant effect on tlwathodic kinetics, which is a unique kinetic
combination notobserved in other Mg alloy$. The improved corrosion contras
attributed to the formation of a more protective surffiloe, the exact composition of
which is curently being delineatednitially, it was suggested that a protective@®s
outer layer formed during ambient atmosphere exposuraesasnsiblé? as supported
by results from xay photoelectronspectroscopy (XPS), grazing incidentray
diffraction (GIXRD), and transmissiorelectron microscopy (TEM) andssociated
technique$>3! However, the aiformed Li-COs; layer has been shown very recently,
using a suite of surfacanalysis techniques, to dissolve during bulk immersion in NaCl
(ag)2? which is expected based on a chemical statalitglysis for the corrosion of Mg
alloys3 Yan, et al32 arguethat theimproved corrosion control stems from the formation
of a Li-doped MgO inner layer within the intact surface filwhich exhbits improved
chemical stability relative to MgQand of a LiAl layered double hydroxide (LDH) on
active cathodesites associated with secondary phase particles; both formdteng
effective in inhibiting cathodic activatioRegardless of the contrimly Li film chemistry,
the protective surface film that forms exhibits a sdiéaling capability when
mechanically damaged. Thus, there is merit in the idea otilizing the improved
corrosion control imparted by a Li andhrCOs surface film as amapplied sekhealing
pretreatmentoating for Mg alloys rather than relying on Li alloying for fitgmation.
LioCOs has been added as a leachable inhilaitintitive in coating schemes applied to Al
alloys for improvedcorrosion controf>3” Dissolved Liions promote the fagormation

of a protective multilayered film comprised of Al, laind O340
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The objective of this work was to determine the exterwhach dissolved.i>CQOsz (aq)
inhibits corrosion of AZ31B424 when immersed in NaCl (aq) agpeecursor feasibility
study toapplyingLi2CQs (S) as a pretreatment layer within a protectieating scheme.
The experimental approach combines electrochenmoldrization, scanning vibrating
electrode techniquéSVET), volumetric H evolution, gravimeic mass loss, andPS
techniques for this purpose. Such an experimental apphaacheen successfully applied
in previous investigations tadetermine the extent to which inorganic inhibitor
componentgother tharLi>CGQs) dissolved in NaCl (aq) castifle corrosionof AZ31B, as

well as providing mechanistic insight to surface fisnmation#+42

3.3 Experimental Procedures

Commercial AZ31BH24 sheet metal product 1.5 mthick was provided by
Luxfer MEL Technologies (formerly Magnesium Elecktron) throughMagna
International. Thechemical composition, as determined by inductixaypledplasma
optical emission spectroscopy (ICFES), is presenteth Table 3.1. The composition
reported is in compliance with thapecified in ASTM B90/BO9OML5 ( i St andar d
Specification foMagnesiumA|l | oy Sheet and Pl at eosheet The H
product was strain hardened during rolling and tpartially annealed to half hardness.
No further processing wapplied to the aseceived sheet product. Asometric imagef
the AZ31BH24 sheet product microstructure is showrfigure 3.1. The material is a
single phase alloy complete with random distribution of secondary phaseMx
intermetallicparticles. The composition of these particles are mastraanly reported as
AlgMnswi t h si zes rard@i ¢ghhdughdhvn @artidemwith sizes on
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the order oftens of nanometers have alseen resolved with TENP The average grain
size in the rolling directiotransverse directio(RD-TD) planei s 6. 5N0. 4 & m, wl
determined using thédeyn lineal intercept procedure described in ASTM E132
(AStandard Test Methods for Determining Av

Table 31. Chemical Composition (wt%) of AZ31Bi24 SheeMetal

Mg Al Zn Mn Si Fe Cu Ni

Bal. 3.01 1.03 0.30 0.01 <0.005 <0.01 <0.005
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Figure 31. Threedimensional microstructure of the AZ3HR4 sheet metal
reconstructed using light optical microscopy images. The black iddisate AlMn

particles.

The effectiveness of dissolved 2CiOs to inhibit corrosion of AZ31B-H24
immersed in bulk 100 mM NacCl (ag) was evaluatisihg electrochemical polarization,
volumetric B evolution,and gravimetric mass loss with tveoncentrations: 1 mMpH
10.3) and 100 mM (pH 11.1). The 100 mM solution is jsbw saturation, which has

been measured to 12.75 g(l72.5 mM) at 25°C® An equivalent set of tests was
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evaluatedwith two concentrations of dissolved LIOH, added in sigfit quantity to
produce the same pH achieved with the wssolved LiCOs concentrations, to help
differentiate a dissolvedarbonate ion (C§&? ) effect from the pH effect. Reagent grade
NaCl (s), LeCOs (s), andLiOH (s) were used along with distillegater to make the
corrosive solutions. A freshly preparsdiution was used at ambient temperature for each
experiment.No attempt was made to aerate or deaerate the solution béfae or
during immersion.

Opencircuit potential (OCP) angotentiodynamic polarizatioimeasurements
were performed using a conventiontiireeelectrode cell that used AZ31B24 as the
working electrode, a saturated calomel electrode (SCE) as the refalestiede, and a
graphite rod as a counter electrode. Rtdelynamicpolarization measurements were
initiated aftera 1 h conditioning at the OCP. A scan rate of 1 mV/s was stseiihg at a
potenti al T 250 mVstateeOCRnkaswred afterdhe 1 h eondisianiega d y
step. Each measuremewms repeat at least three times for reproducibility.cAmputer
controledGamry Reference 600 EA reguathe ®CH responset wa
and perform the polarization measurementgorking electrodes were prepared by
attaching aoated Cu wire to the reaade of a square (10 mmx 10 msample and then
cold mounting in epoxy resin with the frofdce (RDTD plane) boldly exposed. The
working (front face)surface was mechanically abraded using silicon carbide (&iggr
up to a 2400 grit surface finish, ugimn ethylene glycathanolmixture as a lubricant,
and then rinsed with ethanol added with an absorbent wipe.

Longer term (96 h) bulk immersion tests were alsoducted to enable volumetric
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H2 evolution measurements a function ofmmersion time and an overall secant mass

loss measurement for the exposure. Somewhat l§t§emmx 15 mm) square AZ31B

H24 samples were used timese tests with all exposed (face and edge) surfaces prepared

by mechanical abrasion using the procedure riestt earlier.Volumetric H evolution
measurements were made using itheerted burette methdd.The inverted burette was
centeredabove the sample, which was placed flat on a rubber stopges bbttom of a

2,000 mL beaker containing 1,500 mL of tberrosive solution. A glass funnel was
attached to the end of therette to aid, with a diameter much larger than the dimensions

of the sample to help with the efficient collection of bubbles. Gravimetric mass loss
measurements were madsing a digitalbalance with 0.1 mg precision. Descaliafy

corrosion products was achieved using the procedwees cr i bed i n ASTM G1
Practice for Preparing; | eani ng, and Evaluating Corrosi «
the immersion of the corroded sampleansolutioncomprised of 200 g Cr) 10 g

AgNOs, and 20 g Ba(Ng) dissolved in 1,000 mL water for 60 s at room temperature.

Each immersion test was repeated three timesfooducibility.

SVET measurements were made using a Unisicetruments Model370"
scanning electrochemical workstatiowith an associated Environmental TriCell
Working electrodesvere prepared in the same manner as that described abote for
polarization measurements with the only difference béweguse of a smaller square (5
mmx 5 mm) sample. Voltages weareeasured between the scanning Pt tip and a graphite
ground/reference electrode. The diameter of the Pt tip was speciftbe lbyanufacturer

to be in the r ang ewereperfodmed afier vadousSifimesrsiomes Sc an s
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up to 24 h in: (i)100 mM NaCl (aq) with pHD7, (ii)) 100 mM NaCl (aq) + 100 mM

LioCOs with pH 11.1, and (iii) 100 mM NaCl (ag) + 3 mM LiOH wigsH 11.1. The

probe outputs were measured using a seriesveeping line scans across the scan area

with avelocityl , 000 em/ s with a hei géaéntretarmvelocitwi dt h
2,000 em/ s. The pr obediwaec tviidmr awietdh i aan tamp
and a frequency of 80 HZhe gain of the electrometer was set to 1,000, antuthecale

sensitivity of the lockn amplifier was set to 16 mV. The petkpeak SVET voltage

signal (Vpp) is related to the current fldgnsity along the axis of probe vibratios) Gy:

V,, =i, (A, k) (1)

wher e o cosducivity. SMET war used to help providewalitative overview
assessment in terms of (i) time lioeakdown, (ii) formation of mobile anodes, and (iii)
cathodicactivation associated with the mobile anodes.

Postexposure XPS surface analyses wevaducted onntact surface films that
formed during shosterm immersion(2.5 h) in the same solutions used for the SVET
measurementsSquare (10 mmx 10 mm) samples that were mechaniabigded using
the procedure described earlier were usedtliis pupose. The XPS analysis was
conducted using a PHQuantera It scanning XPS microprobe instrument. Speutese
acquired using monochromatic Al Karays at 1,487 eVA pass energy of 224 eV was
used for the survey and 26 eV tugh-resolution peaks of ements of interest. The step
sizewas 0.8 eV for the survey and 0.1 eV for the higbolutionmeasurements. The
takeoff angle was 45°. Sputter depth profigre acquired from a 1mmx lmmsquare

region using ar* ion beam operated with voltage of 1 kV.
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3.4 Results

Figures3.2(a) and (b) compare the OCP respons@£81B-H24 measured after
immersionin 100 mM NacCl (aq)xontaining dissolved COz; and LiOH, respectively.
All OCP responses show similar features, which includes an initial incteaaéocal
maximum value followed by a decay towamd eventual steaestate value. However, the
time it takes tareach the local maximum in the OCP, the associated valu¢harsteady
state value vary with the dissolvetbCOs and LiOHconcentration. The ba&down point
of the native surface filformed on Mg and selected alloys immersed in NaCl (ag) can be
identified by a local maximum in the OCP transient followingnersion, marking the
breakdown potential ¢E*8 Thus, thevalue of & can be used as a measure ofrtiative
chemicalstability of the native surface film toward staving off corrosigalues of the
time required to reachpEn 100 mM NacCl (agxontaining dissolvedi>-COs and LiOH
are listed in Table3.2 for comparison. Te trend is the same with both dissolved
compounds; the time required for breakdown of the nativéace film increases with an
increase in the concentrati@dded.Li>COs is less effective at extending the time for
breakdowrat pH 10.3, but is asffective as LIOH at extending thiene for breakdown at
pH 11.1. The value of Ebecomes moreositive with the greater dissolvéd>COs and
LiOH concentrationSimilarly, the steadgtate OCP attained aftbreakdown becomes
more positive with the additis in bothcases. The increase is more pronounced with
LioCO;s, as itcoincides with the most positive (noble) steatiyte OCPattained after

breakdown.
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Figure 32. OCP response measured immediately after immersion on 0.1 M(B@Cat

ambient temperature: (a) with dissolvedd®s and (b) with dissolved LiOH.

Table 32. Time Required for Surface Film Breakdown (Eb) in 100 mM NacCl (aq)

pH Li.COs3 Time (S) Ep (VSCE) LiOH Time (S) Ep (VSCE)
(mM) (mM)

~7 0 15+ 3 T1.583 0 15+£3 1T1.53 |

10.3 1 220x16 1 1. 52 0.4 265+4 T1.56 f

11.1 100 585+15 11. 47 3 570+ 10 T1.50 Ff

Figures3.3(a) and (b) show the typical potentiodynamadarization response éZ31B-
H24 measured after 1 h conditiahthe OCP in 200 mM NacCl (aq) containing dissolved
LioCOs and LiOH, respectively. Both dissolved compounds affénet polarization
response in a similar manner. The increasetha dissolvedLi>,CO; and LiOH
concentrdon coincides witha significant reduction in global anodic and cathodic
kinetics. The reduction in global cathodic kinetics by both dissoleedhpounds is
progressively larger with increasing concentrattomciding with lower global kinetics.

A similar progressivedecrease in the global anodic kinetics is observed with dissolved
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LioCQs. The global anodic kinetics associated with dissohM@H exhibit an inflection
point that occurs at differeqotentials, where this potential is found to be lessitive
potential with the higher concentration addition. Howevke global anodic kinetics
converge at higher overpotentials, thagnitude of which being significantly lower than
exhibited without dissolved LIiOH. Unlike the case for global anodic amathodic
kinetics, the effect of the dissolved compoundstbe corrosion potential (&) is
distinctly different. Dissolved.ioCOz causes a progressive decrease g, BNhereas

dissolvedLiOH has no effect ofcorr.

(a) Dissolved LjCO, (b) DissolvedLiOH
-1.2 -1.2
-1.3 - -1.3
w w
QO -1.4 1 Q -1.4 1
(%] 0
2 -1.5 2 15
| =
2 -1.6 1 - -1.6 1
2 7 2 a7
£ | = omM(pH69) & 7 | — ommpHes)
-1.8 { === 1mM pH 10.3) -1.8 | == 0.4mM (pH 10.3)
= 100 mM (pH 11.1) 3 mM (pH 11.1)
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Current Density (mA/cmz) Current Density (mA/cmz)

Figure 33. Potentiodynamic polarization response measured after conditioning at the
OCP for 1 hin 0.1 M NaCl (ag) at ambient temperature: (a) with dissoly€®Dt and (b)
with dissolved LiOH.

The amount of Blevolved during corrosionfdAZ31B-H24 immersed in 100 mM
NaCl (ag) with dissolved LICOs and LIOH is shown in Figures.4(a) and (b),
respectively. The KHevolution kinetics follows a linear rate law, with the corresponding

rate (slope of the line) decreasing withiacrease in thelissolved concentration of both
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compounds. The extent ahhibition observed at pH 11.1 is greater for theCOs
addition. The observation of a linear rate law is consisteith reported literature for
AZ31 immersed in NaCl (ad).Figures 3.4(c) and (d) compare the corrosion rate
determined fromthe 96 h mass loss measurement with that determined tlientb
evolution measurements for dissolvedCOz and LiOH, respectively. To calculate the
corrosion rate from the Aevolution measuremesitthe total volume of Hevolved after
the exposure was converted to moles efeMolved. It wasassumed that 1 mole of Mg
was oxidized for every mole ofiijasevolved (100% efficiency) according to:

Mg (s)+2H,0(l) - Mg(OH),(aq +H (9 (2)

The moles of Mgoxidized were converted to a massvd oxidized which, in turn, were
adjusted by dividing by theominal composition of Mg in the alloy to capture the mass of
the alloy oxidized. The corresponding corrosion rate (mg§thnwas calculated by
dividing the xidized mass by the expossedrface area and the exposure time. The mass
loss value ionsistently higher thanz€volution value. This is aexpected observation
based on corrosion rate measuremeaported for AZ31B in NaCl (ady. The likely
explanation for theliscrepancy is that the rate of glas collection is not 100%fficient.
Gas bubbles were observed to stick to the corrodiZ@LB-H24 surface, as well as to the
glass surfaces useddonstruct the collection apparatus @med funnel andpsidedown
burette). This is one of the main limitations of ttéshnique’® A contribution from the
oxygen reduction reactiois unlikely as the pH in the solutions under study are less 13,
which seems to be required during corrosionAZI31B whenimmersed in aqueous

alkaline solutions® Despite the discrepandyetween the mass loss and the volumetgic H
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gas ratethe trend with both metrics is the same: corrosion rate decreébeascreasing
dissolved LiCOs and LiOH concentrationdt is clear that dissolved €Oz inhibits
corrosion to a greater exteat pH 11.1: 0.08+0.03 (mass loss) and 0.03+0.01 (H
evolution) mg/cnt/d for dissolved LiCO; versus 0.32+0.06 (mass loss) ahd7+0.07

(Hz evolution) mg/crid for dissolved LiOH.
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Figure 34. H> evolution measurements as a function of immersion time in 0.1 M NacCl
(aq): (a) with dissolved kCOs and (b) with dissolved LIOH. Corrosion rate comparison
between mass loss and Evolution after 96 h immersionc) with dissolved LiCOz
andd) with dissolved LiOH.

Figure 3.5 shows a set of photographic images of the AZBIPB samples taken
after 96 h immersion in 100 mM NaCl (aqg) without and with dissolve@®@4i and LiOH.
Figure3.5(a) shows the surface after immersion in 100 mM NaCl (aq) without additions.

Approximately 70% of sample area is covered with corrosion products associated with the
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filamentlike corrosion mode. Dissolved 4GOs coincides with a significant reduction in

the surface area covered with filamdike corrosion products (Figurés5[b] and [d]). In

fact, filament corrosion product is not observed (with the unaided eye) on the surface
immersed in the solution with 100 mM dissolved@®:z (pH 11.1) (Figure3.5[d]).
Dissolved LIOH also coincides with a significant reductiosunface area covered by the
filamentlike corrosion product (Figure&5[c] and [e]). Filamentike corrosion product

is visibly observed after immersion in the presence of 3 mM dissolveH (&l 11.1)

(Figure3.5[e)).
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(d) (e)

Figure 35. Photographic images of the typical surface appearance after 96 h immersion
in 0.1 M NacCl (aqg) at ambient temperature without (a) and with dissolved 1Cbjréviq
100 mM (d) LkCOz and dssolved 0.4 mMd) and 3 mM ¢€) LiOH.

A set of SVET current density distribution maps acquifiesn AZ31B-H24
during immersion in 0.1 M NaCl (aq) over a 1périod are shown in Figui®6 to give
baseline measuremeniBhe results plotted areonsidered typical from the replicate set
measurements recorded. After 0.5 h of immersion, the presétioe focal anode located
in the top left corner indicatabat localized corrosion had already initiated before this

time. This observation is consesit with the relatively short timesquired for breakdown
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of the native surface film indicated llye OCP response (15 s) shown in FigRige This
focal anode isurrounded by a less intense and more diffuse cathodedbapies the
remainder of the suste. The cathode curresiénsity is somewhat more intense along the
top edge, directlyto the right of the anode. With increased immersion time, ftual
anode tends to separate into a cluster of anodessimiitar current density that traverses
lateraly together across thmurface: initially toward the bottom right corner (as measured
after 2 h) and then across toward the right edge, whereltter separates into two
distinct focal anodes, again wiimilar current density (as measured after 4Timese
focal anodes are surrounded by a less intense and a more difusathode that is the
remainder of the surface. After 6 hiaimersion, only one focal anode can be observed,
which has asignificantly higher current density than the focal anodes piheceded it.
Further immersion times show this focal anadko traverses laterally across the surface:
initially toward thebottom left corner (as measured after 9 h) and then towartbphe
right corner (as measured after 12 h). This miotense focahnode is accompanied by a
more intense cathode (increasadrent density) that is localized in the region trailing
propagatingocal anode, which demonstrates cathodic activation of@h®ded surface.

A photographic image of the corrodsdrfaceafter 12 h immersion is also included. The
majority of thesurface is covered by a dark corrosion product. A small porticheof

intact film remains at the top right corner of the surface.
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Figure 36. Time resolved SVE maps collected during immersion in 0.1 M NaCl (aq) at
ambient temperature. Also included is a photographic image of the working surface after

12 h immersion.

Figure3.7 shows a set of SVET current density distribution maps acquired from
AZ31B-H24 during immersion in 0.1 M NaCl (aq) with 100 mM dissolvegClOs (pH
11.1) for 24 h. After 0.5 h of immersion, a distinct anode and cathode is revealed in the
surface, indicating that corrosion has initiated. The anode is located in the cehtar wi
lateral spread toward the bottom right corner and the cathode is located along the
perimeter of the right half of the surface. The anode is significantly more diffuse and
exhibits a significantly lower current density than that observed without dégsbbCO3
(Figure3.6). With an increase in immersion time up to 4 h, the anode region shifts to the
lower right corner, with a concomitant shift in the cathode to the upper left corner, with

any significant change in the current density of either thelammw cathode. A further
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increase in immersion time to 8 h shifts the anode toward the bottom right corner, with a
concomitant shift in the cathode to include the remainder of the surface. This anode shift
coincides with a higher current density, whichcansistent with a reduction in surface
area occupied by the anode. A further increase in immersion time out to 20 h has little
effect on the anode and cathode in terms of location and current density: the anode and
cathode sites have become fixed in positiThe exception is the development of a
weaker anode shoulder that has formed along the bottom edge toward the right corner.
The photographic image of the corroded surface after 24 h immersion shows the intact
film remains very much intact over the sudasave for the few localized dark spots that
coincide with the fixed anode.

Figure 3.8 shows a set of SVET current density distributioaps acquired from
AZ31B-H24 during immersion in 0.1 M Na@hq) with 3 mM dissolved LiOH (pH 11.1)
for 24 h.After 0.5 h ofimmersion, a distinct anode and cathode region is revealed in the
surface, indicating that corrosion has initiated in this caseedls The anode is located
mostly in the lower right quadrant atide accompanying cathode located mostlyhia t
upper half ofthe surface. Here too, the anode is significantly more diffuseedmits a
significantly lower current density than that obserwathout the 3 mM LIOH addition
(Figure 3.6). An increase irthe immersion time to 8 h shifts the anode entmward the
right half of the surface and the accompanying cathode is simfteel toward the left half
of the surface. A further increaseimmersion time to 20 h has little effect on the anode
and cathoden terms of location and current density. Howevafter 24 hmmersion,

three focal anodes with increased current density are revealed in the bottom left corner.
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These more intendecal anodes are accompanied by a more intense cafimodeased
current density) that is localized in the regipnesumably trailing the propagating focal
anodes, whiclllemonstrates cathodic activation of the corroded surfdaephotographic
image of the corroded surface after 2dnmersion shows the presence of dark corrosion
productcovering a portion. This portioroif the surface is significantlymaller than that
covering the surface immersed in 0.1 M N#&i) without dissolved LiOH. This smaller
portion reveals moreclearly the filamentike nature of the corrosion mode. The
observation ofilamentlike corrosion, complete with cathodactivation, in this alkaline
solution is consistent with SVETeasurements reported in the literature for AZ31
immersed imalkaline NaCl (aq), where pH was shown to significantly affleetfilament

likecormsi on at®values 012.
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Figure 37. Time resolved SVET maps collected during immersion in 0.1 M NaCl (aq)
with dissolved 100 mM LCOs (pH 11.1) at ambient temperaturslso included is a
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photographic image of the working surfaaféer 24 h immersioon. Localized corrosion

indications (dark spots) are identified by Hreows
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Figure 38. Time resolved SVET maps collected during immersion in 0.1 M NaCl (aq)
with dissolved 3 mM LIOH (pH 11.1) at ambient temperature. Also included is a

photographic image of the working surface after 24 h immersion.

A survey scan from each intact film (datat provided here), acquired after a very
gentle sputter cleaning, reveals that the same set of elements are present on the surface:
namely C, O, and Mg. Li was not detected in the intact film formed during immersion in
0.1 M NacCl (aq) with either dissolvetbmpound. Figur&.9 shows the highesolution
Cls, O1s, and Mgls spectra acquired from the three intact surface films. Each Cls
spectrum exhibits two peaks. The lower energy peak, which has a higher intensity, is
consistent with adventitious C on therfface. It is this peak that was used to calibrate all
spectra acquired by assigning it a binding energy of 2848 &We higher energy peak,

which has a lower intensity, is consistent with metal carbonates (288 eV to 290T&e).
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intensity of this metalcarbonate peak is higher on the intact film formed during
immersion in 0.1 M NacCl (aq) with added>CiOs. Given that Li was not detected on the
surface, this metal carbonate is likely Mg€@he formation of MgC@over LCOs is
consistent with the incread thermodynamic stability (lower solubility) of Mge&
Each Mgls spectrum exhibits a single peak. The breadth of the peak is consistent with
there beingoverlapping peaks involving MgO/Mg(OK)1,304.5 eV)! and MgCOs
(1,305 eV)?! The Ols peak structure is more compl&ke peak for the intact film
formed in 0.1 M NaCl (aq) exhibits distinct lower energy shoulder, clearly indicating
overlappingpeaks. The higher energy peak is consistent with a weatabnate (531.5 eV
to 532 eV\},>! whereas the lower energpoulder is consistent with a metal oxide (529 eV
to 530 eV)>! The intact films formed with dissolved 2G0s; and LiOH exhibita single
peak, which is shifted toward metal carbonaktmwever, the breadth of the peak implies

asignificant metal oxideontribution.
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Figure 39. High resolution (a) C 1s, (b) Mg 1s and (c) O 1s XPS peaks acquired intact
surface as formed after 2.5 h immersion in 0.1 M NaCl (aq) at ambient temperature
without and with disolved LiCOs/LiOH (pH 11.1).

Figure 3.10 shows concentration depth profiles for C and O: the two Mg film
forming elements detected. The set profiles for C show that it is enriched at the film
surface relative to the bulk in each case. ThenGchment is significantly higher on the
intact film formed with dissolved kCOs. The thickness of the C enrichment (presumably

MgCGQ) is relatively thin, as it takes 30 s of sputtering or less to remove in each case. The
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set of profiles for O show thatontent within the bulk of the intact film is reasonably
similar. The content is about 45 at%, which suggests the film is comprised of MgO rather
than Mg(OH). Regardless, the more striking feature is the significantly difference in film
thickness, with th films formed during immersion with the dissolvedd®; and LiOH

being much thinner than that formed without (during immersion in 0.1 M Nal

alone).
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Figure 310. Elemental depth profile of the major filming elements Gayand (b) O
comprising the intact surface film as formed 2.5 h immersion in 0.1 M NaCl (aq) at
ambient temperature without and with dissolvegCiQs/LiOH (pH 11.1).

3.5 Discussion
The objective of this work was to determine the extenthih dissolved L:COs
inhibits corrosion of AZ31B424 whenimmersed in NaCl (aq) as a precurseasibility
study toapplying LeCOs (S) as a pretreatment layer within a protectiwating scheme. It
is clear from Figuré&.4 that dissolved LICOs significantlyinhibits corrosion, particularly
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at a concentratio(i00 mM) approaching the solubility limit (172.5 mK&#)Corrosionis
reduced from 0.91+0.11 (mass loss) and 0.5+(Hk8evolution) mg/cri¥d to 0.08+0.03
(mass loss) and 0.08).01 (H evolution) mg/crd¥d with 100 mM dissolved LCQOs: an
order of magnitude reduction. In comparison, dissolved L&DEn equivalent pH (11.1)
only reduces corrosion to 0.32+0.06ass loss) and 0.17+0.07 x(Elolution) mg/cri/d.
The increasethhibition in the presence of dissolved.CiOs relative todissolved LIOH,

at an equivalent pH, indicates added benéikgond alkalinity alone. Key aspects of the
inhibitions arediscussed below.

The chemistry of dissolved 1€0Os can be summarizefbr the most part byhe
following set of chemical reactiorfequilibrium constants quoted for 298 ¥):
0WO | O ¢h Qo 60 ®n Q Y8ppm ©))

CO? (ag+ H,O - HCQ( ay +OH( ay Kk 2 10* (4)

Thus, possible factors affecting corrosion inhibition direatsrived fromthe
dissolved LiCO; include increased pHalkalinity through OH production), LT cation
concentrationand/or the total dissolved carbonate concentration. The faatidsatived
Li2COzs inhibits corrosion of AZ31BH24 to a greateextent than dissolvediQH at an
equivalent pH implies thahhibition beyond alkalinity (pH) is provided by “Lcations
and/ or dissolved carbonate anions. FiguBsll compares the potentiodynamic
polarization curves for AZ31B124 afterconditioning at the OCP for 1 h in 0.1 NaCl
(aq) withoutand withdissolved L#COs and LiOH at pH 11.1. Both additions redube
global cathode (H evolution) and global anode (anodiissolution) kinetics. The global

cathodic kinetics is reducdoly a similar extent, but the global anodic éigs shows
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substantialdifferences. Both additions stifle the global anoHioetics, but dissolved
LioCOs has the greater effect, consistanth the lower global corrosion rate. It follows
that alkalinity alone is likely responsible for the reduced gllobathode(H2 evolution)
kinetics, whereas Lications and/or dissolvedarbonate anions are responsible for the

reduced global anodkinetics beyond what alkalinity alone can achieve.
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Figure 311 Potentiodynamic polarization response measured after conditioning at the
OCP for 1 h in 0.1 M NaCl (ag) at ambient temperature without and with dissolved
Li2CO3/LIOH (pH 11.2).

To help clarify the suspected ‘Lcation effect on theglobal anode kinetics,
replicate potentiodynamic polarizationeasurements were conducted 0.1 M NaCl (aq)
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with the addition of 100 mM NgCO: and 3 mM Na(OH) (aq), respectiveland
compared to the measurements made in the countérmait solutions. The comparison

is shown inFigure 3.12. In the1l00 mM carbonate solution, it is clear that the global
anodic kinetics of AZ31BH24 is lower with dissolved kCOs relative to dissolved
NaCQOs. In contrast, there is no significant differenoethe global anodic kinetics of
AZ31B in the hydroxide solution between dissolved LIOH and NaOH. Based on the

latter, it is clear thathe concentration of Fimatters to corrosiomhibition of AZ31B-

H24.
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Figure 312 Potentiodynamic polarization responseaswwed after conditioning at the
OCP for 1 h in 0.1 M NacCl (aq) at ambient temperature (a) with dissols€D4 ivs.
NaCOz (100 mM) and (b) with dissolved LiOH vs. NaOH (3 mM).

The initial set of timeesolved SVET measurements reveal similar features upon
immersion in both alkaline solutions, consistent with corrosion involving a diffuse anode

and cathode with limited mobility. Such corrosion is consistent with the OCP transient

85



Ph.D. Thesis McMaster University
Basem Zaghloul Materials Science and Engineering

which show that the time required for breakdown of the native surface film to occur is
considerable short (less than 600 s) despite the longer times being recorded in the alkaline
solutions (Tabl82) . Thi s stage has beemn gteasge, bwhle r
corrosion occurs according to Equation (1) with the formation of Mgf{@t#face film
through a dissolutioprecipitation process.The relatively low anodic current density
measured is consistent with the relatively low 2Mgation concetmation required to
saturate the solution at pH 11.1 given the relatively low solubility product of Mg(OH)
(1.24 x 101 M at 25°C in 1 M NaCl(ag).>® A dissolutionprecipitation process for
Mg(OH). formation on Mg corroding in alkaline NaCl (ag) (pH® 11), the growth of
which follows a linear rate law, has been recently verified using in situ Raman
spectroscopy (RMS) and associated kinetic Raman mapping (RRB)stained anodic
dissolution in both cases results from the porous and evolving-byitexide film that

forms in both neutrét>’ and alkaline solutiort$*®and the microgalvanic coupling to-Al

Mn intermetallic particles that serve as fixed active cath®d¥<. The absence of
filamentlike corrosion in the alkaline solutions after comditng at the OCP for 1 h
precludes any significant cathode activation contribution to the global cathode kinetics
(Figure3.11). The similarity in global cathode kinetics is consistent with this description.
The simplest explanation for the lower cathdditetics observed in the alkaline solutions
then is likely the reduction in the equilibrium haHll potential of the H evolution
reaction at pH 11.1 (with dissolved2CiOs/LiIOH) relative to pH 6.9 (withoutlissolved
Li2COs/LIOH), as expected with mixeabtential theory.

Significantly reduced anodic kinetics in theeCOs-alkaline solution, relative to
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the LiOH-alkaline solution, implies that Lications and/or dissolved carbonate anions
play a key role in anodic dissolution. Alloyed Li is believed to#igantly impede the
anodic kinetics through the formation of a more stable oxidized surface layer, the precise
chemistry of which is still being investigatétf?>* Dissolved carbonate (HGOCO:? )
anions, on the other hand, have a com@f&ct on anodic kinetics. Significantly more
focus has been placed on elucidating the effect of bicarbonates{[H&@ons on the
anodic dissolution of Mg and its alloys when considering dissolved &facts on
corrosion®® and corrosion in simulatedodily fluids®¥®? Interestingly, deliberate
HCOs' anion additions (less alkaline) tend to initially increase the anodic kinetics by
enhancing dissolution of the dormed MgO/Mg(OHj) film (exposing bare metal) and
finally inhibiting anodic dissolution &r an insoluble MgCe&corrosion product forms on
the bare metal surfaéé.In contrast, deliberate G®' additions (more alkaline) tend to
decrease anodic dissolution, presumably by the formation of a Mg@@sion product
overlayer that serves as aystical barrie* The XPS results, which show the formation
of a thin MgCQ corrosion product ovdayer on the intact MgO/Mg(OH)surface film,
formed in the LiCOs-alkaline solution, provide some support for as€@nioninduced
inhibition of the anodidissolution kinetics. However, as argued below, it is beli¢hat
Li* cations are responsible for the anodic dissolution inhibition observed.

A striking feature associated with the corrosion inhibition observed is the
suppression dfilamentlike corrosion, at least on the macroscale. As discussed earlier, a
Afilm formationd stage is quickly establ is

Initiation of the filamemdike corrosion requires the localized breakdown of the intact
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su face film that forms during the Afilm fo
of the filamentlike corrosion occurs rather quickly in 0.1 M NaCl (aq), as shown by the
SVET measurement taken after 2 h of immersion. The onset is significantledétapne
LiOH-alkaline solution, requiring at least 22 h of immersion to develop, whereas it does
not develop within 24 h of immersion in the.CiOz-alkaline solution. However, the
localized dark spots are indicative that localized corrosion has initfated

The delayed breakdown in alkaline solution can be explained by the higher
relative stability of the intact surface film in alkaline solutions. As the XPS analysis
indicates, this film is comprised of MgO and Mg(QHJs major components. Direct
imagingand characterization by TEM and associated techniques of the intact film formed
on Mg and its alloys during immersion in aqueous solutions consistently shows a layered
structure with a thin, compact MgO layer residing at the film/metal intefffc8 This
layer is prone to chemical dissolution (hydration) and associated-siase when in
contact with watef;®> with the hydration kinetics being much slower in alkaline
solutions®®®” It is expected that bare metal is exposed at these hydiationed stress
rupture sites that trigger localized corrosion initiation, which is the mode being dictated
by solution chemistry. If we can take a cue from what is known about filament
propagation, then it is reasonable to consider that cathodic activdtibe dissolving
bare metal site plays a key role in filament initiation. In the Li@lkhline solution,
cathodic activation occurs and filamdikie corrosion initiates, albeit with a lower anodic
and cathodic current density relative to the 0.1 M Na@) @ase. In contrast, in the

LioCQs-alkaline solution, it is proposed that cathodic activation is effectively suppressed
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by the formation of a Lcontaining oxide/hydroxide, with a similar mechanism to that
proposed for MgLi-(Al-Y-Zr) alloys after the inial dissolution of the air formed COs
layer3? More research in the form of sispecific surface analysis of the breakdown site
(dark regions in Figur8.7) is necessary to confirm this hypothesis.

An alternative theory for the suppression of cathaglitivation involves the
formation of MgCQ on the dissolving bare metal surface, as suggested for Mg anodically
dissolving in 0.1 M N£COs (aq)%* However, such formation is ruled unlikely considering
the chemical stability for Mg(OH)elative to MgCQ at pH 11.1, with the former being
more stable at the GO®' concentration ofD100 mM used in this study. Without
cathodic activation, localized corrosion likely occurs with the continued anodic
dissolution through the surface films formed with the necgssathodic current being
supplied by nearby AMn intermetallic particles, which serve as active cathodes. There is
clearly a need for more research to elucidate the underlying dissok@@:slinhibition
mechanism. Planned studies include pretreating 824324 with LiCO;z coating applied
via a chemical deposition process that will be coupled withspigeific surface analysis
of focused ion beam sample preparation for characterization by TEM and associated

techniques.

3.6 Conclusions
U Dissolved LyCGOs significantly inhibits corrosion of AZ318124 in 0.1 M NacCl
(ag) at ambient temperature. The addition of 100 mM, which is below the
solubility limit at 25°C, reduces corrosion by a factor of 10. Inhibition involves
both the anode (anodic dissolution) dhd cathode (KHevolution) processes. The
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increased inhibition in the presence of dissolvesCOs, relative to dissolved
LiIOH at an equivalent pH, indicates addbdnefits of dissolved Li beyond
alkalinity alone.

U Corrosion inhibition is directly tied tohe suppression of the filamelike
corrosion mode and associated cathodic activation. Corrosion in the presence of
dissolved LiCOss t i | | invol ves initial Afilm for
the growth of an oxide/hydroxide surface film. Howevdre ttransition to
filamentlike corrosion, and associated cathodic activation, at a breakdown site is
suppressed by the presence of dissolve€@i. More research is required to
delineate the fine scale electrochemical processes that are responsitiis for

suppression.
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3.9 Supporting information

Figure 313. Crosssectional SEM images F&Z31B-H24 of hydrogen evolution and
mass loss measurements for 4 days in 0.1 M NacCl (aq) (a) 0 mM and (b) 200 mM (pH
11.1) LkCGOs (aq).

. .
mage for AZ31B in 0.1 M NaCl (aq) after 2.5 h
immersion time, (b) Low magnification SEM for AZ31B in 0.1 M NaCl (aq) with 100
mM Li>COz(aq) after 2.5 h immersion time, (c) Higher magnification of marked area in

-

Figu 4. (a) Low magnification SEM i

(a) and (d) Higher magnification of marked area in (b).
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4.1 Abstract
The extent of corrosion inhibition of Mg alloy ZEK100 in 100 mM NaCl (aq) imparted by
dissolved LiCOs (aq), with a particular focus on Li incorporation into the surface film
that forms under activated anodic dissolution (anodic polarization) was determined.
Dissolved LyCOs reduces corrosion by a factor of ~12 when added at a concentration
(100 mM) just lelow saturation. Effective inhibition involves suppressing the transition to
filamentlike corrosion, and associated anode/cathode activation, initiating at local
breakdown sites. Such suppression is linked to the formation-dbped MgO as a
corrosion poduct film during activated anodic dissolution. When formed by anodic
polarization, the film composition also significantly affects the chloride ion distribution
with the film. Without Li incorporation, chloride ions tend to enrich at the film/metal
interface, whereas with Li incorporation, chloride ions tend to be uniformly distributed

within the film.
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4.2 Introduction

The low temperature formability of lightweight Mg alloy ZEK100 (1.3% Zn,
0.2% Nd, 0.25% Zr, balance Mg) sheet metal continuestt@ct interest in the
automotive industry as a means to reduce vehicle weight (with concomitant improved fuel
efficiency) through use of multhaterial structural assembliés. Increase utilization,
however, continues to be stifled by corrosion, patéidy so in NaCl (agf®. Similar to
Mg alloy AZ31B (3% Al, 1% Zn, 0.5% Mn, balance M§}!, corrosion of ZEK100
occurs via a localized filametike mode that is driven by enhanced ¢hs evolution
(cathode activation) of the dissolving surface (anode activatfdfi) The mode involves
the initiation of local activated anodes on the filmed surface, likely at secondary phase
particles that serve as cathode® The local activatednodes then propagate across the
filmed surface driven by cathode activation, which mostly takes place at the local anode
site, but with some contribution from the porous oxide/hydroxide corrosion products left
behind!"®, A consensus on the cathode \aation mechanism has yet to be attaifed
Proposed theories currently include the formation of an activated cathode either on the
bare dissolving surfacé?2 noble metal enrichment due to selective dissolution ofMg
25 or re-deposition?®?’, or freshly formed Mg(OH)?2. An alternative, recently revisited,
theory is the formation and subsequent dissolution of MgH

Application of a protective coating is the desired corrosion control strategy for Mg
alloys in the automotive indust§®®®2. As a minimum for corrosion control, typical
schemes include a surface freatment barrier layer and a polyrieErsed sealant over

layer. The storage of inhibiting (inorganic or organic) compounds for controlled release at
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coating defects sites, howeueitiated, is a key design criterion for the development of
next generation coating schemes. The concept is exemplified by the improved corrosion
control of Mg alloys coated with inhibitor intercalated 4exchangeable hydrotalcite
(HT) or layered doubleydroxide (LDH) surface pr&reated layers>®®. It follows that a
welldevel oped understanding of a given inhib
bare Mg alloys in NaCl (aq) is critical to inhibitor selection and, thus coating design.
Inhibitor types studied in this context include anode/cathode site specific adsorption and
barrier/blocking effects of anionic surfactafitd®, complexing of dissolved noble metal
(relative to Mg) to prevent rdeposition and associated cathode activafith and
sparingly soluble anions to promote surface film formatfdfl

Combining the beneficial effect of Li, as an alloying element, on stifling the
anodic kineticsof Mg°and of di s s o PWand tot@l Higsolvachcarbonase
anions (C@? JHCQ4'), produce by dissolving a carbonate $&f* on stifling both the
anode and cathode kinetics of Mg, we investigated the inhibition extent imparted by
dissolved LiCOs (ag) on the corrosion of AZ31B24 in 0.1 M NaCl (aq) with
promising results®®. We showed that dissolved 4G0Os; (aq) inhibits corrosion by
suppressing the filametike corrosion mode and associated anode/cathode activation at
breakdown sites. We also showed that inhibition involves a reduction in both the global
anode (anodic dissolutip and the global cathode {lévolution) kinetics. We proposed
the formation of a L-containing oxide/hydroxide, with a similar mechanism to that

proposed for MegLi-(Al-Y-Zr) alloys when corroding in NaCl (agf®8 forms at
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breakdown sites to provide thehibition observed, but presented no surface analysis
evidence.

The purpose of this work was to determine the extent of corrosion inhibition of
Mg alloy ZEK100 in 0.1 M NacCl (aq) imparted by dissolvedd@s (aq), in terms of the
combinatory inhibiting #ect of Li* (aq), OH (ag) and C& JHCOs' (aq). A particular
focus was placed on determining the extent of Li incorporation into the surface film that
forms under activated anodic dissolution (anodic polarization) in the presence of
dissolved LiCQOs. Conventional electrochemical and bulk immemsimeasurements
coupled with site specific Xay photoelectron spectroscopy (XPS) and conventional and

scanning transmission electron microscopy (TEM/STEM) were used for this purpose.

4.3 Experimental

Commercial ZEK100 sheet metal with a nominal thickness .Bf thm was
supplied by Magna International (originally from Luxfer MEL Technologies (formerly
Magnesium Elecktron)) in the fullgnnealed O temper. Inductively coupled plasma
optical emission spectroscopy (IKFES) was used to determine the chemical
compaition: 1.4% Zn + 0.2% Nd + 0.28% Zr, balance Mg. A typical thteeensional
orthogonal view of the etched microstructure is shown in Figure 4.1a. The microstructure
is comprised of a single phase (-4dobiey matr
seond phase intermetallic particles. These include ternaryZMiid and Zfrich
particles'?°%€0 The typical appearance and elemental composition of the second phase

particles is shown in Figure 4.1b by the backscattered electron image and associated EDS
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line scans. The average grain size (measured for théRplane using the Heyn lineal

~
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Figure 41. (a) Threedimensional microstructure of the ZEK100 sheet metal
reconstructed using light optical microscopy images. (b) 4saektered image of cross
sectional microstate showing typical appearance of second phase particles and associated

SEM-EDS line scan showing elemental composition profile across such particles.

The inhibition effect of 0.1 M iCOs (aq) on corrosion of ZEK100 immersed in
0.1 M NaCl (aq) at ambient temperature was assessed using electrochemical polarization,
volumetric B evolution and gravimetric mass loss. Thed®z (aq) concentration chosen

for study (0.1 M) is just below saturation: 12.75 g/L (0.1725 M) at 25'°@/e showed
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that this concentration, over the range from 0.0001 M to 0.1 M, inhibited corrosion of
AZ31B-H24 to the greatest extett The pH of this inhibiting solution is 11.1. Slar
testing was conducted in pairs of test solutions to determine combinatory effects of
dissolved LT cations, OHanions and C& THCQOs' anions on corrosion inhibition. Table

1 summarizes the solutions. Of the six solutions, two aremaaral (pH ~7)and the
remaining four are alkaline with pH ~11. In particular, solution 6 versus solution 1
provides the combinatory inhibiting effect of*l{ag), OH (aq) and C& /HCGOs' (aq).
Solution 2 versus solution 1 isolates the inhibiting effect 6f(ag) at neaneutral pH

(=7). Solutions 3 and 4 versus solution 1 isolate the inhibiting effect 6f(@H with a

high and low Li (aq) concentration at alkaline pH (~11). Finaflg|utions 5 and 6 versus
solution 1 isolate the inhibiting effect of GYHCQO4' (aqg) with and without a high Li

(aq) concentration. All solutions were prepared fresh, using reagent grade chemicals and
distilled water, and naturally aerated during testing

Table 41. Summary of Test Solutions

No. | Test Solution Li* (aq) OH' (ag) CO#*'/HCO4 (aq)
1 100 mM NaCl (Baseline) No No No

2 100 mM LiClI Yes (high) No No

3 100 mMNaCl + 3mM LiOH Yes (low) Yes No

4 100 mM LiCl + 3 mM LiOH Yes (high) Yes No

5 100 M NaCl +100 mM NaxCOs; | No Yes Yes

6 100 mMNacCl + 100 mM Li»COs Yes (high) Yes Yes

Electrochemical measurements, including oepecouit potential (OCP) and
potentiecdynamic polarization, were conducted using a conventional three electrode
polarization cell. A saturated calomel electrode (SCE) was used a reference electrode and

a graphiterod was used as a counter electrode. The sequence used consisted of an 1 h
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immersion at the OCP followed by a potentiodynamic polarization using scan rate of 1
mV/ s, starting at a pot essthtée @QJP recozdédiaftemivh. r e | a
Eachpolarization measurement was repeated at least three times for reproducibility. A
computefc ont rol | ed Gamry Ref erence 600E pot ¢
measurements. The RID plane of ZEK100 served as the working surface. A coated Cu
wire was attachetb the back face of a square (10 mm x 10 mm) sample before cold
mounting in epoxy resin with the front face exposed to create a working electrode. The
working surface was mechanically abraded to a 2400 grit surface finish, using SiC
abrasive pape(CAMI 800/FEPA P2400, micron 14nd an ethylene glycathanol
lubricant, and then rinsed with ethanol and dried with an absorbent Wipse
measurements were not IR corrected.

Bulk immersion tests (96 h in duration) were used to determine the corrosion
kinetics via volumetric H evolution measurements made as a function of immersion
time. Larger square (15 mm x 15 mm) samples were used for bulk immersion testing. The
face and edge surfaces were prepared using the meckamiaalon procedure already
describd. Volumetric b evolution measurements were made using the inverted burette
method®. The working sample was placed flat on a rubber stopper on the bottom of a
beaker containing 1500 mL of the test solution, centered underneath an inverted burette.
A glass funnel, with a diameter much larger than the working sample, was attached to the
open end of the inverted burette to help improve efficiency obutble collection. A
mass loss measurement was also made after the 96 h duration, using a digitalbtdance

0.1 mg precision. A secant rate was determined using this value for comparative
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purposes. The measurement was made after removal of corrosion products, which
involved immersing the corroded sample in a solution comprised of 200 g COQY
AgNOs and20 g Ba(NQ). dissolved in 1000 mL water for 60 s at room temperature (as
described in ASTM G1). Each immersion test was repeated three times for
reproducibility.

XPS was used to determine the composition of the intact surface film that formed
on square saples (10 mm x 10 mm) during shaetrm immersion (2.5 h) in 0.1 M NacCl
(agq) with and without dissolved 4G0Os. The working surface (RDD plane) was
prepared using the mechanieddrasion procedure already described. A PHI Quantera |l
Scanning XPS Micrombe instrument was used for this purpose. Spectra were acquired
using monochromatic Al Ka Xays at 1487 eV and a 45° taklf angle. The survey was
acquired using a pass energy of 224 eV and a step size of 0.8 eV. High resolution peaks
of elements of inteest were acquired using a pass energy of 26 eV and a step size of 0.8
ev.

TEM/STEM was used to determine the composition of the film formed under
potentiostatic anodic polarization using the electrochemical apparatus already described.
Two 0.1 M NaCl(aq) based solutions were used: one with dissolvgti@sand the other
with dissolved NgCOs. The potential was held for 30 nuites at a value 150 mV more
positive than the OCP, which was established after 1 h conditioning. Working samples
were carefullyremoved from the epoxy mount after anodic polarization. FIB milling
(Zeiss NVisionA 40 FIB microscope) was t h

crosssectional foils of the anodic film suitable for the TEM/STEM examination (Thermo
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Scientific Tale 200X equipped with a Gatan ContinuumS GIF EELS spectrometer and a
SuperX EDS system). Since the anodic films produced were relatively thin, an initial
protective layer of C was electron beam deposited on the region of interest followed by an
overlayerof ion beam deposited W. The foils were examined using an operating voltage
of 200 kV with a cryogenic stage used to
to minimize electron beam damage. This procedure has proved successful in resolving

fine scaé features of anodic films formed on Nitand Mg alloy$53

44 Results

Figure 4.2 shows four OCP transient comparisons for ZEK100 immersed in the
different solutions listed in Tabld.1l. Collectively, the OCP transients show similar
features, namely aimitial rapid increase to a local maximum value and subsequent
relatively slower decay to a local minimum value followed by a small increase to a quasi
steady state value. Such features are commonly observed in OCP transients of Mg and
Mg alloy in agueousaline solutions. The local maximum attained has been correlated
with the breakdown of the intact surface film and, thus demarcates a breakdown potential
(Epn) 54 Thus, relative differences in the chemical stability of the intact surface film
against beakdown and associated localized corrosion can be assessed based on the time
to reach B Such a comparison in presented in Takke In general, the time to reach E

is longer time in the alkaline solutions.
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Figure 42. OCP tansients for ZEK100 immersed in the different solutions listed in Table
4.1: solution 1: 100 mM NacCl (aq) (baseline); solution 2: 100 mM LiCl (aq); solution 3:
100 mM NacCl (ag) + 3 mM LIOH (aq); solution 4: 100 mM LiCl (aq) + 3 mM LiOH
(aq); solution 5100 mM NaCl (aq) + 100 mM N&Os (aq); solution 6: 100 mM NaCl

(ag) + 100 mM LiCOs (aq).
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Table 42. Time Required for Surface Film Breakdown,YE

No. pH Solution Composition Time (s) Eb (VscE)

1 NearNeutral (~7) 100 mM NacCl 64 14 T1.64
2 NearNeutral (~7) 100 mM LiCl 62 £31 T1.58
3 Alkaline (~11) 100 mM NaCl + 3 mM LiOH 99+7 T1.62
4 Alkaline (~11) 100 mM LiCI + 3 mM LiOH 88 + 23 T1.509
5 Alkaline (~11) 100 m M NaCl + 100 mM N&LOs 261 +59 T1.58
6 Alkaline (~11) 100 mM NaCl + 100 mM LCGOs; 2971+ 37 i1.56

Several observations regarding the combinatory effect of the inhibitors on the
relative stability of the intact surface film (time teach k) formed on ZEK100 are
extracted. First, replacingl00 mM NaCl (aq) with 100 mM LiCl (ag) has no significant
effect on increasing the relative chemical stability of the intact surface film (Fgbg
The time to reach fHs essentially the sanwnsidering the experimental errors reported
the replicate measurement sets: 62 + 31 s for LiCl (aq) versus 64 = 14 s for NaCl (aq).
Second, the addition of 3mM LIiOH (aq) has a beneficial effect on the chemical stability
of the intact surface film, relatvto the baseline (Figure2c). The time to reachpks
increased: 99 = 7 s with LIOH (aq) versus 64 + 14 s without. However, no additional
benefit is observed when replacing 100 mM NaCl (aq) with 200 mM LiCl (aq). The time
to reach k is essentially the same considering the experimental errors reported the
replicate measurement sets: 88 + 23 s for LiCl (aq) with LiOH versus 99 £+ 7 s NaCl (aq)
with LiOH (aq). Third, the addition of 100 mM NaOs (aq) also has a beneficial effect
on thechemical stability of the intact surface film, relative to the baseline (Figad.

The time to reach Hs increased, relative to the baseline: 261 + 59 s wittCRa(aq)
versus 64 = 14 s without. However, a substantial additional benefit is obsemesd

replacing 100 mM N Oz with 100 mM LeCO:s (aq). The time to reachyEs sustainably
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increased: 2971 + 37 s withCOs (aq) versus 261 + 59 s with M20s (aq). Thus, the
largest increase in the time to breakdown, relative to the baseline (solytismhigerved
with the addition of 100 mM LCQO:s (solution 6).

Figure4.3 shows four potentiodynamic polarization measurement comparisons for
ZEK100 immersed in the different solutions listed in Table Figure4.3a shows the
effect of adding 100 mM kLCOs (aqg) on the polarization response of ZEK100, relative to
the baseline solution. The addition coincides with a significant reduction in both the
global anode and cathode kinetics. The global anode kinetics exhibit an increased
polarizability with dissoled LbCOs present, which is indicative of the formation of a
more protective surface film. Regarding the combinatory effect of the inhibitors, the
following observations are extracted from the remaining comparisons. First, replacing
100 mM NaCl (aqg) with 10 mM LiCl (ag) has no significant effect on either the global
anode or cathode kinetics (Figut@b). Second, the addition of 3mM LiOH (aq) reduces
both the global anode and cathode kinetics, relative to the baseline (Bigaje
However, the additionds little effect on the polarizability of the global anode kinetics.
An additional reduction in global cathode kinetics is observed when repla@hgnM
NaCl (aq) with 100 mM LiCl (aq) in combination with 3 mM LiOH (aq). However, there
is no effect on glohl anode kinetics other than being shifted to more negative potentials.
Third, the addition of 100 mM NE&Os (aq) also reduces both the global anode and
cathode kinetics, relative to the baseline (FigtiBdl). The addition also increases the

polarizability of the global anode kinetics. An additional reduction in both the global
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anode and cathode kinetics is observed when replacing 100 n®ONé&q) with 100

mM Li>CGQs (aqg), without altering the increasedigrizability of the anode kinetics.

a b
-1.2 -1.2
- 13 = 13 23
g -1.4 % -14
Z .15 < -1.5 1
£ -1.6 E -1.6
S 1.7 S 1
< -L s - i
~ 1.8 6 ~ 1.8
-1.9 -1.9 — T
104 10°% 102 10" 10° 104 10°% 102 10" 10"
Current Density (mA/cmz) Current Density (mA/cmZ)
C d
-1.2 -1.2
a -1-3 % '1-3 1
S -14 S -14 |
2 .15 < -15
2 -1.6 2 1.6 |
= =
2 -1.7 2 -1.7 1
=] =]
~ 8 = 18
-1.9 - : : : . -1.9 : - ‘ :
104 103  10% 107 10° 104 10° 102 10" 10°
Current Density (mA/cm2) Current Density (mA/cm2)

Figure 43. Potentiodynamic anodic polarization measurements for ZEK100 immersed in
the different solutions listed in Table 4.1: solution 1: 100 mM NacCl (aq) (baseline);
solution 2: 100 mM L&I (aq); solution 3: 100 mM NaCl (ag) + 3 mM LiOH (aq);
solution 4: 100 mM LiCl (ag) + 3 mM LiOH (aq); solution 5: 100 mM NacCl (aq) + 100
mM NaCGOs (aq); solution 6: 100 mM NaCl (aqg) + 100 mMCiOs (aq).

Plots comparing the volumetric ;Hevolution measurements made during

corrosion of ZEK100 immersed in the different solutions listed in Talllare shown in
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Figure4.4. H evolution during the corrosion follows a linear rate law in all solutions,
regardless of composition and pH. Th&wRlue for each case is included in the legend
for comparative purposes. The linear rate constants are listed indTablde addition of
100 mM dissolved LiCGOs significantly reduces the rate of:tdvolution by an order of
magnitude (by a factor of 11,5)elative to the baseline (Figukeda). The following
observations are extracted for combinatory effect of the inhibitors. First, replHdihg
mM NacCl (aq) with 100 mM LiCl (aqg) reduces the evolution rate to a small extent
(Figure4.4b): from 0.369 td.221 mL/cni/day. Second, the addition of 3 mM LiOH (aq)
reduces K evolution rate to a larger extent (Figu#e4c): from 0.369 to 0.067
mL/cn?/day. Replacind00 mM NaCl (aqg) with 100 mM LiCl (aq), in combination with
3 mM LiOH (aq), reduces the rate foer: from 0.067 to 0.44 mL/ciday. Third, the
addition of 100 mM NgCQOs (aq) also reduces thezHvolution rate to a large extent
(Figure 4.4d): from 0.369 to 0.035 mlL/citday. An additional reduction in rate is
observed when replacing 100 mM 488 (aq)with 100 mM LeCO:s (aq): from 0.035 to
0.032 mL/cri/day.

The linear rate constants extracted from the volumetric dvolution
measurements were converted to corresponding corrosion rate. This was achieved by first
converting the volume of Hevolved to moles of Hevolved using the ideal gas law.
Then it was assumed that 1 mole of ¢gds was evolved for each mole of Mt was

oxidized (100% efficiency) according to:

Mg (9 +2H,0(l) - Mg(OH),(aq +H (9 1)
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Figure 44. Volumetric B measurements for ZEK100 immersed in the different solutions
listed in Table 4.1: solution 1: 100 mM NaCl (aq) (baseline); solution 2: 100 mM LIiCl
(aq); solution 3: 100 mM NacCl (aq) + 3 mM LiOH (aq); solution 4: 100 mM LiCl (aq) +
3 mM LiOH (aq); solutiorb: 100 mM NacCl (aq) + 100 mM N@Gs (aq); solution 6: 100

mM NacCl (aq) + 100 mM LiCOs (aq). R values listed are for the superimposed linear

rate law in each case.

The moles of oxidized Mg were converted to a mass of oxidized Mg, which were
then adjustedby dividing by the nominal composition of Mg in the alloy to determine the

mass of alloy oxidized. Dividing the mass of alloy oxidized by both the exposed surface
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