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Summary

The main objective of this dissertation is to demonstrate two strategies for incorporating highly
efficient organic corrosion inhibitors into aerospace coatings and to establish fundamental
guidelines for designing such coatings. Each chapter tackles important scientific and industrial
challenges related to corrosion, organic inhibitors, and coating systems, using newly developed
inhibitor-loading strategies, lab-scale operando optics, electrochemistry, spectroscopic and
surface techniques, and industrial techniques.

Chapter 1 introduces the field of anticorrosion aerospace coatings, the protection mechanisms
used by organic corrosion inhibitors, and a range of strategies to integrate these inhibitors into
coatings, from nano/microcarriers to the here introduced use of gas-phase deposition onto organic
particles. This literature overview emphasizes the limited information available on: (i) inhibitor
layer stability as function of its interaction with the surface and environment, and (ii) strategies
to load high amounts of organic corrosion inhibitors in coatings ensuring full inhibitor availability
for long-term and cyclic protection. The chapter concludes by outlining the research objectives
and dividing the thesis into three sections.

Section 1 (Chapter 2) introduces the potential of the state-of-the-art diatom technology at the
start of this thesis in the context of model aircraft coatings and highly demanding industrial testing:
i.e. using natural silica microcarriers (fossilized diatom exoskeletons or diatomite or
diatomaceous earth or DE) for loading inorganic and organic corrosion inhibitors. To this aim,
we used a previously established inhibitor loading strategy for diatomite, load lab-scale model
aircraft primers with these carriers and assess their corrosion behavior through salt fog spray tests
and droplet tests. These accelerated tests simulate to some extent harsh environmental conditions
encountered by aircraft and are commonly used to screen anticorrosive coatings and to progress
towards higher technology readiness levels (TRLs). The results indicate that, with the state-of-
the-art technology, Ce(NOs); loaded diatomite outperforms in protection the one offered by
diatomite loaded with two organic inhibitors. However, the results also demonstrate that the
synergy between diatomite carriers with two organic inhibitors and between diatomite with
Ce(NOs)s and 2,5-dimercapto-1,3,4-thiadiazole (HDMTD) are very efficient strategies with room
for improvement but good potential to reduce the use of rare earth based inhibitors and other
critical raw materials in corrosion protection.

Section 2 (Chapters 3, 4 and 5) delves into the fundamental understanding of the protection
mechanisms of selected organic inhibitors (HDMTD and KDMTD) and technological
improvements to allow their efficient loading in diatomite carriers.

Chapter 3 compares the behavior of diatomite particles loaded with two chemically comparable
inhibitor salts (i.e., HDMTD and KDMTD) in coatings, emphasizing the relevance of inhibitor
acidity and ionic state over concentration. While HDMTD demonstrates higher intrinsic
protection in solution, its performance in epoxy coatings is reduced by side reactions with the
epoxy-amine binder. In contrast, KDMTD, due to its ionic state, offers advantages such as high-
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water solubility and lower reactivity with the polymer matrix than HDMTD. Both inhibitors were
incorporated into coatings using diatom exoskeletons as microcarriers. Results indicate that
loading of both inhibitors in diatomite microcarriers is possible but that this strategy does not
fully limit epoxy-amine diffusion into the carriers. As a consequence, HDMTD reacts relatively
more with the matrix than KDMTD, hence leading to faster and more abundant inhibitor release
in the case of KDMTD. Optical analysis showed that this higher release is also related to ‘coating
sweating’ in the case of KDMTD due to its high hygroscopic character. Operando reflected
microscopy of damaged coatings allowed analyzing the exposed metal at a defect as well as the
coating activity around the damage. The results show, for the HDMTD-diatomite samples, very
low levels of degradation (limited to minimal IM dealloying) at all pH conditions tested (pH 5, 7,
10) despite slower and lower inhibitor release even after wet-dry cycles. Interestingly, KDMTD-
diatomite samples showed comparable inhibiting efficiency when acid pHs were used (pH 5) but
relatively higher degradation at pH 7 and 10 despite higher inhibitor amounts were released. The
work highlights the importance of optimizing inhibitor structure and ionic state over release
concentration to enhance corrosion protection but also hints at the potential use of KDMTD
provided the pH is acidic and the loading challenges for hygroscopic inhibitors are solved.

Chapter 4 addresses some challenges identified in Chapter 3 for the use of KDMTD and
investigates if diatomite surface modification can affect loading and release of KDMTD into
diatomite and how it can protect it from the matrix and humidity to decrease ‘coating sweating’,
two aspects limiting the use of this highly water-soluble inhibitor. To this aim, three
trichlorosilanes with varying alkyl chain lengths (C4, C8, C18) were used to modify the surface
of Aulacoseira-type diatomite (DE) prior to KDMTD loading. Results show an optimal chain
length at C8 with 3.5 times higher inhibitor adsorption and 35% more release (i.e. 70-75% of the
loaded inhibitor) than without surface modification. When incorporated into organic coatings, the
C8-modified DE-KDMTD particles also showed better dispersion in epoxy-amine matrices, with
minimal resin infusion into the diatomite shells, making around 35% more inhibitor available for
release based on release studies from coatings. In contrast with the results showed in Chapter 3,
operando reflected microscopy reveals good protection at damaged sites when using KDMTD at
pH7 provided C8-modified diatomite is used, even though local corrosion is not completely
eliminated. At pH 5, excellent protection from corrosion with no detectable degradation signs is
observed. Re-exposure tests show that coatings with C8-modified DE particles maintain well
their protective efficiency during the studied immersion and re-immersion conditions. These
findings show that surface modification of diatomite enables more effective loading of KDMTD,
minimizes negative interactions with the coating matrix, and improves sustained protection at
damaged sites by enhancing inhibitor release even though the sweating problem is not fully
solved.

Chapter 5 deepens into the fundamental mechanisms behind the high levels of corrosion
protection observed for AA2024-T3 in presence of HDMTD, highlights the role of small NaCl
concentrations as a factor to improve corrosion inhibitor efficiency and introduces the concept of
inhibiting layer stability as a largely unexplored factor responsible for efficient corrosion
protection. To this aim, AA2024-T3, with or without 1mM HDMTD, was exposed to varying
NaCl concentrations (0 to 0.5 M) and re-immersed into un-inhibited NaCl solutions. Analysis at
the macroscopic level using reflected microscopy and electrochemical noise as well as local
analysis at intermetallic (IM) level using Raman microscopy and XPS allowed studying the effect
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of the immersion conditions on the chemical state of the corrosion inhibitor as function of the IM
metallurgy (composition) and its relation to local protection. Results show that HDMTD at low
concentrations effectively inhibits corrosion, even in NaCl-rich electrolytes. HDMTD adsorption
increases with the reduction of aluminum (hydro)oxide, particularly at higher NaCl levels, and is
more concentrated at the S-phase, even if present on the whole surface. The type of interaction
varies with NaCl concentration, with more stable chemisorption dominating at low NaCl levels.
The stability of inhibiting layers is confirmed during re-exposure to NaCl solutions without
inhibitors, especially in samples where layers formed in the presence of small amounts of NaCl,
hence leading to more stable and protective layers. These findings offer new insights into the
protective mechanism of HDMTD as a corrosion inhibitor for AA2024-T3. The observed
compositional variations of HDMTD on the metal surface as function of metallurgy, along with
the influence of NaCl and acidity in forming stable inhibiting layers, pave the way for developing
more stable inhibiting layers.

Section 3 (Chapters 6 and 7) presents a novel strategy, based on gas-deposition of nanolayers
onto HDMTD microparticles in a fluidized bed, aiming at reducing the reactivity of HDMTD
with the polymer matrix while maximizing the amounts of HMDTD added to the coating.

Chapter 6 introduces and validates this new strategy by depositing a TiOx nanolayer on HDMTD
microparticles and incorporating these into epoxy-amine matrices applied onto aerospace-grade
aluminum alloy AA2024-T3. Operando reflected microscopy, thermal analysis, and inhibitor
release tests indicate that a 20 nm nanolayer significantly enhances particle dispersion and
reduces the interaction between HDMTD and the epoxy-amine matrix. Local operando reflected
microscopy, combined with electrochemical potential noise and release tests, demonstrates that
the gas-phase deposited nanolayer not only improves dispersion but also enhances inhibitor
release and provides effective long-term protection at damaged sites exposed to wet-wash-dry
cycles. The findings also emphasize the importance of sufficient inhibitor release during the
initial immersion to ensure both initial protection and the formation of stable inhibiting layers
during re-immersion that can be further maintained by extra release of low inhibitor
concentrations.

Chapter 7 moves to a higher Technology Readiness Level to study the potential of this new
strategy in a lab-scale aircraft model primer. Aircraft primers are prepared using 3%, 6%, and 10%
pigment volume concentration (PVC) of TiOx nanolayer-coated HDMTD microparticles
(HDMTD/TIiOy) in 25% PVC coatings applied to AA2024-T3 substrates. Corrosion protection at
damaged sites is evaluated using operando reflected microscopy during 24h immersion in 0.5M
NaCl solution, a 7-day droplet test, and a 1000-hour neutral salt fog spray (NSS) test. The results
indicate high levels of protection in all three tests for all coatings. However, the nanolayer-
protected inhibitor pigments were behind some blistering during the NSS test. Among the
coatings, the 6% PVC HDMTD/TiOy coating (4.3 wt% inhibitors, similar to the coatings in
Chapter 2) provided the best balance between strong protection at damaged sites and minimized
blistering. The study suggests that, for the tests performed, high levels of protection at scribes is
possible with relatively low organic corrosion inhibitor amounts in the coating provided side
reactions are prevented. The findings highlight the potential of this new strategy as well as the
room for development to reduce blistering and increase corrosion protection durability,
considering the versatility in the chemistry and layer properties of the nanolayers and the range
of available corrosion inhibitor chemistries.
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Overall, the findings and the two loading strategies (diatomite carriers and gas-phase deposition
of nanolayers) studied and discussed in this dissertation offer new insights to overcome long-
standing challenges in the design of anticorrosion aerospace coating using organic inhibitors.

In summary, the following critical aspects identified for the study case in this thesis (AA2024-
T3, HDMTD inhibiting salts) may have universal value and should be considered in anticorrosion
coating design with organic inhibitors:

(i)

(i)

(iii)

Besides the concentration of inhibitors in the coating, factors such as acidity, the
ionic state of inhibitors (Chapter 3), and the presence of oxide destabilizing ions in
the electrolyte (such as CI) (Chapter 5) play a crucial role in the inhibition
mechanisms, efficiency and inhibiting layer stability provided by organic inhibitors.
Isolating the organic inhibitors in organic coating matrices can effectively improve
the dispersion of inhibitor particles in the coating, reduce the unwanted side
reactions, and enable sufficient inhibitor release. This approach, is demonstrated by
both the diatomite surface modification (Chapter 4) and the gas-phase deposition
of a nanolayer on the inhibitor microparticles (Chapters 6 and 7), significantly
enhancing corrosion inhibition.

Rapid and sufficient inhibitor release during the initial immersion is essential to
prevent the rapid dealloying of IMs and to establish stable inhibiting layers.
Sustained release is important yet not essential to maintain the stability during re-
immersion. (Chapters 4 and 6).

In addition, this dissertation highlights certain room for improvement in the two strategies
explored to fully unravel their potential in order to reach a higher TRL and final implementation.

(i)

(i)

Diatomite carriers strategy: Diatomite particles effectively disperse inhibitor
pigments and prevent unwanted reactions with the coating matrix through surface
modification. This modification also enhances inhibitor loading and sustained
protection at damaged sites. However, challenges remain. For example: (i)
significant internal volume in diatomite remains unfilled, research into alternative
surface modification methods, such as selective modification, is needed to enable
sufficient inhibitor loading inside the particles; (ii) only one inhibitor and surface
modification condition were studied, indicating the need for broader exploration of
different inhibitors and surface modification chemistries; (iii) the observed synergy
with dual inhibitors suggests potential for reducing dependance on rare earth
inhibitors, though further investigation is needed to understand the underlying
mechanisms and best combinations.

Gas-phase deposition of nanolayers strategy: This novel approach, which
involves depositing very thin nanolayers on inhibitor particles, was found very
promising in improving the dispersion of inhibitors within the coating and reducing
interactions with the epoxy-amine matrix, thus providing sustained corrosion
protection. Further optimization could focus on: (i) impact of nanolayer thickness,
its composition, and uniformity on the effectiveness of corrosion protection; (ii)
exploring the relationship between corrosion inhibitor chemistry and nanolayer
formation and type and its impact on corrosion inhibition to enhance the versatility
of this approach; (iii) improving the overall properties of the coating, including
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adhesion and mechanical strength, to ensure long-term durability; and (iv)
optimizing the gas-phase deposition process to achieve consistency, scalability, and
cost-effectiveness in practical applications.
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Samenvatting

Het hoofddoel van dit proefschrift is om twee strategieén te demonstreren voor het integreren van
zeer efficiénte organische corrosieremmers in lucht- en ruimtevaartcoatings en om fundamentele
richtlijnen vast te stellen voor het ontwerpen van dergelijke coatings. Elk hoofdstuk behandelt
belangrijke wetenschappelijke en industriéle uitdagingen met betrekking tot corrosie, organische
remmers en coatingsystemen, waarbij gebruik wordt gemaakt van nieuw ontwikkelde strategieén
voor remmerlading, laboratoriumschaal operando optica, elektrochemie, spectroscopische en
oppervlaktetechnieken, en industriéle technieken.

Hoofdstuk 1 introduceert het gebied van anticorrosieve lucht- en ruimtevaartcoatings, de
beschermingsmechanismen die worden gebruikt door organische corrosieremmers, en een reeks
strategieén om deze remmers in coatings te integreren, variérend van nano/microdragers tot het
hier geintroduceerde gebruik van gasfase-afzetting op organische deeltjes. Dit literatuuroverzicht
benadrukt de beperkte beschikbare informatie over: (i) de stabiliteit van de remmerlaag als functie
van de interactie met het oppervlak en de omgeving, en (ii) strategieén om grote hoeveelheden
organische corrosieremmers in coatings te laden, waarbij volledige beschikbaarheid van de
remmer voor langdurige en cyclische bescherming wordt gegarandeerd. Het hoofdstuk besluit
met het schetsen van de onderzoeksdoelstellingen en het verdelen van het proefschrift in drie
secties.

Sectie 1 (Hoofdstuk 2) introduceert het potentieel van de meest geavanceerde
diatomeeéntechnologie aan het begin van dit proefschrift in de context van modelcoatings voor
vliegtuigen en zeer veeleisende industriéle tests: namelijk het gebruik van natuurlijke silicium
microdragers (gefossiliseerde diatomeeénskeletten of diatomiet of kiezelgoer of DE) voor het
laden van anorganische en organische corrosieremmers. Daartoe gebruikten we een eerder
vastgestelde remmerladingsstrategie voor diatomiet, laadden we laboratoriumschaal
modelprimers met deze dragers en beoordeelden we hun corrosiegedrag door middel van
zoutnevelspuittests en druppeltests. Deze versnelde tests simuleren tot op zekere hoogte barre
omgevingsomstandigheden waarmee vliegtuigen worden geconfronteerd en worden algemeen
gebruikt om anticorrosieve coatings te screenen en om vooruitgang te boeken naar hogere
Technology Readiness Levels (TRL's). De resultaten geven aan dat met de state-of-the-art
technologie Ce(NOs); geladen diatomiet betere bescherming biedt dan diatomiet geladen met
twee organische remmers. De resultaten tonen echter ook aan dat de synergie tussen
diatomietdragers met twee organische remmers en tussen diatomiet met Ce(NOs); en 2,5-
dimercapto-1,3,4-thiadiazool (HDMTD) zeer efficiénte strategieén zijn met ruimte voor
verbetering, maar met goed potentieel om het gebruik van zeldzame aardmetalen en andere
kritieke grondstoffen in corrosiebescherming te verminderen.

vii
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Sectie 2 (Hoofdstukken 3, 4 en 5) gaat dieper in op het fundamentele begrip van de
beschermingsmechanismen van geselecteerde organische remmers (HDMTD en KDMTD) en
technologische verbeteringen om hun efficiénte lading in diatomietdragers mogelijk te maken.

Hoofdstuk 3 vergelijkt het gedrag van diatomietdeeltjes geladen met twee chemisch
vergelijkbare remmerzouten (d.w.z. HDMTD en KDMTD) in coatings, waarbij de nadruk ligt op
het belang van remmerzuurgraad en ionische toestand boven concentratie. Terwijl HDMTD
hogere intrinsieke bescherming in oplossing vertoont, wordt de prestatie in epoxycoatings
verminderd door nevenreacties met het epoxy-amidebindmiddel. KDMTD biedt daarentegen,
vanwege zijn ionische toestand, voordelen zoals hoge wateroplosbaarheid en lagere reactiviteit
met de polymeermatrix dan HDMTD. Beide remmers werden in coatings opgenomen met behulp
van diatomeeénskeletten als microdragers. De resultaten geven aan dat het laden van beide
remmers in diatomiet microdragers mogelijk is, maar dat deze strategie de epoxy-aminediffusie
in de dragers niet volledig beperkt. Als gevolg hiervan reageert HDMTD relatief meer met de
matrix dan KDMTD, wat leidt tot snellere en grotere remmerafgifte in het geval van KDMTD.
Optische analyse toonde aan dat deze hogere afgifte ook verband houdt met 'coating sweating' in
het geval van KDMTD vanwege zijn sterk hygroscopisch karakter. Operando reflectie
microscopie van beschadigde coatings maakte het mogelijk om het blootgestelde metaal bij een
defect te analyseren, evenals de coatingactiviteit rond de schade. De resultaten tonen aan dat de
HDMTD-diatomietmonsters zeer lage niveaus van degradatie vertonen (beperkt tot minimale IM
ontleding) onder alle geteste pH-condities (pH 5, 7, 10) ondanks langzamere en lagere
remmerafgifte, zelfs na nat-droog cycli. Interessant is dat KDMTD-diatomietmonsters een
vergelijkbare inhiberende efficiéntie vertoonden bij gebruik van zure pH-waarden (pH 5), maar
relatief hogere degradatie bij pH 7 en 10, ondanks dat grotere hoeveelheden remmer werden
afgegeven. Het werk benadrukt het belang van het optimaliseren van de structuur en ionische
toestand van de remmer boven de afgifteconcentratie om corrosiebescherming te verbeteren,
maar wijst ook op het potentieel van KDMTD, mits de pH zuur is en de uitdagingen met
betrekking tot belading voor hygroscopische remmers worden opgelost.

Hoofdstuk 4 behandelt enkele uitdagingen die in Hoofdstuk 3 zijn geidentificeerd voor het
gebruik van KDMTD en onderzoekt of oppervlakteaanpassing van diatomiet invloed kan hebben
op de lading en afgiftevan KDMTD in diatomiet, en hoe dit het kan beschermen tegen de matrix
en vochtigheid om 'coating sweating' te verminderen, twee aspecten die het gebruik van deze zeer
in water oplosbare remmer beperken. Hiervoor werden drie trichloorsilanen met verschillende
alkylketenlengtes (C4, C8, C18) gebruikt om het oppervlak van Aulacoseira-type diatomiet (DE)
te modificeren voorafgaand aan de lading met KDMTD. De resultaten tonen aan dat een optimale
ketenlengte bij C8 resulteert in 3,5 keer hogere remmeradsorptie en 35% meer afgifte (d.w.z. 70-
75% van de geladen remmer) dan zonder oppervlakteaanpassing. Wanneer opgenomen in
organische coatings, vertoonden de C8-gemodificeerde DE-KDMTD-deeltjes ook een betere
dispersie in epoxy-amidematrices, met minimale harsinfusie in de diatomietskeletten, waardoor
ongeveer 35% meer remmer beschikbaar was voor afgiftevolgens afgiftestudies van coatings. In
tegenstelling tot de resultaten in Hoofdstuk 3, onthult operando reflectiemicroscopie een goede
bescherming op beschadigde plekken bij gebruik van KDMTD bij pH 7, mits C8-gemodificeerde
diatomiet wordt gebruikt, hoewel lokale corrosie niet volledig wordt geélimineerd. Bij pH 5 wordt
uitstekende bescherming tegen corrosie waargenomen zonder detecteerbare tekenen van
degradatie. Herbelichtingstests tonen aan dat coatings met C8-gemodificeerde DE-deeltjes hun
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beschermende efficiéntie goed behouden tijdens de bestudeerde onderdompeling en her-
onderdompeling. Deze bevindingen tonen aan dat oppervlakteaanpassing van diatomiet een
effectievere lading van KDMTD mogelijk maakt, negatieve interacties met de coatingmatrix
minimaliseert, en de voortdurende bescherming op beschadigde plekken verbetert door de
remmerafgifte te vergroten, hoewel het zweten van de coating niet volledig is opgelost.

Hoofdstuk 5 verdiept zich in de fundamentele mechanismen achter de hoge niveaus van
corrosiebescherming die zijn waargenomen voor AA2024-T3 in aanwezigheid van HDMTD,
benadrukt de rol van kleine NaCl-concentraties als een factor om de efficiéntie van
corrosieremmers te verbeteren, en introduceert het concept van de stabiliteit van de remmende
laag als een grotendeels onontdekte factor die verantwoordelijk is voor effectieve
corrosiebescherming. Daartoe werd AA2024-T3, met of zonder ImM HDMTD, blootgesteld aan
variérende NaCl-concentraties (0 tot 0,5 M) en herondergedompeld in niet-geremde NaCl-
oplossingen. Analyse op macroscopisch niveau met behulp van reflectiemicroscopie en
elektrochemische ruis, evenals lokale analyse op intermetallisch (IM) niveau met behulp van
Raman-microscopie en XPS, maakte het mogelijlk om het effect van de
onderdompelingsomstandigheden op de chemische toestand van de corrosieremmer te bestuderen
als functie van de IM-metallurgie (samenstelling) en de relatie met lokale bescherming. De
resultaten tonen aan dat HDMTD bij lage concentraties effectief corrosie remt, zelfs in NaCl-
rijke elektrolyten. De adsorptie van HDMTD neemt toe met de reductie van
aluminium(hydro)oxide, vooral bij hogere NaCl-niveaus, en is meer geconcentreerd in de S-fase,
zelfs als het op het hele oppervlak aanwezig is. Het type interactie varieert met de NaCl-
concentratie, waarbij meer stabiele chemisorptie de overhand heeft bij lage NaCl-niveaus. De
stabiliteit van remmende lagen wordt bevestigd tijdens herblootstelling aan NaCl-oplossingen
zonder remmers, vooral in monsters waar lagen zijn gevormd in aanwezigheid van kleine
hoeveelheden NaCl, wat leidt tot stabielere en beschermende lagen. Deze bevindingen bieden
nieuwe inzichten in het beschermingsmechanisme van HDMTD als corrosieremmer voor
AA2024-T3. De waargenomen samenstellingsvariaties van HDMTD op het metaaloppervlak als
functie van metallurgie, samen met de invloed van NaCl en zuurgraad bij het vormen van stabiele
remmende lagen, openen de weg naar de ontwikkeling van stabielere remmende lagen.

Sectie 3 (Hoofdstukken 6 en 7) presenteert een nieuwe strategie, gebaseerd op gasdepositie van
nanolagen op HDMTD-microdeeltjes in een gefluidiseerd-bedreactor, met als doel de reactiviteit
van HDMTD met de polymeermatrix te verminderen terwijl de hoeveelheden HMDTD in de
coating worden gemaximaliseerd.

Hoofdstuk 6 introduceert en valideert deze nieuwe strategie door een TiOx-nanolaag op
HDMTD-microdeeltjes te deponeren en deze te incorporeren in epoxy-amidematrices die worden
aangebracht op lucht- en ruimtevaartkwaliteit aluminiumlegering AA2024-T3. Operando
reflectiemicroscopie, thermische analyse en remmerafgiftetests geven aan dat een 20 nm
nanolaag de deeltjesdispersie aanzienlijk verbetert en de interactie tussen HDMTD en de epoxy-
amidematrix vermindert. Lokale operando reflectiemicroscopie, gecombineerd met
elektrochemische potentiaalruis en afgiftetests, toont aan dat de gasfase-gedeponeerde nanolaag
niet alleen de dispersie verbetert, maar ook de remmerafgifte bevordert en effectieve langdurige
bescherming biedt op beschadigde plekken die worden blootgesteld aan natte-was-droog cycli.
De bevindingen benadrukken ook het belang van voldoende remmerafgifte tijdens de initiéle
onderdompeling om zowel initiéle bescherming te garanderen als de vorming van stabiele
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remmende lagen tijdens her-onderdompeling, die verder kunnen worden onderhouden door extra
afgiftevan lage remmerconcentraties.

Hoofdstuk 7 gaat naar een hoger Technology Readiness Level om het potentieel van deze nieuwe
strategie te bestuderen in een laboratoriumschaal vliegtuigmodelprimer. Vliegtuigprimers
worden bereid met 3%, 6% en 10% pigmentvolumeconcentratie (PVC) van TiOx-nanolaag-
gecoate HDMTD-microdeeltjes (HDMTD/TiOX) in 25% PV C-coatings die worden aangebracht
op AA2024-T3-substraten. Corrosiebescherming op beschadigde plekken wordt geévalueerd met
behulp van operando reflectiemicroscopie tijdens 24 uur onderdompeling in 0,5M NaCl-
oplossing, een 7-daagse druppeltest en een 1000-uur neutrale zoutnevelspuittest (NSS). De
resultaten wijzen op hoge niveaus van bescherming in alle drie de tests voor alle coatings. De
nanolaag-beschermde remmerpigmenten veroorzaakten echter enige blaasvorming tijdens de
NSS-test. Van de coatings bood de 6% PVC HDMTD/TiOx-coating (4,3 gewichtsprocent
remmers, vergelijkbaar met de coatings in Hoofdstuk 2) de beste balans tussen sterke
bescherming op beschadigde plekken en minimale blaasvorming. De studie suggereert dat, voor
de uitgevoerde tests, hoge niveaus van bescherming op krassen mogelijk zijn met relatief lage
hoeveelheden organische corrosieremmers in de coating, mits nevenreacties worden voorkomen.
De bevindingen benadrukken het potentieel van deze nieuwe strategie, evenals de ruimte voor
verdere ontwikkeling om Dblaasvorming te verminderen en de duurzaamheid van
corrosiebescherming te vergroten, rekening houdend met de veelzijdigheid in de chemie en laag-
eigenschappen van de nanolagen en het brede scala aan beschikbare corrosieremmerchemie.

Over het geheel genomen bieden de bevindingen en de twee beladingsstrategieén
(diatomietdragers en gasfaseafzetting van nanolagen) die in dit proefschrift zijn bestudeerd en
besproken, nieuwe inzichten om langdurige uitdagingen in het ontwerp van anticorrosieve lucht-
en ruimtevaartcoatings met organische remmers te overwinnen.

Samenvattend kunnen de volgende kritische aspecten, geidentificeerd voor de casestudy in dit
proefschrift (AA2024-T3, HDMTD-remmerzouten), universele waarde hebben en moeten ze
worden overwogen bij het ontwerp van anticorrosieve coatings met organische remmers:

(M Naast de concentratie van remmers in de coating spelen factoren zoals zuurgraad,
de ionische toestand van remmers (Hoofdstuk 3) en de aanwezigheid van oxide-
destabiliserende ionen in de elektrolyt (zoals CI") (Hoofdstuk 5) een cruciale rol in
de remmingsmechanismen, efficiéntie en stabiliteit van de remmende laag die door
organische remmers wordt geboden.

(i) Het isoleren van de organische remmers in organische coatingmatrices kan de
dispersie van remmerdeeltjes in de coating effectief verbeteren, ongewenste
nevenreacties verminderen en voldoende remmerafgifte mogelijk maken. Deze
aanpak, gedemonstreerd door zowel de oppervlakteaanpassing van diatomiet
(Hoofdstuk 4) als de gasfaseafzetting van een nanolaag op de remmer-
microdeeltjes (Hoofdstukken 6 en 7), verbetert de corrosieremming aanzienlijk.

(iii) Snelle en voldoende remmerafgifte tijdens de initiéle onderdompeling is essentieel
om snelle ontleding van intermetallische deeltjes (IM's) te voorkomen en stabiele
remmende lagen te vestigen. Aanhoudende afgifteis belangrijk, maar niet essentieel,
om de stabiliteit tijdens her-onderdompeling te behouden (Hoofdstukken 4 en 6).
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Daarnaast wijst dit proefschrift op bepaalde verbeteringsmogelijkheden in de twee onderzochte
strategieén om hun potentieel volledig te benutten om zo een hoger TRL (Technology Readiness
Level) en uiteindelijke implementatie te bereiken.

(i)

(i)

Strategie met diatomietdragers: Diatomietdeeltjes verspreiden effectief
remmerpigmenten en voorkomen ongewenste reacties met de coatingmatrix door
oppervlakteaanpassing. Deze aanpassing verbetert ook de remmerlading en de
voortdurende bescherming op beschadigde plekken. Er blijven echter uitdagingen
bestaan. Bijvoorbeeld: (i) een significant intern volume in diatomiet blijft ongevuld,
onderzoek naar alternatieve methoden voor oppervlakteaanpassing, zoals selectieve
aanpassing, is nodig om voldoende remmerlading in de deeltjes mogelijk te maken;
(i) er werd slechts één remmer en oppervlakteaanpassingsconditie bestudeerd, wat
wijst op de noodzaak van een bredere verkenning van verschillende remmers en
oppervlakteaanpassingstechnieken; (iii) de waargenomen synergie met dubbele
remmers suggereert potentieel om de afhankelijkheid van zeldzame aardmetalen te
verminderen, hoewel verder onderzoek nodig is om de onderliggende mechanismen
en beste combinaties te begrijpen.

Strategie met gasfaseafzetting van nanolagen: Deze nieuwe benadering, waarbij
zeer dunne nanolagen op remmerdeeltjes worden afgezet, bleek veelbelovend te zijn
bij het verbeteren van de dispersie van remmers in de coating en het verminderen
van interacties met de epoxy-amidematrix, waardoor langdurige
corrosiebescherming wordt geboden. Verdere optimalisatie zou zich kunnen richten
op: (i) de impact van de dikte van de nanolaag, de samenstelling ervan en de
uniformiteit op de effectiviteit van corrosiebescherming; (ii) het verkennen van de
relatie tussen de chemie van corrosieremmers en de vorming en het type nanolaag
en de impact ervan op corrosieremming om de veelzijdigheid van deze benadering
te vergroten; (iii) het verbeteren van de algehele eigenschappen van de coating,
waaronder hechting en mechanische sterkte, om langdurige duurzaamheid te
waarborgen; en (iv) het optimaliseren van het gasfaseafzettingsproces om
consistentie, schaalbaarheid en kosteneffectiviteit in praktische toepassingen te
bereiken.
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Chapter 1

Introduction

1.1 Background on anticorrosion aerospace coatings

For several decades, aluminum alloys (AAs) have been the primary structural materials in aircraft
due to their excellent properties. The Cu-rich 2xxx series alloys (e.g. AA2024-T3, AA2219-T6)
are favored for fuselage skin and frame parts because of their good strength-to-weight ratio and
fatigue resistance. The Zn-rich 7xxx series alloys (e.g. AA7075-T6, AA7050) are used for a wide
variety of structural parts due to their high strength. The Mg-Si-rich 6xxx series alloys (e.g.
AAB061-T6, AAB063) are used for wing and fuselage structures due to their good mechanical
properties.t® Despite the widespread use of composite materials in recent years, high-strength
aluminum alloys remain essential. 5 Additionally, aluminum alloys are highly recyclable,
aligning with the principles of sustainable development.® 7 Nevertheless, most aerospace
aluminum alloys, particularly AA2024-T3 used in this thesis, are limited by their high corrosion
sensitivity. In alloys from the 2xxx and 7xxx, the alloying elements providing enhanced
mechanical properties are also responsible for localized corrosion.®®

Corrosion of metallic substrates not only leads to high costs but also has a massive impact on
global CO, emissions. For instance, the cost of corrosion is estimated to be equivalent to 3-4% of
the global GDP. Additionally, the CO, emission from the steel production to replace corroded
steel is estimated to account for 4.1-9.1% of the total emissions by 2030 for the European Union
and U.S. 10

Even though depending on the application the protective coating system can consist of 2 up to 6
layers with different functions, the most common corrosion protection system for aircraft includes
up to three layers: a pretreatment layer, a primer, and a topcoat (in specific areas), as illustrated
in Figure 1.1.1% 12 The first layer is a thin pretreatment layer. Traditionally, this has been a
chromium (V1) anodizing layer (CAA) or chromium (V1) conversion coating, but it is currently
replaced with either chromium (I11) conversion coating or an anodizing layer using tartaric-
sulfuric acid (TSA) and boric-sulfuric acid (BSA). *3* The primer layer, which varies in
thickness from 5 to 200 um in aerospace applications, consists of an organic resin matrix,
typically epoxy-amine, loaded with corrosion inhibitor and other active and non-active pigments
up to 25-35% pigment volume concentration (PVVC). The primer primary function is to provide
1
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active corrosion protection. This implies that, when the coating is damaged and exposed to
moisture, soluble corrosion inhibitors will dissolve and diffuse to the damage site to interact with
the AA substrate in various manners to prevent corrosion attack. > %6 Finally, the topcoat,
typically polyurethane based, acts as a barrier against mechanical damage and degrading
environmental factors such as UV, moisture and chemicals. ’

Topcoat
L]

NaCl solution

Corrosion Inhibitmi

Pretreatment

Aircraft coating system Active protection

Figure 1.1 Schematic illustration of an aircraft coating system (left). Right image represents a primer
anticorrosive coating layer with embedded corrosion inhibitors. The inhibitors are released to the damage
site to create a protective layer at the metal surface.

When dealing with the primer layer, chromium (V1)-based compounds have been for decades the
most effective and preferred corrosion inhibitors.!® However, hexavalent Cr compounds are
known to be carcinogenic and genotoxic'® and are banned in 2024 by the EU REACH regulation.
20 Significant efforts have been made for decades to find suitable corrosion inhibitors alternative
to Cr(V1) that match the effectiveness of chromate in organic coatings.'® 222 However, matching
high efficient protection levels at all pHs, environmental conditions, applications, and using
existing polymeric matrices (e.g. epoxy-amine) has proven a significant challenge despite the
broad range of inhibitors proposed.?®

One of the largest categories of corrosion inhibitors explored for AA2024-T3 are inorganic and
hybrid inhibitor salts based on rare-earths (e.g. La®*, Ce®* and Pr®*) and lithium.?* 25 2° The two
groups rely on different mechanisms to protect the underlying alloy structures. Rare-earth ions
react with the OH" produced at the cathodic sites hence forming protective oxide/hydroxide
deposits that inhibit the cathodic oxygen reduction reaction. The combination of rare earth ions
with organic compounds, such as in the cases of cerium dibutyl phosphate ([Ce(dbp)s]), cerium
diphenyl phosphate [Ce(dpp)s], and cerium-diethyldithiocarbamate (Ce-DEDTC), leads to even
more interesting results as they suppress both anodic and cathodic reactions and provide enhanced
inhibition. 262 However, the depositions formed by either rare earth salts or complexes remain
less stable than Cr,O3 in acidic environments? requiring additional research to understand how
to optimize their release and improve their stability.3° Lithium salts offer protection of alloys after
an exothermic reaction dissolving the aluminum top surface and forming hybrid protective bilayer
films consisting of a dense bottom layer and a top porous layer formed by Li/Al layered double
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hydroxide structures. 3132 Despite their efficacy, the stability of these layers 3% 3334 and the
increasing cost of lithium in competition with batteries and biomedical applications also pose
significant challenges for industrial use.®® Additionally, the extraction and production of rare-
earth elements and lithium poses challenges, magnified by their geopolitical value reflected in
their enlisting as critical raw materials (CRMs) by all major regional powers as the European
Union, China and the USA. These challenges call for the continued search for novel strategies
(e.g. self-healing coatings able to close damages to recover barrier properties®® ) and corrosion
inhibitors (e.g. organic inhibitors) to protect aircraft and other engineering structures with
sustainable and environmentally friendly solutions.

1.2 Organic inhibitors

Organic inhibitors have also received growing attention because of their high efficiency,
production versatility and accessibility, relatively low toxicity of many compounds, and multi-
metal protection character (i.e. low-substrate selectivity). One notable advantage of organic
inhibitors is that, for the same inhibition levels, they generally add less weight compared to
inorganic ones. -3 Moreover, a mechanistic difference with inorganic inhibitors, is that the
inhibition provided by organic inhibitors is mostly due to the adsorption (physisorption and/or
chemisorption) of inhibitor molecules on the metallic surface leading to, in the best case scenario,
an insoluble protective layer. > 4! In other words, organic inhibitors mostly have a generalist
inhibition effect acting on both anodic and cathodic sites despite some local preferences as
discussed in this thesis.

It has been well established that heteroatoms (N, S, O and P) are crucial for the corrosion
inhibition properties of organic inhibitors on metallic surfaces such as copper, iron, and aluminum
alloys.** Among them, the most widely explored compounds are azole derivatives,* 46
mercapto compounds, *"4® quinoline, %0 amide and carbonyl derivatives, 5! drugs and dyes and
a growing amount of natural extracts. 445254 The polar groups (e.g., -NOz, -NH,, -SH, -OH, -
OCHjs, and -CHj3) and unsaturated bonds (double and triple) in these organic compounds can serve
as the adsorption centers using the lone pair or = electrons.%

The corrosion inhibition properties of heterocyclic compounds on metals involve both physical
and chemical adsorption, as illustrated in Figure 1.2. % Physical adsorption occurs through the
electrostatic attraction between charged organic inhibitors and the charged metal surface.
Chemisorption involves the vacant orbital of the metal atom at the surface interacting with the
lone pair electrons of heteroatoms in the organic inhibitor. Such an interaction results in the
formation of strong chemical bonds between the nonionic organic corrosion inhibitor molecules
and the metal surface. The adsorption process can be influenced by factors such as the chemical
structure, the concentration of the inhibitors, the surface charge distribution of the metals, and the
environment (ions, pH, temperature, UV, etc).>” 5 Furthermore, the inhibition efficiency of
organic corrosion inhibitors usually depends on the adsorption strength, the metal surface
coverage efficiency (homogeneity and local vs global character) and the formation of
monomolecular or multimolecular layers. 54 59 60
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Due to the structural complexity and various synthesis possibilities of organic inhibitors, a deeper
understanding of their inhibition mechanisms is essential. & ¢ Density functional theory (DFT)
calculations combined with electrochemical tests as electrochemical impedance spectroscopy
(EIS) and potentiodynamic polarization tests (PP) have been used as primary tools to provide
atomic level insights into the inhibition mechanism, such as the effect of molecular structure and
ions on the adsorption on Al-atoms, and corrosion inhibition efficiency values. 5 However, the
direct experimental observation of the presence of such thin organic layers on metals requires
other advanced and less commonly available analytical methods such as XPS and ToF-SIMS. 4%
8 Additionally, investigations into the stability of these inhibitor layers are rare, both at the
laboratory research scale and at the industrial level. It has been widely observed that the inhibited
metal substrate will eventually corrode, but the underlying reasons are not well understood.

Therefore, investigating the stability of the inhibitor layers is essential. *°
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Figure 1.2 Schematic illustration of organic inhibitor molecules adsorbing on different metal surfaces. The
chloride ions are adsorbed on the metal surfaces (Fe, Al and Cu) and attract the protonated organic
inhibitor molecules via physisorption. Chemisorption occurs due to the sharing of lone pair electrons on
heteroatoms and p-electrons of aromatic ring with the vacant d or p-orbitals of metals. Reprinted from 56
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with permission from Elsevier.
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1.3.1 Coating binder—organic corrosion inhibitor challenges

Organic primers used in aircraft typically use two-component cross-link epoxy-amine/polyester
resins as the main organic component. Epoxy-amine primer technology is generally preferred for
its versatility, good adhesion to metal substrates, effective corrosion resistance, and the ability to
balance chemical resistance, flexibility, impact resistance, and hardness to meet aerospace
industry standards. The precise choice of epoxy resins (typically a mixture of different resins)
and curing agents depends on the desired coating properties and is generally proprietary. Most
epoxy resins are formulated with amine through an addition reaction that opens the ring and forms
a crosslinked network, as shown in Figure 1.3.¢ " The primer formulation also includes
fillers/pigments, active pigments (i.e., corrosion inhibitors), solvents, and additives.

1. Primary amine-epoxy addition

0
RNH; 4+ JAEAN i VL
ot
R R’

R'

2. Secondary amine-epoxy addition

0 T
R'ENH + LN _ NJ\
R Fe/ R

3. Etherification OH

R
0 R
HO + i’ E o
R R", R
R"

Figure 1.3 Epoxy-amine curing reaction

One of the factors that can interfere with the cross-linking process of the epoxy-amine are other
organic molecules present in the formulation, including any organic corrosion inhibitor added as
pigment. As a result of these reactions, coating properties mentioned above are significantly
affected while inhibition potential of good inhibitors in solution typically drops when in the
coating due to inhibitor fixation and deactivation. In particular, epoxy groups and amines are very
reactive between them but also with other functional groups such as carboxylic acids and thiols
typically present in highly efficient organic inhibitors like diethyldithiocarbamate (DEDTC),®
2,5-dimercapto-1,3,4-thiadiazole (DMTD)®% and hydroxyl-terminated poly(amine-ester).



6 1 Introduction

On the other hand, the resistance to degradation of organic coatings decreases over time due to
environmental factors. When highly soluble hydrophilic inhibitors are unevenly distributed in the
coating, low cross-linked hydrophilic regions can form. Environmental stress and moisture
exposure cause these hydrophilic and low crosslinking regions to expand and intercommunicate
through the entire coating thickness, creating a percolating network. This pathway allows rapid
water uptake and diffusion of low Mw species and salts and leads to under-film delamination,
blistering, local corrosion and, eventually, coating failure as depicted in Figure 1.4.7*"° Moreover,
the process is accompanied with local pH variations, which could cause further delamination. ™
76 This blistering phenomenon is a common negative side effect of using highly soluble corrosion
inhibitors aggravated by uneven dispersion.

(a) Blister (b) Delamination

Aqueous solution Aqueous solution

I | N |
B R

Figure 1.4 Water uptake and corrosion inhibitors dissolution in the coating leading to (a) blister and (b)
delamination.

1.3.2  Reducing unwanted interactions: from nano to micro carriers

As discussed above, incorporating organic inhibitors into the organic coating matrix significantly
hinders their inhibitory activity and negatively affects the coating properties. Encapsulation using
nano/microcarriers is the most common strategy to avoid such negative effects, as it protects the
highly reactive inhibitors from interacting with the polymer matrix. This allows the inhibitors to
be released and in many cases prevents the coating from rapid failure through blistering.!® 77-7°
Besides isolation, some of the carriers allowed inhibitor release through dissolution in water
accelerated or induced by triggers as pH changes, 88282 jon exchange, 8-%° and mechanical stress
from scratching, cutting, or pressing. 887 Figure 1.5 summarizes the most important and
successful nano and microcarriers reported in literature as carriers of inorganic and organic
inhibitors.
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Zeolite

mesoporous
Nanocarriers

Figure 1.5 Nano/microcarriers for corrosion inhibitors

The biggest advantage of nanocarriers, including nanotubes®®, nanofibers®, zeolites™, conductive
nanoparticles (e.g., polyaniline and polypyrrole)®®, mesoporous silica® %, layered double
hydroxide (LDH) 8% and other polymeric nanocapsules®?, is their versatility and good dispersion
below the critical pigment volume concentration. For example, 2-Mercaptobenzothiazole (MBT)
has been encapsulated in carriers as different as silica nanocapsules, halloysite nanotubes, and
ion-exchange clay.®> % % However, the relatively low loading capacity of inhibitors in
nanocarriers and the relatively low CPVC of nanoparticles in coatings limits the use of the
nanocarriers and their efficiency for long term protection at relatively large damages (e.g. >100
um wide). %4-%

To overcome the loading and dispersion limitations of nanocarriers and based on the fundamental
principles of highly efficient Cr(\VI) primers using micron sized particles, more recent research
has highlighted the potential of microcarriers such as CaCO; & synthesized or natural silica
microparticles (diatomaceous earth) °-%° or the use of macroscopic interconnected electrospun
nanonetworks!®, Synthesized calcium carbonate porous microparticles (1um diameter) were
used to load different inhibitors, cerium nitrate, salicylaldoxime and 2,5-dimercapto-1, 3, 4-
thiadiazole (DMTD). 8 These particles are sensitive to acidic pH which, makes them soluble and
allows for an increased inhibitor release. The reported results showed higher levels of barrier
performance and protection for intact coatings when the CaCO; was loaded with inorganic
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inhibitor, Ce(NO3); , than with organic inhibitor DMTD. 8 In our previous works 7 % we
introduced the use of natural silica microparticles from fossilized diatom exoskeletons
(diatomaceous earth (DE)) as a versatile and economic route to load inhibitors as Ce(NQOgz)s and
DMTD (Figure 1.6). While both coatings showed excellent barrier protection, at large damages
(Imm wide, 350 um deep) sites, the coatings with Ce(NOs)s loaded in DE particles showed
excellent inhibition, while the coatings loaded with DMTD-DE showed good initial protection
lost at relatively long immersion times (<10 days). Interestingly, the use of DE loaded with
DMTD allowed decreasing the use of Ce-loaded DE by half (0.5Ce-DE/0.5MTD-DE) and still
protect for 30 days immersion, hence pinpointing at interesting synergetic behaviors but also the
difficulty to load directly organic inhibitors in DE carriers. Moreover, the loading method used
allowed only 2% of the available internal volume of DE particles to be filled with inhibitors,
suggesting low inhibition might be related to insufficient loading and release. °7 %

Ce loaded DE DMTD loaded DE

Local Admittance at 10 Hz / |Z‘1] (0'1 cm'2)

24E-3 18E-3 12E3  6E-4 1E-05
20 mi 0.5Ce-DE \
0.05M NaCl DE DMTD-DE Ce-DE

0.5DMTD-DE

4 Days

10 Days

Figure 1.6 Optical images and local EIS maps of large scratches (1mm wide by 350 um depth)
performed on epoxy coatings containing diatomaceous earth loaded with Ce and DMTD
inhibitors applied to AA2024-T3. 9798
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1.3.3 Gas-deposition techniques to create thin oxide layers: an unexplored route to protect
corrosion inhibitors

Gas-phase deposition techniques, including physical vapor deposition (PVD), chemical vapor
deposition (CVD), atomic layer deposition (ALD), and molecular layer deposition (MLD) are
typically used to create homogeneous thin films on flat, porous, and regular substrates, primarily
for electronic devices.'%% 12 Recently, gas-phase deposition in a fluidized bed reactor allowed
extending the concept of thin film deposition from flat large surfaces to microparticles
considering applications in pharmaceutical, catalysis and energy.'°*1% The deposition process
can involve either continuous exposure of substrates to precursors, as in CVD, or, as illustrated
in Figure 1.7, sequential exposures of particles to precursors and co-reactants, separated by
purging steps and repeated for varying cycles to deposit nanofilms, a method known as ALD.1%
The sequential exposure in ALD allows for precise control over film thickness and composition.
For instance, Al,O3, TiO2, and SiO; have been successfully applied as nano-thin films on water
soluble organic drug particles via atomic layer deposition in fluidized bed reactors to control drug
particle dissolution rates in solution. 1% Nevertheless, these techniques have so far not been
used to protect organic corrosion inhibitors and attracted our interest in the course of this project
as an interesting strategy to maximize the amount of protected inhibitor embedded in coatings.

._;‘:_ ? o *
lA T B.' § .;.-
N
e

Figure 1.7 Gas-phase deposition of a thin film on particles in a fluidized bed reactor.%

Organic corrosion inhibitors share some similar properties with drug microparticles, such as
moisture sensitivity (hygroscopicity, solubility) and adhesive and cohesive characteristics. Their
higher hygroscopicity, irregular shapes, and broad particle size distributions pose challenges for
deposition due to reduced flow, agglomeration, and irregular layer growth. A preliminary attempt
to use this technique on MBT corrosion inhibitor led to disappointing results '1° yet the lack of
systematic approach and understanding on the causes of low performance leaves open space to
further explore this route for corrosion inhibition as will be shown in this thesis.
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1.4 Objective and Outline

The overall scientific objective of this thesis is to demonstrate two promising strategies to
incorporate very efficient organic corrosion inhibitors in aerospace organic coatings. To do this
it was necessary to (i) establish fundamental understanding on the inhibition mechanisms of the
selected organic inhibitors for AA2024-T3 and their functioning when embedded in coatings as
well as (ii) establishing the fundamental strategies that will allow embedding organic inhibitors
in large amounts and with low coating-inhibitor reactivity to ensure long term and cyclic
protection at large damages. To this aim, lab scale techniques based on operando optics and
electrochemistry as well as industrial techniques were developed and implemented.

This thesis is structured into three main sections, as depicted in Figure 1.8.

In the first section (Chapter 2), following this introduction, we evaluated the state-of-the-art
technology using natural silica microcarriers (fossilized diatom exoskeletons or diatomite) to load
inorganic and organic corrosion inhibitors. To this aim, we used the established loading strategy
we presented in previous works, loaded lab-scale aircraft primers with these carriers, and studied
their corrosion behaviour with a range of techniques. This allowed establishing a foundational
understanding of the existing technology and its limitations. During this phase, it became clear
the large room for improvement to allow an effective incorporation of organic corrosion inhibitors
as good as 2,5-Dimercapto-1,3,4-thiadiazole (DMTD).

In the second section of the thesis the focus is on the in-depth fundamental understanding of the
mechanisms that make the selected organic inhibitor (DMTD) a very interesting candidate for
protection of AA2024-T3. To this aim we studied the advantages, boundaries and underlying
mechanism for use of HDMTD and KDMTD in exoskeletons and in particular how the ionic state
of the inhibitor is more relevant than the concentration (Chapter 3); We also explored strategies
to increase the loading of KDMTD in diatomite to make this more soluble and less epoxy-amine
reactive salt version of DMTD a viable option for corrosion protection. The focus was on the
surface modification of diatomite layers and the stability of the inhibiting layers on the metal
(Chapter 4). Subsequently, the inherently superior inhibition performance of HDMTD was
uncovered, leading to an in-depth study on the inhibition mechanisms of HDMTD on bare
AA2024-T3, with a particular focus on how small amounts of NaCl enhance corrosion protection
(Chapter 5).

The last section of the thesis addresses a new strategy using gas-deposition in fluidized bed as an
interesting strategy to embed organic inhibitors in reactive polymers as epoxy-amine networks in
large amounts. The proof of concept of this idea is established and validated in Chapter 6 with a
strong focus on the concept of stability of inhibiting networks. Finally, Chapter 7 demonstrates
this new strategy in the context of a lab-scale aircraft model primer and compares it to the diatom
exoskeleton system.
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Chapter 1 Introduction

Section 1 State-of-the-art of diatomite-loaded inhibiting technology: An
industrial-testing evaluation using model aircraft primers

Chapter 2 Assessment of the Corrosion Protection Power of Inhibitor-Loaded Diatomite Particles
in Lab-Scale Model Primers: Salt Fog Spray and Droplet Test Analysis

— Section 2 Improving and understanding the diatomite-loaded organic —
inhibitors-coating system

Chapter 3 When lonic State is More Important than Inhibitor Concentration: A
Comparison of Epoxy-Amine Coatings with 2,5-Dimercapto-1,3,4-thiadiazole (DMTD)
Salts Loaded in Diatom Exoskeletons

Chapter 4 Surface Modification of Natural Porous Silica Microparticles to Control the
Loading and Release of Organic Corrosion Inhibitors

Chapter 5 Small Concentrations of NaCl Help Building Stable Inhibiting Layers from
2,5-Dimercapto-1,3,4-thiadiazole (DMTD) on AA2024-T3

Section 3 Gas-phase deposited nanolayers on organic inhibitors: Proof of
concept and demonstration in dummy aircraft primers

Chapter 6 Gas-Phase Deposited Nanolayers Guard Organic Microparticles in Polymer
Matrices for Active Corrosion Protection at Damages

Chapter 7 Corrosion Inhibition Power of Novel Gas-Phase Deposited Organic Inhibitors
in Lab-Scale Model Aircraft Primers

Figure 1.8 Thesis outline
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1 Introduction




Chapter 2

Assessment of the Corrosion Protection
Power of Inhibitor-Loaded Diatomite
Particles in Lab-Scale Model Primers:
Salt Fog Spray and Droplet Test Analysis

In recent years, innovative approaches have been explored to incorporate corrosion inhibitors
into organic coatings without affecting their inhibition properties. One such promising approach
is loading inhibitors into microcarriers such as natural porous silica microparticles (i.e.,
fossilized diatom exoskeletons or diatomite). In this chapter, we investigated loading both
inorganic inhibitors and organic inhibitors into diatomite particles, incorporated these particles
into lab-scale model epoxy-amine primers and applied them on AA2024-T3. The evaluation of
the corrosion protection power of the diatomite-based state-of-the-art technology involves two
key testing methodologies: salt fog spray tests and droplet tests. These tests, broadly used in
industry, simulate some of the harsh environmental conditions encountered by aircraft during
flight and therefore provide relevant information to help moving selected technologies to higher
technology readiness levels (TRLs) and forms the basis for the further research and development

in this thesis.
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2.1 Introduction

During the last decades, many inorganic inhibitors (e.g., Ce, Li salts) and organic inhibitors have
been studied in solution and in organic primers for the corrosion protection of AA2024-T3. 13
Nevertheless, research in coatings, and especially when using organic inhibitors, has proven
complex due to several formulation challenges related to unwanted interactions and reactions of
the inhibitors with the polymeric coating matrix. Such reactions lead to negative effects on
application properties such as viscosity and pot-life, but also to performance properties as they
may affect (i) inhibitor release and efficiency and (ii) overall thermomechanical and adhesion
properties. For most corrosion inhibitors alternative to traditional (CrVI-based) inorganic salts,
the use of nano/microcarriers appears a necessary strategy to reduce negative interactions, thus
allowing the use of the full potential of the inhibitors used. 4 °

In our previous works, we introduced the use of naturally-occurring nanoporous, hollow,
amorphous silica microparticles (namely, fossilized diatom exoskeletons known as diatomite or
Diatomaceous Earth, DE) as carriers for inorganic and organic inhibitors using Ce(NOs); and 2,5-
dimercapto-1,3,4-thiadiazole (HDMTD) as model inhibitors. & 7 When using lab-scale continued
immersion tests (i.e., immersed in 20 mL 0.05M NacCl solution for 30 days) the solvent-borne
epoxy-amine coating with Ce(NOg3)3 loaded in DE showed sustained corrosion protection of large
scratches (i.e., Imm wide, 350pum deep for 70pum coatings) for at least 30 days with only 3.7 wt%
active inhibitors in the coating given by 10% diatomite PVC and 1.5% inhibitor volume. Despite
the high levels of protection, only 15% of the DE volume was filled with inhibitors, hence
suggesting the technology efficiency can be increased when better loading strategies are
developed. Under the same testing circumstances, the HDMTD in DE coating was only able to
provide short-term protection (for 4 days), suggesting insufficient release attributed to insufficient
loading and/or negative side reactions between carrier and inhibitor. Furthermore, it was found
that the use of 50% DE-HDMTD in combination with 50% DE-Ce particles showed a synergistic
effect, leading to comparable corrosion protection as the DE-Ce system yet with 50% less DE-
Ce particles. Besides this, short cyclic exposure (immersion-dry) showed excellent protection at
damaged sites when using DE-Ce carriers. Despite the interesting results, the previous works on
the diatomite technology as discussed above, usually employed relatively mild electrolyte
concentrations in immersion to investigate corrosion inhibition mechanisms. To know better the
state-of-the-art of the technology and move further in the TRL scale and get closer to potential
industrial applications, other type of tests and primer matrices are needed.

In this work, three corrosion inhibitors (Ce(NO3)3, HDMTD, and the di-potassium salts of DMTD
(namely KDMTD)) were selected, loaded in DE particles and embedded in a lab-scale model
aircraft primer with other particle pigments before application on anodized and bare AA2024-T3
aerospace grade alloys. While Ce and HDMTD were introduced in earlier works, &7 KDMTD
was chosen due to its (i) higher water solubility and (ii) lower expected reactivity with the epoxy-
amine matrix than HDMTD, in an attempt to increase the inhibition efficiency of the DMTD-
loaded DE technology and to gain further insights on the mechanisms behind the apparent loss of
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inhibition in the HDMTD-DE system. Systems combining different inhibitor-loaded DE particles
were also tested in the search for further synergistic effects of cerium, HDMTD and KDMTD as
hinted in our previous work.” To test the corrosion inhibition potential, the coatings were
artificially damaged and examined with (i) neutral salt fog spray for up to 1000 hours as an
accelerated test simulating month- to year- long exposure & ° and (ii) droplet tests in closed
environment for 7 days to accelerate and facilitate the screening of possible inhibitor solutions.
10. 11 The analysis of the exposure was then performed using optics, spectroscopic and SEM
analysis. The results showed that inorganic inhibitors like Ce(NO3)s performed better then organic
inhibitors (i.e., HDMTD and KDMTD) when loading the inhibitors into diatomite. The stability
of HDMTD on AA2024 and its interaction with the epoxy-amine binder need further study.
Although KDMTD effectively inhibits corrosion, its hygroscopic nature leads to rapid depletion
and coating failure. This highlights the need to better understand KDMTD behavior comparing
with HDMTD and explore alternative loading strategies.
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2.2 Experimental

2.2.1 Materials

Diatomaceous earth (called Diafil 525, diatomite, DE) was supplied by Profiltra Customized
Solutions (The Netherlands, NL). Cerium nitrate hexahydrate (Ce(NO3); 6H20), 2,5-dimercapto-
1,3,4-thiadiazole (HDMTD>99%) and 2,5-dimercapto-1,3,4-thiadiazolate di-potassium salts
(KDMTD >99%) corrosion inhibitors were purchased from Sigma-Aldrich. 3 mm thick bare and
TSA (Tartaric-Sulfuric Acid anodizing) aluminum alloy 2024-T3 (AA2024-T3) panels were
received from Airbus and used as substrate. The aircraft primer formulation consists of epoxy
resin Beckopox 1 and 2, amine hardener Ancamine, solvents ethylmethyl ketone (MEK) and
methylisobutyl ketone (MIBK), dispersion agent and wetting agent supplied by BYK, TiO;
supplied by Sachtleben, blue pigment from BASF, and BaSO,4 pigments. Sodium chloride (NaCl,
purity > 98%) and dimethylformamide (DMF, >99.9%) were acquired from VWR Chemicals and
all aqueous solutions were prepared using Milipore® filtered water.

2.2.2 DE loading with inhibitors

Mixtures of 5 g of DE and 5 g inhibitor (Ce(NO3); 6H,0, HDMTD or KDMTD) were added to
10 mL dimethylformamide (DMF, >99.9%) and stirred with a shaking table at 320 rpm for 24h.
The mixtures were then spread on a glass plate with the help of a 100 um spiral bar coater. The
thin layers of DE particles with inhibitor were then dried at 60 °C for 30 min, removed from the
glass plate with a spatula and further dried as a powder at 60 °C for 24 h. The resulting powders
(50/50 wt% DE/inhibitor) were finally stored in a desiccator until needed.

2.2.3 Preparation of primers on aerospace grade aluminum alloys

The 3mm thick bare and TSA AA2024-T3 metal sheets were cut into pieces of 100 x100 mm
prior to surface cleaning and coating application. Prior to coating, the AA2024-T3 bare panels
were cleaned using the following steps: (1) removal of the native oxide layer and surface
roughness formation by Scotch Brite 3M; (2) degreasing with acetone; and (3) rinsing with
distilled water and air drying. The TSA panels were used as received.

Different DE-inhibitor pigments were added to the standard coating binder formulation as listed
in Table 2.1. Seven different coating compositions were prepared as listed in Table 2.2. The
coatings formulation was given as a function of the total epoxy resin (phr=parts per hundred
epoxy resin in weight). Briefly, two epoxy resins Beckopox1 and Beckopox2 by a mass ratio of
4.7:1 was mixed at 700 rpm for 2 min. Then, methyl ethyl ketone (MEK), methyl isobutyl ketone
(MIBK), BYK dispersing agent and BYK wetting agent were weighted and transferred to the
mixture under slow stirring at 700 rpm for 2 min to adjust the viscosity. The pigment particles
TiO2, BaSO,4 and blue pigment were added to the mixture sequentially and mixed at 2000 rpm
for 2min of each. After mixing the pigments, the whole mixture was milled by 0.6 mm Zr beads
at 3500 rpm for 1h until the particle size was below 20 um. The base component was filtered by
a 0.2 mm filter, mixed with Ancamine at 1000 rpm in a high-speed mixer for 1 min, and then left
to pre-cure at room temperature for 15 min. At this moment the DE-loaded particles with
inhibitors were added and the coating formulation mixed at 2000 rpm for 1min. (Note: We also
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incorporated KDMTD and HDMTD directly into the coating formulation. However, the mixtures
became highly viscous, resulting in unusable coatings.) Finally, the coating dispersion was
applied onto the metal surfaces using a doctor blade with wet thickness of 150 um. After a flash-
off period of 30 min at room temperature the coatings were cured at 80 °C for 3h to achieve full
crosslinking and solvent evaporation. The total PVC of the coating was 25% including 10% PVC
of inhibitor-containing particles. The coatings were finally stored in a desiccator prior to further
tests.

Table 2.1 Composition of the 25% PVC coatings

Composition De”SiE,y Weight
(g/cm?) fraction (phr)

Beckopox resin 1 1.07 83
Beckopox resin 2 1.12 17
Ethylmethyl ketone (MEK) 0.805 12
Methylisobutyl ketone (MIBK) 0.8 46
Dispersing agent 1.08 8
Wetting agent 1.03 1
TiO; 4.1 47
BaSO, 4.5 42
Blue pigment 1.65 1
DE-inhibitor pigment 1.34 16
Ancamine hardener 1.01 45
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Table 2.2 Coatings formulations as a function of Beckopox resin (phr=parts per hundred epoxy resin in
weight). All DE-inhibitor particles contained 50 wt.% inhibitor.

Dry
DE weight Inactive The rest of .
No Inhibitor | inhibiting | Percent | pigments | the common tﬁi?:itéggs
' pigments pigments of compositions ()
(phr) | inhibitor | (Phr) (phr) H
(wt%o)
1 DE 16 0 90 154 65-75
2 DE-Ce(NO3)3 16 4.3 90 154 65-75
3 DE-HDMTD 16 4.3 90 154 65-75
4 DE-KDMTD 16 4.3 90 154 65-75
DE-CE(NOg)s
and DE-
5 HDMTD 1-1 16 4.3 90 154 65-75
mixture
DE-CE(N03)3
and DE-
6 KDMTD 1:1 16 4.3 90 154 65-75
mixture
DE-KDMTD
and DE-
7 HDMTD 1:1 16 4.3 90 154 65-75
mixture
2.2.4 Droplet tests

The coated bare AA2024-T3 samples were mechanically cut into 3x3 cm. No edge delamination
was observed in any sample, hence confirming good adhesion for subsequent testing. Scribes of
1 mm wide, 20 mm long and 0.35 mm deep (i.e. approximately 0.28mm deep in the metal) were
created on the coating surfaces by a Roland EGX-350 engraver equipped with a 1 mm diameter
end mill. The scribed samples were then placed in closed boxes with wetted towels beneath the
metal plates to keep the humidity. A droplet of 105uL 0.5M NaCl solution was then dropped on
each scribe. The towels were wetted with distilled water every two days.

The samples were then monitored optically every day with the help of a Keyence VHX 1000
optical microscope during one week exposure. At the end of the exposure, the droplets on the
scribes were collected with a pipette and the panels were dried and stored in a desiccator until
further analysis. The concentration of the inhibitors in the collected droplets was measured with
a PerkinElmer LAMBDA 35 UV/VIS spectrometer using the calibration curves made with
Ce(NO3)3, HDMTD and KDMTD solutions as seen in support information Figure SI 2.1. The
scribes were evaluated using a Keyence Laser Scanning Confocal microscope and JEOL SIM-
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840 scanning electron microscope (SEM) coupled with energy dispersive X-ray spectroscopy
(EDS) at 15kV.

During the droplet test, liquid droplets appeared on the intact coatings containing DE-KDMTD.
To elucidate the origin of the droplets, the liquids were analyzed with a Renishaw inVia Confocal
Raman spectrometer equipped with a laser source at 532 nm (laser power of 10%, 10 s exposure).

2.2.5 Salt fog spray tests

The 10 cm x 10 cm bare-AA2024-T3 and TSA coated panels (6 of each coating composition and
substrate) were cross-scribed following the standard 1SO 9227. To this aim, 1 mm wide, 60 mm
long, and 0.35 mm deep crossed scratches were performed with the help of an engraver. The salt
fog spray tests were conducted by exposing the scratched bare and TSA AA2024-T3 coated
samples to a salt fog environment generated by spraying a 5 wt% aqueous NaCl solution at 35°C
for 1000 hours in accordance with ISO 9227. Samples were removed at intervals of 0, 168, 336,
500, 750, and 1000 hours, then dried, photographed and evaluated. The corrosion performance
was evaluated based on the following parameters: the appearance and growth of pits, corrosion
products, and creepage from the scribes.
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2.3 Results and discussion

2.3.1 Droplet tests

Figure 2.1 shows the optical micrographs of the 7-day droplet tests on 7 samples with different
inhibitor pigments. They can be categorized into three groups: (i) coating without any inhibitors,
namely DE; (ii) coatings with one type of inhibitor, namely DE-Ce, DE-KDMTD, DE-HDMTD;
and (iii) coatings with two types of inhibitors, namely DE-Ce/DE-KDMTD, DE-Ce/DE-HDMTD,
DE-HDMTD/DE-KDMTD.

As can be seen in Figure 2.1 no blistering was observed in this test while differences between the
scribes are remarkable. Unsurprisingly, the coating without inhibitors (Figure 2.1a) shows the
presence of a layer of dark corrosion products (aluminum (hydro)oxide and copper oxide), known
as tarnishing, 2 at the scratch area under the droplet already in the first day of exposure. By 2
days of exposure, the corrosion process has further extended to the left side of the scratch,
affecting the area outside the droplet. At 7 days of exposure, a thick layer of corrosion products
covering almost all the scribe is clearly visible formed. The coatings with one inhibitor type, DE-
Ce (Figure 2.1b) and DE-KDMTD (Figure 2.1c), show significant protection of the whole scribe
even at 7 days exposure. No corrosion-related surface phenomena appeared under the droplet
areas on these samples even though lines marking the edges of the droplets were clearly visible
and attributed to local corrosion induced by the harsh splash zone environment rich in oxygen.
Interestingly, yellowish products, typical color of DMTD solution and Ce and DMTD on AA2024
surfaces, appeared after 2 days of exposure on the right side of the scratch of the DE-KDMTD
sample (see inset). This suggests KDMTD from the scratched coating leached out also from areas
beyond the water droplet either by capillarity effect or by humidity induced water bridges between
paint and metal scribe as those observed in any surface at high relative humidities known as
molecular water layers, MWLs 3. This observation hints at the unattended potential role of
MWLs in inhibitor transport. The HDMTD-containing coating (DE-HDMTD, Figure 2.1d), on
the other hand, shows a delay in the appearance of metallic surface degradation, with lesser
presence of dark corrosion products, compared to the DE sample at 1 day but significantly lower
protection than the Ce and KDMTD containing coatings. The lack of full protection over time
suggests that HDMTD is either unstable on the AA2024-T3 surface or that there was insufficient
inhibitor release. This result aligns with our previous work, ” where coatings with DE-HDMTD
showed initial protection during immersion in milder NaCl solutions (0.05M) which deteriorated
at longer exposure times. Considering the comparable, if not higher, inhibitory power of HDMTD
in solution, as well as its relatively high solubility, and the fact that the coatings have the same
inhibitor loading, the results confirm the higher reactivity of HDMTD with epoxy-amine matrix
limiting its release and protective power.

As in the single inhibitor systems, the combination of DE-Ce and DE-KDMTD (Figure 2.1e)
shows comparable inhibition power to the individual systems (Figure 2.1b and 2.1c) at the area
beneath the droplet. Besides this, less corrosion products are seen at the edges of the droplet and
beyond the droplet itself at longer exposure times. This suggests a slight improvement in the
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overall protection behavior compared to the individual inhibitors, and therefore some degree of
inhibiting synergy indicating that one or the other inhibitor can be partially replaced without
having a detrimental effect on the anticorrosion behavior based on this test.

When half of the DE-Ce particles in the well-protecting system in Figure 2.1b. is replaced by DE-
HDMTD (Figure 2.1f), the inhibiting power drops compared to 100% DE-Ce particles based on
optical inspection. This suggests that the amount of cerium released was apparently insufficient
to offer effective damage inhibition or/and that the HDMTD acidity (pH drops to 5 in solution)
induced a destabilization of the cerium hydroxide layers. A closer look at the scribes using
confocal microscopy and SEM (Figure 2.2) reveals a non-uniform amount of oxide corrosion
products in the case of the DE-HDMTD (pits in confocal and small deposits in SEM), yet lower
than for the DE coating (significant amount of aluminum oxide deposits corresponding to
significant pitting). In contrast, the coatings with DE-Ce/DE-HDMTD show significantly lower
corrosion attack (pits decrease and bare metal area increases in confocal, and deposits decrease
in SEM). In any case these results align with the optical observations in the droplet test and
indicate the limited ability of HDMTD alone or in combination with Ce to effectively protect
large scribes.
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Figure 2.1 Optical images of seven scratched coatings exposed to the 105 uL, 3 wt % NaCl solution
droplets, captured at intervals of 1 day, 2 days, 5 days, and 7 days. Red scale bar: 1 mm. Note: The white
lines in the center of the scribes are a visual reflection effect induced by the curvature of the droplet. The

edges of the droplet can be seen as dark lines at the left and right of the center of the scribe (marked by
two black arrows). The small white circles on the coatings are water condensation droplets.
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Figure 2.2 Confocal microscope and SEM analysis of the post-mortem coatings containing DE, DE-
HDMTD and DE-Ce/DE-HDMTD pigments. Scale bar: 100 pm.

Interestingly, as seen in Figure 2.1g, when half of the particles DE-KDMTD are replaced by DE-
HDMTD particles, the inhibition power is not affected and remains very high. This is evidenced
by the yellowish products observed on the DE-HDMTD/DE-KDMTD sample (see inset in Figure
2.1g) and suggests that either the acidity induced by the HDMTD helps increasing the inhibiting
power of KDMTD or/and, based on the low efficiency observed for the DE-HDMTD sample
(Figure 2.1d), the DE-KDTMD coatings could contain less particle loading to obtain comparable
levels of corrosion protection. All in all, as confirmed by the close-up confocal images in Figure
2.3 showing absence of pitting or oxide precipitates, the coatings containing DE-Ce or DE-
KDMTD or combinations of DE-KDMTD with DE-Ce and DE-HDMTD lead to very high levels
of protection at and around large scribes for at least 7 days exposure to the droplet test despite the
relatively low amounts of active inhibitor used (4.3 wt.%).

DE-Ce DE-KDMTD DE-Ce/DE-KDMTD DE-HDMTD/DE-KDMTD

Figure 2.3 Confocal microscope of the post-mortem coatings containing DE-Ce, DE-KDMTD, DE-
Ce/DE-KDMTD and DE-HDMTD/DE-KDMTD pigments. Scale bar: 100 um.
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Figure 2.4 SEM-EDS analysis of the scratches of the (a) DE-Ce and (b) DE-KDMTD coatings after 7 days
exposure to droplet test.

To have a clearer view of the level and mechanism of protection provided by the good performing
samples, a SEM-EDS analysis of the DE-Ce and DE-KDMTD was performed at the end of the 7
days exposure (Figure 2.4). In both samples, the AA2024 substrate appears largely intact,
showing no signs of local corrosion such as trenching or pitting at intermetallic particles. Figure
2.4areveals high amounts of cerium (>4 atomic %) and oxygen (64-74 at.%) at two clearly visible
deposition sites, indicating the presence of cerium oxide/hydroxide in these areas as described
elsewhere® 14 together with traces of Ce at different locations over the surface, hence confirming
the release and preferentially local inhibition mechanism of cerium. Notably, the SEM-EDS
analysis of the scratch on the DE-KDMTD coating in Figure 2.4b shows a significantly high
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amount of sulfur (>30 atomic %) at locations 1 and 3. These locations also display high amounts
of copper, suggesting the preferential deposition of KDMTD on the copper-rich intermetallic
particles. This finding aligns with research indicating that heteroatom corrosion inhibitors can
adsorb on copper to protect metal substrates > 6 and our recent work (Chapter 3) quantifying
the state and amount of HDMTD as function of the local microstructure of AA2024-T3 with
preferential deposition on Cu-rich IMs and around Cu-poor IMs. 7 However, the comparably
high levels of corrosion protection achieved with the 50/50 DE-HDTMD/DE-KDMTD coating
system and the presence of yellowish regions at the edge of the scratch, as seen in Figure 2.1c
and 2.1g, suggest an excessive amount of KDMTD inhibitor was used leading to an "over-release™
and the design rule suggestion that lower amounts of KDMTD (or DE-KDMTD particles) may
be used still leading to good corrosion protection ad damage sites as measured by the droplet test.

In order to gain more insights on the inhibitor release relation to local protection, the droplets
used in the droplet test were tested using UV-Vis (spectroscopy). To do so, the droplets collected
after exposure were diluted 100 times before analysis to obtain spectra as shown in Figure 2.5.
The inhibitor concentrations were then determined using the calibration curves in Figure SI 2.1.
The coatings containing DE-Ce, DE-HDMTD, and DE-Ce/DE-HDMTD did not show
absorbance peaks at 252 nm for Ce®* and 328 nm for HDMTD. This indicates the inhibitor
concentrations in the droplets for these samples were below the detectable range of UV-Vis (<10
5> M) because of low release or because the dilution to 100 was excessive for these samples, either
way pointing at a release at least <10-3M, sufficient to protect in the case of Ce salts as confirmed
with the analysis above. In contrast, coatings with KDMTD released extremely high amounts of
inhibitors into the droplets, with concentrations reaching up to 5 mM (and the half when 50% Ce-
DE was used). These results align with previous observations from optical images and SEM-EDS
analysis which, considering that protection of AA2024 for this inhibitor can be achieved at 10
4M 18, suggest that KDMTD was over-released.
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Figure 2.5 UV-Vis spectroscopy of the 100 times diluted droplets solutions of the six coating systems.
Results confirm high release levels of KDMTD.
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Although the DE-KDMTD-containing coatings demonstrated a high level of protection during
droplet tests, the issue of over-release poses significant risks, such as blistering and delamination,
potentially leading to coating failure, but also fast inhibitor depletion. The results also indicate
that the direct loading of KDMTD into DE particles does not fully prevent this problem, even if
it allows for better quality of films (Note: the films using HDMTD and KDMTD particles directly
without DE led to non-usable coatings). As pointed out in Figure 2.1, and as expected, the intact
areas of all coatings showed droplet condensation which in soluble inhibitors should increase
release and protection. Nevertheless, when the samples were led to stabilize at room conditions
(25 °C and room humidity 50%) it was observed that the coatings with KDMTD presented liquid
droplets on the surface, as shown in Figure 2.6a, for an intact DE-KDMTD coating exposed to
ambient conditions for 1 day. This "sweating" phenomenon is attributed to the high hygroscopic
value of KDMTD, also responsible for the high inhibitor over-release discussed above. To
confirm this negative effect, Raman analysis was performed on the liquid droplets. Figure 2.6b
allows comparing the Raman signals of KDMTD powder, Ancamine, KDMTD in water and the
liquid droplets on the coated panels. As it can be seen, the droplets (green top curve) show signals
that confirm the presence of KDMTD (-C-N, N-N, C-S-C) *°and Ancamine (-NH, -CH2-CHj).
This suggests that a high amount of KDMTD, along with unreacted Ancamine from the polymer
binder, can leach out from the intact coating expectedly due to the hygroscopic character of
KDMTD but also confirms the high levels of corrosion protection at damage sites being enhanced
by the hygroscopic character of KDMTD.

Drops on intact coating

Mn\wk/w*—*/ e S—
3 e’ -CH, ~CH
8 Phe/C-NH, -CH attached to N 4 ‘3‘ C-H aromatic
> .
§ ‘wﬁw LVF‘.."‘
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Figure 2.6 (a) Optical image of an intact coating containing DE-KDMTD pigments exposed to the room
environment for 1 day; (b) Raman results for KDMTD powder, Ancamine, KDMTD in water, and the
droplets observed on the surface. Results confirm these ‘exudates’ correspond to large amounts of
KDMTD/Ancamine unreacted mixture.

2.3.2 Neutral salt fog spray (NSS) tests on bare and TSA AA2024-T3

Figure 2.7 shows the salt fog spray test results for the seven coating systems applied on bare
AA2024-T3. The optical images were assessed based on the following corrosion parameters: the
appearance of white corrosion products (aluminum oxide), pitting corrosion (shown as holes at
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intermetallic particles surrounded by white corrosion products), and creepage of corrosion below
the coating originating from the edges of the scratches.

The red line in between photos in Figure 2.7 indicates the onset time at which white corrosion
products appear at the scribe of each sample. Three coatings: DE, DE-KDMTD, and DE-Ce/DE-
KDMTD exhibited an early appearance of white corrosion products occurring between 168 h and
336 h. The coatings DE-HDMTD and DE-Ce showed a delayed appearance of white corrosion
products, with DE-HDMTD showing signs after 336 h and DE-Ce after 500 h.

Notably, DE-Ce/DE-HDMTD and DE-HDMTD/DE-KDMTD did not display white corrosion
products within 1000 h of exposure to the neutral salt fog spray. These results highlight the
synergistic effect of the inhibitor combination to prevent attack at scribes during NSS tests using
0.5M NaCl as opposed to the less effective protection of the coatings loaded with single DE-
inhibitor particles as evaluated for this NSS evaluation parameter of ‘white corrosion product’.

DE-Ce/DE- DE-Ce/DE- DE-HDMTD/DE-

4, DE DE-Ce DE-HDMTD . DE-KDMTD HDMTD _KDMTD KDMTD

336h

750h

1000h §

Figure 2.7 Salt fog spray tests results of the 7 coating systems on bare AA2024-T3. The red line marks the
onset of white corrosion product appearance.

The pit presence and creepage were quantified at two specific times: at the onset of detection (336
h) and at the end of the test (1000 h). This allowed identifying the amount of pits and creepage as
well as progression of the same in time. The detailed counting process for each sample can be
found in Figure 2.8 for the case of DE-KDMTD (2.8a), DE-Ce (2.8b), DE-HDMTD (2.8c) and
DE-Ce/DE-HDMTD (2.8d) coatings and in the supplementary information, Figure SI 2.2. The
summarized results are presented in Figure 2.9.
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(a) DE-KDMTD
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Figure 2.8-1 NSS results of (a) DE-KDMTD and (b) DE-Ce coatings.
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(c) DE-HDMTD

™7 Unconsidered pits O creepage New pits New &grow
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Figure 2.8-2 NSS results of (c) DE-HDMTD and (d) DE-Ce/DE-HDMTD coatings.
Firstly, all the coatings exhibited creepage at 336 h (as marked in Figure 2.8 and Figure S| 2.2

with a red circle), indicating that the pigments added to the primer negatively affected the coating
wet-adhesion to bare AA2024-T3. Coatings containing KDMTD (Figure 2.8a) showed
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significantly higher levels of creepage than the other samples at 336h (blue columns in Figure
2.9) followed by relatively high increase of creepage points from 336 to 1000 h. This is attributed
to the hygroscopic nature of KDMTD and its related ability to release from the coating, as
discussed in the previous section. The other coatings showed comparable creepage levels between
them with no clear differences between DE (Figure Sl 2.2a) and DE-loaded with Ce (Figure 2.8b)
or HDMTD (Figure 2.8c) at 336h but also no significant creepage increase from 336h to 1000h.
In line with this, lower creepage was observed in the KDMTD containing coatings when DE-
KDMTD was partially replaced DE particles containing Ce or HDMTD (Figure Sl 2.2b and 2.2c).

In terms of pitting, the coating without inhibitors (Figure SI 2.2a) exhibited a high number of pits
at both 336 h (8 pits) and 1000 h (15 pits) with the mentioned reduced creepage. Among the three
coatings with a single type of inhibitor pigment, the DE-Ce coating (Figure 2.8b) performed the
best in pitting (2 locations growing to 8 at 1000h) and creepage (comparable to that of HDMTD).
The DE-HDMTD coating (Figure 2.8c) showed comparable creepage to DE-Ce and a comparably
low number of pits at 336 h that nevertheless grew when exposed to 1000h. Conversely, and in
line with the high inhibitor release, leading to more creepage, the DE-KDMTD coating (Figure
2.8a) showed the lowest number of pits at both 336 h and 1000 h.

Interestingly, the combination of DE-Ce with DE-HDMTD (Figure 2.8d) resulted in the lowest
number of pits and minimal creepage compared to the coatings with a single DE-inhibitor particle
type. In contrast, the other combinations of DE-inhibitor carriers led to high levels of both pits
and creepage in the case of DE-Ce/DE-KDMTD(Figure Sl 2.2b) and low number of pits but high
creepage in the case of DE-HDMTD/DE-KDMTD (Figure SI 2.2c), hence exposing the
predominant role of a highly hygroscopic inhibitor in creepage while not being able to stop pitting
progression when combined with an efficient inhibitor as Ce, probably due to a competition
mechanism in NSS difficult to evaluate in this test, but also highlighting once more that better
KDMTD coatings can be achieved using lower DE-KDMTD concentration since DE-
HDMTD/DE-KDMTD showed better pitting and creepage behavior than the DE-KDMTD
sample with half KDMTD content, in good agreement with the droplet test results.

Overall, and considering the three characteristic parameters used in the NSS analysis (white
product, pitting, creepage), the best performing coatings to protect bare AA2024-T3 appear to be
the DE-Ce/DE-HDMTD followed by DE-Ce and DE-HDMTD/DE-KDMTD.
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Figure 2.9 Pit and creepage count for DE-containing coatings applied on bare AA2024-T3 during
exposure to NSS for 1000h.

Considering the results obtained in terms of protection of bare AA2024-T3 it was decided to
analyze the behavior of the coatings to protect TSA AA2024-T3 due to its relevance in aerospace
applications. Figure 2.10 and Figure 2.11 show the images of the samples exposed to NSS and
the quantification of pits and creepage respectively. The detailed counting of pits on each sample
can be found in support information Figure S1 2.3.

When the DE-containing coatings were applied on TSA and exposed to NSS three remarkable
differences were observed in general: (i) no creepage during the entire 1000 h test period was
observed for any of the TSA samples. This is likely due to the improved coating adhesion
resulting from the TSA pretreatment; (ii) white corrosion products were observed already at 168
h exposure for all coatings even if at different degrees. This is likely due to the incapability of the
corrosion inhibitors used to stop the strong galvanic couple between the more anodic aluminum
oxide layer used for the anodizing and the more cathodic underlying Cu-rich AA2024-T3
substrate. This is supported by, (iii) the pit counts (Figure 2.11) showing a higher number of pits
in all samples compared to those observed for the same coatings on the bare AA2024-T3 (Figure
2.9).

When comparing the samples, the DE-HDMTD coating exhibited a high number of pits initially
at 168 h, but showed no significant growth from that moment until the end of the test at 1000 h.
Conversely, the coating without inhibitor (DE) and the coatings containing KDMTD showed the
highest number of pits, suggesting that KDMTD alone is insufficient to prevent pit formation
when strong galvanic couples are created despite showing the highest inhibitor release. Consistent
with the results for bare AA2024-T3 in NSS, the DE-Ce and DE-Ce/DE-HDMTD coatings on
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TSA AA2024-T3 showed the lowest number of pits among all coatings, hence classifying them
as the best coatings in NSS.

DE-Ce/DE- DE-Ce/DE- DE-HDMTD/DE-
KDMTD KDMTD

DE-Ce DE-HDMTD  DE-KDMTD

HDMTD

Figure 2.10 Salt fog spray tests results of the 7 coating systems on TSA AA2024-T3.
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Figure 2.11 Pits count for DE-containing coatings applied on anodized AA2024-T3 during exposure to
NSS for 1000h. Note: in these samples no creepage was observed.
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2.4 Conclusions

Three model organic and inorganic inhibitors (Ce(NOs);, HDMTD, and KDMTD) were
incorporated into naturally occurring porous silica microparticles (diatomite, DE), loaded into
epoxy-amine coatings and applied in different particle combinations onto bare AA2024-T3 and
anodized (TSA) AA2024-T3. The coatings anticorrosion performance was evaluated using
droplet tests during 7 days and salt fog spray tests for 1000 h.

Although the DE-HDMTD coating initially delayed corrosion in droplet test, it proved ineffective
over the long term, possibly due to instability on the metallic surface or insufficient release from
the coating. The DE-Ce coating and coatings containing DE-KDMTD (DE-KDMTD, DE-Ce/DE-
KDMTD, DE-HDMTD/DE-KDMTD) behaved the best in droplet test. This is attributed to an
efficient inhibitor release at damaged locations by these coatings as demonstrated by SEM/EDS
analysis confirming the presence of cerium and KDMTD local deposition at the exposed metal.
However, the results also demonstrated an over-release of KDMTD, which posed risks of
blistering and delamination as well as long term protection. The negative effect of this high
release for KDMTD samples was confirmed by a relatively high creepage yet with low pitting
for KDMTD containing samples applied on bare AA2024-T3 exposed to NSS tests. This
highlights the need for different loading strategies of this KDMTD inhibitor in diatomite for more
efficient protection without detriment of other coating properties.

In neutral salt fog spray tests, the coatings applied onto TSA AA2024-T3 showed no creepage
due to the improved adhesion provided by the anodized layer. However, white corrosion products
appeared earlier together with more pits than for the coated bare AA2024-T3 samples. This is
attributed to the difficulty of these inhibitors to fully stop strong galvanic couple-induced
corrosion between the cathodic AA2024 substrate and the anodic TSA layer. On both types of
substrates (bare/TSA), the DE-Ce and DE-Ce/DE-HDMTD coatings exhibited the lowest number
of pits and creepage, indicating superior protection, primarily attributed to the release of cerium
and the synergistic effect provided by HDMTD, which is consistent with our earlier work.
Notably, unlike the droplet test, NSS tests involve washing processes where the solution with
released inhibitors is continuously washed off. This could potentially explain the synergistic
effect resulting from the good stability of HDMTD or the formation of Ce-DMTD complex on
AA2024-T3.

Overall, the strategy of loading inhibitors into diatomite revealed that inorganic inhibitors such
as Ce(NOs)s performed better than the organic inhibitors HDMTD and its potassium salt,
KDMTD, although for different reasons. While KDMTD effectively inhibits corrosion due to
large inhibitor release, its highly hygroscopic nature leads to rapid depletion of the inhibitor and
coating failure (blistering, creepage). This points at the need to understand its behavior compared
to HDMTD and to find alternative loading strategies that control better its interaction with the
surrounding binder as studied in Chapters 3 and 4 using a model epoxy-amine coating system.
Concerns about HDMTD include its stability on AA2024 that needs further understanding as will
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be discussed in Chapter 5 and its negative interaction with the epoxy-amine binder negatively
affecting its ability to release from the coating as will be further explored in Chapter 6.
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S1-2.1 Calibration curves
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Figure SI 2.1 Calibration curves for UV-Vis spectrophotometric determination of Ce(NOs)3, HDMTD and

KDMTD aqueous solutions.
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S1-2.2 NSS results of coated bare AA2024-T3
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Figure SI 2.2-1 NSS results of (a) DE and (b) DE-Ce/DE-KDMTD coatings.
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Figure Sl 2.2-2 NSS results of (c) DE-HDMTD/DE-KDMTD coatings.
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S1-2.3 NSS results of coated TSA AA2024-T3
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Figure SI 2.3-1 NSS results of (a) DE and (b) DE-Ce coatings.
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Figure SI 2.3-2 NSS results of (c) DE-HDMTD and (d) DE-KDMTD coatings
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(e) DE-Ce/DE-HDMTD

™7 Unconsidered pits O creepage New pits O New &grow
L-Jd area I creepage

Figure SI 2.3-3 NSS results of (¢) DE-Ce/DE-HDMTD and (f) DE-Ce/DE-KDMTD coatings.
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(g) DE-HDMTD/DE-KDMTD
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Figure SI 2.3-4 NSS results of (g) DE-HDMTD/DE-KDMTD coating.
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Chapter 3

When Ionic State 1s more Important than
Inhibitor Concentration: A Comparison of
Epoxy-Amine Coatings with 2,5-
Dimercapto-1,3,4-thiadiazolate (DMTD)
Salts Loaded in Diatom Exoskeletons

In this work, we investigate the effect of pH on the ionic states and inhibition power in the coatings
by using two chemically similar organic corrosion inhibitors. While 2,5-dimercapto-1,3,4-
thiadiazole (HDMTD) shows high intrinsic protection in solution, side reactions and limited
release hinder its performance in organic epoxy coatings. Herein, we introduce 2,5-dimercapto-
1,3,4-thiadiazolate dipotassium salts (KDMTD), which have strong ionic bonds that offer several
advantages for use in the organic coating, including high water solubility and reduced reactivity
with the polymer matrix. Both inhibitors are integrated into coatings using diatom exoskeletons
as microcarriers. Thermo-gravimetric analysis (TGA), Differential Scanning Calorimetry (DSC)
and UV-visible spectroscopy confirm that KDMTD interacts less with the coating matrix,
allowing for faster and more abundant release than HDMTD. Image reflectometry demonstrates
that despite the slower release of HDMTD, there was only minor corrosion (less than 6% surface
activity) observed on the damaged coating when exposed to different pH levels (5, 7, 10). This
indicates the effective anti-corrosion properties of HDMTD during short-term exposure (2 hours),
attributed to its inherent acidic nature. Interestingly, by slight acid exposure (pH=5) of coating
damage, KDMTD is protonated and the corrosion inhibition effectiveness of KDMTD is
significantly enhanced. This study highlights the importance of the correct inhibitor structure
controlled over inhibitor concentration to enhance corrosion protection and provides insights for
developing active organic inhibitors in organic coatings.

o1
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3.1 Introduction

Organic corrosion inhibitors are notably valuable for their inherent effectiveness, relatively low
toxicity, low molecular weight, and versatility of design. 1® They are well-suited for protecting
steel in pipeline liquids # but are less effective for coated structures like aircraft aluminum alloys.
This is due to the negative reactions with the organic binders in coating primers (e.g., epoxy-
amine). Such matrix-inhibitor interactions can hinder the release of inhibitors from the coating,
compromising their capability to protect metal surfaces from corrosion. ® & Encapsulating
inhibitors within nano or micro-sized inorganic carriers is a straightforward strategy to isolate the
organic inhibitors from the coating matrix. Such carriers allow controlling the release of inhibitors
by various methods, such as water dissolution, pH, diffusion, and ion exchange. & However,
these methods are limited by the small local amount of inhibitors available at a damaged locations,
which can lead to insufficient coverage of the metal surface therefore reducing the inhibition
efficiency. % 10

The inhibition principle of organic inhibitors involves the adsorption (physisorption and/or
chemisorption) of organic molecules or/and ions onto the metal surface to form a protective layer.
1 physical adsorption occurs due to the electrostatic attraction between charged organic inhibitors
and the charged metal surface. This process is significantly affected by the pH of the solution, as
protonated organic inhibitors are attracted to the negatively charged metal surface, forming a
protective layer. %14 Chemisorption involves the interaction of the metal atom vacant orbital with
the lone pair electrons of heteroatoms in the organic inhibitor. This interaction forms strong
chemical bonds between the nonionic organic corrosion inhibitor molecules and the metal
surface. 1> 18 The adsorption process can be influenced by factors such as the chemical structure
and concentration of the inhibitors, the surface charge distribution of the metals, and
environmental conditions (e.g., ions, pH, temperature, UV, etc.). 118

Among organic inhibitors, mercapto inhibitors like 2,5-Dimercapto-1,3,4-thiadiazolate salts, e.g.,
2,5-Dimercapto-1,3,4-thiadiazole (HDMTD) and its di-potassium salt (KDMTD), have been
identified as very effective organic inhibitors for Cu, iron, and Cu-rich Al-alloys, * 2! thanks
to their heteroatoms (S, N) with lone electron pairs, capable of forming strong interactions with
metal surfaces, enhancing adsorption and protection against corrosion. KDMTD replaces the
hydrogen atoms in the mercapto groups of HDMTD with potassium ions, forming an ionic
compound that offers several advantages for use in the organic coating, including high water
solubility and reduced reactivity with the polymer matrix. Our previous work *° reported the
encapsulation of HDMTD in natural porous silica microparticles (diatom exoskeletons or
diatomaceous earth or diatomite), and found that while protection was initially offered, it was not
sustained. It was then hypothesized but not demonstrated that besides low inhibitor loading,
inhibitor release was reduced due to the unwanted interaction between thiol groups in the organic
HDMTD and amine or/and epoxy in the resin used for the matrix. Despite KDMTD has also been
used in the corrosion protection of AA2024, > 22 its comparison with HDMTD and optimal
loading in coatings remains underexplored.
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In this work, we dig into the mechanisms responsible for the inhibition of AA2024 using coatings
loaded with two apparently similar organic inhibitors. To this aim, we loaded KDMTD and
HDMTD into diatom exoskeletons (DE). The interaction between these inhibitors and the matrix
was studied by thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), and
ex-situ UV-Vis spectroscopy for release kinetics. The impact of pH on the ionic states of KDMTD
and HDMTD is assessed using UV-Vis spectroscopy. The corrosion inhibition and inhibitor layer
stability are evaluated by exposing the damaged coatings with HDMTD or KDMTD to
electrolytes with varying pH, using in-situ, high-resolution image reflectometry. This study
highlights the significance of ionic states over inhibitor concentrations, which may explain
previously unexplored, unexpected results in corrosion inhibition.



54 3 When lonic State ...Salts Loaded in Diatom Exoskeletons

3.2 Experimental

3.2.1 Materials

2,5-dimercapto-1,3,4-thiadiazole (HDMTD >99%) and its di-potassium salt (KDMTD >99%)
powders were purchased from Sigma-Aldrich to be used as corrosion inhibitors. Diatom
exoskeletons (DE, natural silica nanoporous hollow microparticles) mainly from the
Aulacoseiraceae family, was supplied by Profiltra Customized Solutions (NL) and used as the
carrier for the inhibitors. The DE was refined following the procedure reported in our previous
work. ¥ Commercial grade bare 2.5mm thick AA2024-T3 plates were cut into 10cm x 10cm
pieces and used as metal substrates. The coating matrix was prepared from a bisphenol-A based
epoxy resin (Epikote™ 828) and an amine crosslinker (Ancamine®2500), both sourced by
AkzoNobel (NL), and used in their unmodified form with xylene (99%) serving as the solvent.
Sodium chloride (NaCl, purity > 98%) was acquired from VWR Chemicals, and Milipore®
filtered water was used in all the study. The pH of 0.05 M NaCl solutions was adjusted to 5, 7, or
10 by dropwise addition of a hydrogen chloride solution (HCI, 37%, Sigma-Aldrich) ora 0.1 mM
sodium hydroxide solution (NaOH, > 98%, Sigma-Aldrich), monitored with an inoLab® pH
Meter.

3.2.2 Inhibitors loading in DE silica microcarriers

0.5 g of DE was added to 20 mL 0.5M KDMTD water solution or HDMTD Butanone (MEK)
solution (used for HDMTD instead of water due to the relatively low solubility of HDMTD in
water). The dispersions were mixed vigorously with a high-speed mixer at 3500 rpm for 5 min.
Then, the mixtures were stirred for 24 h at 320 rpm using a shaking table. Next, the loaded
particles were separated by centrifugation at 4000 rpm for 10 min followed by the removal of the
supernatant. The particles were further dried at 70 °C for 6 h and stored in a desiccator before use.
The supernatant was used to quantify the inhibitor loading in the DE particles.

3.2.3 Release of inhibitors from DE powders

The release kinetics of inhibitor from DE-HDMTD and DE-KDMTD particles was studied with
a PerkinElmer LAMBDA 35 UV/Vis spectrometer. To this aim, 10 mg particles were placed
inside a Whatman® 42 paper filter on top of a glass jar filled with 200mL 0.05M NaCl solution.
4 ml aliquots of solution were taken at different immersion times and tested using the UV-Vis
spectrometer. After each measurement, the aliquots were returned to the glass jar. Aliquots were
taken at 2, 4, 6, 8, 10, 15, 20, 25, 30, 40, 50, 60, 90, 120, 150 and 180 minutes after the initial
exposure of the DE powders to the NaCl solution. At each instance, absorbance magnitude was
measured at the peak absorbance wavelength (328 nm for HDMTD and 315 nm for KDMTD)
and converted to concentration using a calibration curve for each inhibitor. All measurements
were repeated three times for each coating.

3.2.4 Coatings preparation

Coatings were prepared on AA2024 and Teflon to perform corrosion studies and freestanding
film tests, respectively. The AA2024 surface cleaning consists of the following steps: (1) removal
of the native oxide layer and surface roughness increase with Scotch Brite 3M in H20; (2)
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degreasing with a paper wet in acetone;(3) pseudo-boehmite treatment to increase the amount of
reactive hydroxyl groups on the surface by 10 s immersion in 2 M NaOH followed by a 30 s
immersion in distilled water and drying with nitrogen.

The coating compositions were prepared as listed in Table 3.1. The coatings’ formulation is given
as a function of epoxy resin (phr=parts per hundred epoxy resin in weight). Briefly, Epikote™
828, Ancamine®2500 and xylene (weight ratio 2.70:1.57:1.06) were mixed for 5 min in a high-
speed mixer at 2500 rpm and pre-cured at room temperature for 15 min. Right after precuring,
the inhibitor-loaded particles (DE, DE-HDMTD, DE-KDMTD) were added, and the coating
formulation was manually stirred for 3 min. After 1 min resting time the coats were applied using
a doctor blade with a wet thickness of 100 pum onto Teflon sheets to obtain free-standing films
for thermal analysis and on the AA2024 metal coupons to obtain coated panels for release and
corrosion tests. After a flash-off period of 30 min at room temperature, the coatings were cured
at 60°C for 24h in a dosed oven. After cooling down, the samples were stored in a desiccator until
testing.

Table 3.1 Coating formulations as function of Epikote™ 828 (phr=parts per hundred epoxy resin in
weight). The calculated inhibiting active component in wt% of the total coating dry weight. The pigment
volume concentration (PVC%) was set at 30%.

Inhibiting Inhibiting

Sample DE DE active active _Dry
pigment particles thickness
Name Ve (phr) component component (um)
yp P (phr) (Wt.9%) B
Epoxy - 0 0 0 6513
Epoxy/DE DE 33.7 0 0 68 £3
FpoyiDE- - DE 25.3 8.4 4.4 7043
Epoxy/DE- DE- 25.3 8.4 44 7043

KDMTD KDMTD

3.2.5 Thermal analysis of free-standing films

The coatings applied on Teflon sheets were separated with the help of a spatula and used for
thermal analysis. The thermal stability of the coatings was analyzed by Thermogravimetric
analysis (TGA). The TGA tests were conducted from 30 °C to 600 °C at a rate of 10 °C/min under
nitrogen gas with a flow rate of 20 mL/min. Differential scanning calorimetry (DSC) analyses
were performed to investigate the inhibitor influence on the glass transition temperature (T,) of
the epoxy/amine coating systems. To this aim, a Modulated DSC TA Instruments was operated
in nitrogen flow. Each sample was heated at a temperature range from -10 °C to 80 °C at a heating
rate of 10°C/min.
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3.2.6 Release of inhibitors from coatings on AA2024-T3

The coatings with DE-HDMTD and DE-KDMTD applied into AA2024-T3 were surface ground
by 1000-grit paper for 15s to remove top epoxy layer and expose inhibiting particles, prior to
exposure to 20mL 0.05M NaCl solution using a container of 1 cm diameter. The concentration
of the released HDMTD and KDMTD in NaCl solution was measured by UV-Vis spectrometer.
To this aim, aliquots of 3 mL were collected at different times (1, 5, 15, 30, 60, 120, 240, 360,
1440 and 2880 min), tested with UV-Vis and put back to the main solution to maintain a constant
volume of release medium. A plastic film was used to prevent evaporation. All release
experiments were repeated three times for each coating.

3.2.7 Corrosion inhibition test at damages

A Roland EGX-350 engraver equipped with an end mill carbide tip of 1mm in diameter was used
to create circular damages on the coated panels prior to exposure to the 0.05M NaCl water
electrolyte. Drills of 1mm diameter and 0.25mm deep (i.e. around 0.15 mm into the metallic
substrate) with respect to the coating surface were created without delamination. The resulting
chips from the engraved zone were removed by vacuum cleaner and air blowing.

The corrosion inhibition at damage sites was evaluated with an operando optical electrochemical
set-up as described in previous works. 5 1%1° To this aim, the scribed coating sample was mounted
in a magnetic Raman electrochemical flow cell from Redox.me. This cell allows a total electrolyte
volume of 4.5 ml and the use of a small Ag/AgCl (3 M KCI) reference electrode. The
electrochemical cell was placed vertically in a Faraday cage on an optical table from ThorLabs
to avoid any electromagnetic and vibrational disturbances. A 150x Dino-Lite digital microscope
was placed at the window side of the electrochemical cell. This allows for obtaining 330 nm/pixed
images every minute during exposure. The electrolyte (pH 5, 7, or 10 0.05M NaCl solution) was
injected through side openings allowing to obtain optical information of the metal surface right
after exposure to the electrolyte. The optical analysis based on image correlation at the pixel level
was conducted in ImageJ software as described in earlier works. 1% 1° The technique is based on
a pixel-by-pixel analysis to monitor the progression of surface activity at the region of interest
(ROI) over time. Images were converted to greyscale at an 8-bit resolution allowing the definition
of 256 different levels of intensity between black and white, able to identify small surface changes
leading to local ROI variations (i.e. activity). For the exposed metal surface, a static thresholding
bin limit of 10 was used due to the small intensity changes and reduced optical noise.

After exposure, the solutions were collected and measured by UV-Vis spectroscopy to determine
the concentration and structure of inhibitors in solution released from the damaged coatings.
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3.3 Results and discussion

3.3.1 Inhibitor interaction with coating matrix and effect on release

Figure 3.1 shows the (a) weight loss with temperature, and the (b) glass transition temperature
(Tg) of the epoxy coating without pigments and coatings loaded at 30% PVC with DE, DE-
HDMTD and DE-KDMTD.

The epoxy coating without inhibitors shows three stages in agreement with the literature 2°: (i)
Weight loss starts at 100°C, followed by a near-stable plateau up to 325°C with a related 25%
mass loss attributed to low Mw chemicals; (ii) From 325°C to 450°C, rapid mass loss to reach
approximate 50% mass loss, corresponding to the degradation of the epoxy-amine crosslinking
networks; and (iii) From 450°C, carbonization of residual materials.

In the first degradation stage (i), coatings containing DE and DE-KDMTD particles exhibit a
higher thermal stability than epoxy coating, with only a 15% mass loss. This improvement is
attributed to the DE particles, in good agreement with previous work on diatomite polymer
composites. 2* Conversely, when load with DE-HDMTD, no clear plateau in stage (i) and weight
loss (25%) comparable to unloaded epoxy-amine are observed. As observed in our previous
work,*® when HDMTD was loaded into DE particles, it was distributed both inside and outside
the DE particles. Additionally, the epoxy-amine matrix can penetrate the DE particles, allowing
full contact with HDMTD. Thus, the lower thermal stability here is attributed to the interaction
between the epoxy matrix and HDMTD, 2* leading to weaker C-S bonds in the crosslinking
network and/or a decrease in crosslinking density. In the second degradation stage (ii), between
325°C and 450°C, coatings with DE and DE-KDMTD reach roughly 40% mass loss, while
coatings with DE-HDMTD experience a 30% weight loss, all due to the breakdown of the epoxy-
amine crosslinks. Notably, by the end of this stage (ii), all three coatings demonstrated an identical
mass loss of 55%, which is 20% higher than that of the epoxy coating, attributed to the inclusion
of DE particles. In the final stage (iii), all three coatings show a small mass loss (<5%), like the
epoxy-amine coating.

Figure 3.1b shows the heat flow curves with the marks of mid-points standing for the glass
transition temperature (T) of the four coatings. No effect of DE and KDMTD on Ty are observed,
suggesting no interaction between DE and KDMTD particles. In contrast, when DE-HDMTD
particles are used, the T4 decreases from 45+0.5°C to 38+0.5°C, indicating that HDMTD reacts
with epoxy-amine matrix.
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Figure 3.1 (a) Weight loss profile with temperature and (b) DSC plot of Epoxy, Epoxy/DE, Epoxy/DE-
KDMTD, and Epoxy/DE-HDMTD coatings.

Both TGA and DSC unveil a potential difference in chemical reactivity between HDMTD and
KDMTD with the epoxy-amine matrix even when loaded into DE carriers. As shown in Scheme
3.1a, the thiol groups (-SH) in HDMTD are deprotonated by the base amino groups from the
organic matrix. These highly nucleophilic thiolate groups (-S°) can effectively open the oxirane
rings. As a result, they interfere with the crosslinking process by incorporating linear bonds and
reducing crosslinking density, hence decreasing thermal stability and T4 as shown here, as well
as Young’s Modulus, stress at break, and adhesion. 24?8 As for KDMTD, we used a non-polar
solvent (i.e., xylene) which limited the dissociation of KDMTD into reactive thiolate anion.?’
Consequently, its reactivity with the epoxy-amine matrix is highly reduced (scheme 3.1b). This
reduction in reactivity inhibits its interaction with oxirane groups in a water-free epoxy-amine-
xylene environment, resulting in minimal effects on Tyand thermal stability.
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Scheme 3.1 Chemical interaction of (a) HDMTD and (b) KDMTD loaded in DE with the surrounding
epoxy/amine polymer. Scheme shows lack of negative reactivity with KDMTD.

[/ loaded in DE

Figure 3.2a shows the release profiles of the ground Epoxy/DE-HDMTD and Epoxy/DE-
KDMTD coatings. Notably, the Epoxy/DE-KDMTD releases higher inhibitor amounts and at
higher release rate than the Epoxy/DE-HDMTD coating, well in line with the weaker interaction
between KDMTD and the epoxy matrix. In anticorrosion coatings, a rapid initial and a higher
inhibitor release are considered essential for achieving a minimum local protective concentration
able to stop the rapid dealloying of AA2024 intermetallic particles (IMs) which occurs within the
first 5 minutes of immersion. 2 Moreover, optimal inhibition coatings is theoretically obtained
by an initial quick release followed by a prolonged, steady release. ?° The Epoxy/DE-KDMTD
coating releases 38% of the total available KDMTD at the exposed location in the first 2 hours
and then slows down, reaching a 40% release plateau at 6 hours. This can be attributed to the
water diffusion-controlled accessibility of KDMTD in thicker polymer films (approximately 70
3 um). In contrast, the Epoxy/DE-HDMTD coating shows only a 10% release of available
HDMTD in the first 2 hours, followed by a slowing down of the release to reach 25% after 1 day
and 34% after 2 days. To verify the effect of the inhibitor-coating interaction on release, a release
study of the inhibitor-loaded DE particles was preformed (Figure 3.2b, ¢). Unlike the release from
coatings, the release profiles of inhibitors from DE-HDMTD and DE-KDMTD nparticles into
NaCl solutions (Figure 3.2b) are very comparable despite more HDMTD was loaded (Figure
3.2c). Both types of particles show a comparable rapid release within the initial 30 minutes of
exposure, reaching 70% (out of a loading capacity of around 270mg/g of DE as seen in Figure
3.2c) of the available inhibitors loaded in the DE particles. This is followed by slower release rate
until approximately 80% is released after 3 hours. This further confirmed that the differences in
release from the coatings are not due to the interaction between the DE particles and the inhibitors,
but the result of more pronounced unwanted inhibitor-coating side reactions with the use of
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HDMTD. Based on the inhibition theory from coatings, these results suggest a potentially higher
corrosion inhibition efficiency of the KDMTD coating compared to the HDMTD coating.
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Figure 3.2 (a) Release profile of HDMTD and KDMTD from ground coatings exposed to 0.05M NaCl
solution over 2 days. The release profile shows the average of several measurements (line) and the
standard deviation (color band). The scheme on the right shows the release of DMTD ions from the
ground coating. (b) Release profile of DE-HDMTD and DE-KDMTD particles for 3h. (c) Mass of

HDMTD and KDMTD loaded in 1g diatomite and their maximum release at 3h (stars).

3.3.2 Active corrosion protection at damaged coatings: effect of pH

The above results demonstrate that loading KDMTD in DE exhibits lower negative interaction
with the surrounding epoxy/amine polymer matrix, and significantly higher inhibitor release than
HDMTD loaded in silica exoskeletons. To study the relation between inhibitor release and
inhibition at damaged sites, the coatings were damaged as explained in the experimental section
and exposed to NaCl solutions at different pHs (5, 7, 10). During the exposure, the damaged site
was monitored with an operando optical imaging (image reflectometry) setup as described in the
experimental section. The total exposure time to 0.05M NaCl solution was picked at 2h based on
the release kinetics study shown in Figure 3.2a, to capture the near plateau release of KDMTD
(38%) and a low HDMTD inhibitor release (10%). The surface activity at the damage metal
surface was extracted from the optical images by a pixel-by-pixel image correlation analysis
protocol as described in our previous works. 2 The results of the reference epoxy coating without
DE microcarriers or inhibitors, epoxy coating with DE-HDMTD, and DE-KDMTD exposed to
pH 10, 7, and 5 0.05 M NaCl aqueous solutions are shown in Figure 3.3. Overall, the surface
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activity at the damage site decreased in all three coatings as the pH level drops, but clear
difference can be seen between samples.

At pH 10 (Figure 3.3a), epoxy coatings without inhibitors (black curve) shows rapid local activity
growth, leading to around 70% surface area coverage within a half hour, and stabilize at around
1 hour. This reflects the rapid generation of corrosion products at pH 10 in good agreement with
the Pourbaix diagram of Al. 3° The relation between optical activity and degradation was
confirmed with the local post-mortem image (right column) revealing a widespread global
corrosion shown as trenching around intermetallic particle sites, colorings (Cu re-deposition), and
white corrosion product deposition over the metal surface. The DE-KDMTD coating (blue curve)
displays a two-stage increase in surface coverage: (i) a relatively slow surface change during the
first hour reaching a surface activity area coverage of 25%; and (ii) a quick increase in surface
activity reached 70% after 2 hours of exposure. The local post-mortem image shows less white
product compared to the coating without inhibitors with minimum trenching or dealloying but
some surface colouring. These results indicate that KDMTD delays local corrosion attack at an
early immersion stage, even though protection diminishes over time, opposite to the coating
containing HDMTD (red curve) exposed to pH 10 shows very low-level of surface activity (9%)
localized at the intermetallic sites as confirmed by the post-mortem photograph (i.e., absence of
corrosion signs).
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Figure 3.3 The global activity maps, quantified surface activity curves, and local post-mortem images (left
to right) at the damage location at the end of the 2h exposure in (a) pH 10; (b) pH 7; and (c) pH 5 0.05M
NaCl solution for Epoxy (black), Epoxy/DE-KDMTD (blue) and Epoxy/DE-HDMTD (red) coatings. The
diameter of the damage hole is 1mm. Red scale bar in post-optical images: 50 um. The sector with a
dashed outline on the activity map of the Epoxy/DE-HDMTD (in c) represents a non-quantifiable location
due to the presence of an air bubble and has therefore been omitted from the analysis.

When exposed to pH 7 NaCl solution (Figure 3.3b), the epoxy coating without inhibitors (black
curve) shows a significantly lower surface activity (20% after 2 hours of exposure) than at pH 10.
In good agreement with our previous research, % 23 31 activity is very localized and related to
dealloying at intermetallic particle sites, followed by trenching and pitting corrosion confirmed
in the post-mortem image analysis (right column). Surprisingly, the DE-KDMTD coating (blue
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curve) shows rapid localized attack short after exposure, increasing to 23% surface activity after
half an hour and reaching 53% in two hours. Post-mortem imaging reveals trenching and pitting
at the intermetallic sites. Although the results are reproducible, the reason for the higher surface
activity at the damaged area of the DE-KDMTD coating compared to the epoxy coating remains
unclear. This discrepancy may be attributed to micro-scale variations on metallic surfaces, such
as the size and distribution of intermetallic particles. This aspect will be explored in future
research. Conversely, the DE-HDMTD coating (red curve) exhibits rapid surface activity within
the first 2 minutes, however plateauing immediately at a maximum of 2.3% surface coverage,
with minor dealloying at intermetallic sites confirmed by post-mortem image analysis.

At pH 5 (Figure 3.3c), the epoxy coating (black curve) shows similar results as exposed to pH 7
NaCl solution (15% after 2 hours of exposure) yet with lower pixel intensity change. Remarkably,
epoxy coatings with either DE-KDMTD (blue curve) or DE-HDMTD (red curve) exhibit near
zero local activity over 2 hours of exposure. This observation aligns well with the local post-
mortem images, which show no evidence of any corrosion signs. For the Epoxy/DE-KDMTD
coating, this represents a notable improvement compared to the significant surface activity (>
50%) observed on the damaged Epoxy/DE-KDMTD when exposed to basic (Figure 3.3a) and
neutral pH, (Figure 3.3b) as previously discussed. Regarding the damaged Epoxy/DE-HDMTD
coating, it shows a similar behavior as the exposure in neutral pH (Figure 3.3b), i.e., minor surface
activity (<2%).

Figure 3.4 shows the UV-Vis spectrum of the KDMTD and HDMTD released from the damaged
coatings after 2h exposure. In agreement with the release kinetics study (Figure 3.2a) under
neutral pH, the amount of inhibitors released from the Epoxy/DE-KDMTD coating is
significantly higher (>100 times) than from the Epoxy/DE-HDMTD coating at all pH levels. The
amount of inhibitor release is also increase with the pH for two coatings (i.e., maximum release
at pH 10).

Besides peak intensity, the wavenumber location varies from sample to sample. For the
Epoxy/DE-KDMTD coating (Figure 3.4a), the peak shifts to a higher wavelength as the pH
decreases. Although the concentrations remain at a similar level (10 M) and even increase with
pH, which is theoretically within the protection range 3% %2, this coating provides good corrosion
protection only at pH 5 (Figure 3.3). We attribute the effective protection to different chemical
structures, as indicated by the varying peak locations at different pH levels. This aspect will be
further investigated in next section 3.3.3.

The UV-Vis spectrum of HDMTD released from the damaged coating (Figure 3.4b) shows
absorption peaks at 326 nm at pH 5 and pH 7, and 313 nm at pH 10, although the concentrations
are at extremely low levels (<10° M). This indicates HDMTD is in the same chemical state (thiol-
thiolate and thione-thiolate) at pH 5 and pH 7 as shown in our previous work®, contributing to
effective corrosion inhibition, as demonstrated in Figure 3.3. These findings highlight the
importance of the chemical structure of the corrosion inhibitors upon release, to protect the metal
substrate.
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Figure 3.4 UV-Vis spectrums of (a) KDMTD and (b) HDMTD released from coatings with damage after
2h exposure to NaCl solutions with varying pH.

3.3.3 Effect of pH on the ionic state of DMTD salts

To gain insights into the structural features of HDMTD and KDMTD, UV-Vis spectra of
HDMTD and KDMTD in NaCl solution at the same concentration but different pH levels (5, 7,
and 10) were compared. The UV-Vis absorption spectrums of HDMTD and KDMTD solutions
are shown in Figure 3.5a and Figure 3.5b. The strong peaks ranging from Amin=313 nm to
Amax=328 nm represent m—n* transition in both HDMTD and KDMTD. %3¢ HDMTD exhibits
absorption peak centered at 328 nm at pH 5 and pH 7, and 313 nm at pH 10 (Figure 3.5a). The
proton dissociation constants of DMTD ions are known as: pKal=1.4 and pKa2=7.5 3% 3 and
contribute to six tautomers depending on pH as described in literature 33 and illustrated in Figure
3.5c. Based on this, at pH 5 and 7, HDMTD exists mostly in the thione-thiolate and thiol-thiolate
forms, resulting in overlapping UV-Vis adsorption spectrums as seen in Figure 3.5a. In the
alkaline pH 10, the absorption peak shifted to a lower wavelength, which can be attributed to the
HDMTD deprotonation and mostly exists in dithiolate forms.

For the KDMTD, the peak exhibits a shift to a higher wavelength as the pH decreases as observed
in Figure 3.5b. At pH 5 and pH 10, the peaks are centered at 328 nm and 313 nm respectively,
well aligned with the peak locations of HDMTD at acid and alkaline pH, this indicates the same
predominant structure at these two pH values (i.e., thione-thiolate and thiol-thiolate at pH 5 and
dithiolate at pH 10). In neutral pH, the absorption peak is centered at Amie. =320 nm. The factor
that might influence the UV-Vis spectra of KDMTD differently under neutral conditions is the
dissociation equilibrium of DMTD? 2K*. This assumption can be supported by the UV-Vis study
of another inhibitor: 2-mercaptobenzothiazole (MBT), which forms an ion-pair between MBT-
and cation under near neutral and basic pH. %
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Figure 3.5 UV-Vis spectra of 10*M HDMTD (a) and KDMTD (b) in pH 5, pH 7, and pH 10 0.05M NaCl
solutions. Schemes showing the (c) proton dissociation equilibrium of HDMTD and KDMTD and (d) ion-
pair equilibrium of KDMTD.

3.3.4 Stability of the organic inhibitor layer formed at slight acidic pH

In an anticorrosion coating system, it is widely recognized that the protection offered by corrosion
inhibitors will eventually diminish. This reduction in effectiveness is attributed to the
discontinuous release of inhibitors from the coating and/or the instability of the inhibitory layer.
The latter factor largely depends on the structure of the inhibitors and their interaction with the
metallic substrate. In our earlier research, we reported that inhibitor layers formed from 1mM
HDMTD in 0.05M NaCl solutions on AA2024-T3 show high levels of stability when re-exposed
to 0.05M NaCl neutral solutions. > We also found that 10*M HDMTD, released from a coating
with HDMTD particles coated with nanolayers 3! can form stable protective layers at damage of
the same size (Imm diameter, 250um deep) used in this study. To investigate the stability aspects,
the best-preforming coatings in terms of inhibition at damages (i.e., Epoxy/DE-KDMTD and
Epoxy/DE-HDMTD exposed to pH 5 NaCl solution) were selected and re-exposed to neutral pH
0.05M NaCl solutions.

During re-exposure, the DE-HDMTD coating displays rapid surface reactivation, reaching 5% in
about 5 min and increasing to 6.5% surface activity within 2 hours (Figure 3.6a). This is in good
agreement with activity localized at the intermetallic particle sites as seen in post-mortem image
analysis (Figure 3.6b). We relate this activity to film breakdown and slight dealloying likely due
to an insufficient release of HDMTD (<10® M) during both the acid-exposure process (Figure
3.3b) and subsequent re-exposure (Figure 3.6¢) leading to an initial protective layer being formed.
While a small amount of HDMTD can inhibit metal corrosion during a short exposure time (2
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hours), its inhibitory effectiveness tends to diminish over time, particularly once the initially
released inhibitor is depleted from the system. Nevertheless, it should be noted the partial loss of
protection does not grow after 1h immersion unveiling a very effective protection. The re-exposed
Epoxy/DE-KDMTD coating shows lower surface activity at the metal surface, with surface
activities stabilizing at about 2% surface coverage already at 2 minutes. This is consistent with
the local post-mortem image (Figure 3.6b), which displays minor dealloying at the intermetallic
particle sites. The low release of KDMTD from the Epoxy/DE-KDMTD coating during re-
exposure (Figure 3.6¢, 7x10° M), indicates that even though the inhibitor release during re-
exposure is below typical protective levels, the surface remains inhibited due to the high stability
of the inhibiting layer formed during first immersion with 0.1mM KDMTD released in acid
solution (Figure 3.4a). These results support the idea that the acid exposure process can help
creating more stable inhibitor layers from KDMTD capable of protecting the metal surface, even
with a reduced supply of inhibitors from the coating.
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Figure 3.6 Stability of the inhibitor layer formed at pH 5 and re-exposed to pH 7 0.05M NaCl solution.
Figure shows (a) the quantified surface activity curves, (b) optical images, global activity maps, and local
post-mortem images at the damage location at the end of the 2h re-exposure in neutral 0.05M NaCl
solution for Epoxy/DE-KDMTD and Epoxy/DE-HDMTD coatings. The diameter of the damage hole is
1mm. The sector with a dashed outline on the activity map of the Epoxy/DE-HDMTD (in b) represents a
non-quantifiable location due to the presence of an air bubble and has therefore been omitted from the
analysis. (c) shows UV-Vis spectrums of the NaCl solutions containing KDMTD or HDMTD released
from the damaged coatings.
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3.3.5 Relation between ionic state, concentration and protection

The above discussion highlights how pH affects the ionic states of KDMTD and HDMTD in
NaCl solution, which in turn impacts their corrosion inhibition effectiveness. Figure 3.7 depicts
the relationship between the predominant ionic state, the concentration of inhibitors released into
the solution, and the surface activity at damage (SA%) at various pH conditions, and upon re-
exposure to pH 7 NaCl solutions for Epoxy/DE-KDMTD and Epoxy/DE-HDMTD coatings.

For Epoxy/DE-HDMTD (Figure 3.7a), low surface activity (less than 9%) was shown at all tested
pH levels, exposure and re-exposure. SA% decreased as the pH decreased, nevertheless higher
inhibitor concentration was released at pH 10 (10° mM at pH 10 compared to 10* mM at pH 5
and 7). We attribute the effective inhibition of HDMTD at all pH levels to the intrinsic acidity of
HDMTD, which can remove the instinct thin Al oxide layer as shown in previous work. ® As
shown in Figure 3.5¢, under pH 5 and 7, HDMTD exists in thiol-thiolate and thione-thiolate forms
where the heteroatoms (N and S) can strongly adsorb to the metallic surface through
electrochemical interactions facilitated by dissociated protons. At pH 10, despite there were initial
corrosion activities and dealloying (Figure 3.3a), the dissociated protons from HDMTD can
interact with the OH- ions on the metal surface, allowing DMTD in the dithiolate state (Figure
3.5¢) to adsorb on metal effectively. This suggests that higher concentrations of HDMTD rule
out the effect of pH.

For the Epoxy/DE-KDMTD coatings (Figure 3.7b), effective inhibition was only observed at pH
5, showing nearly zero SA%, although the concentration of inhibitors released is much higher
than DE-HDMTD coating across all pH levels, exceeding 0.1 mM (at least 100 times that of DE-
HDMTD coatings at all pHs). At pH 7 and 10, the predominant dithiolate forms (both dissociated
and non-dissociated, Figure 3.5c, d) of KDMTD lead to the repulsion of DMTD ions from the
metal surface, resulting in corrosion. However, in the presence of protons, KDMTD transforms
to thiol-thiolate and thione-thiolate states, showing effective inhibition. Furthermore, when the
inhibitor layer formed under acidic conditions is re-exposed, KDMTD exhibits superior stability
(SA=2%) compared to HDMTD (SA=6.5% in Figure 3.7a), attributed to the 100 times release of
KDMTD than HDMTD during pH 5 exposure and the small initial extra release (0.1 mM for
KDMTD vs. 10 mM for HDMTD). This suggests that more stable layers can be formed at higher
concentrations and acidic pHs for both HDMTD and KDMTD and that high levels of protection
can be obtained with HDMTD at all pHs even at very low inhibitor concentration released.
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Figure 3.7 Overview of the surface activity percentage (SA%) at damage (obtained from Figure 3.3 and

Figure 3.6), the concentration of inhibitors being released (obtained from Figure 3.4 and Figure 3.6), and

the predomination ionic states after each exposure, and re-exposure for (a) Epoxy/DE-KDMTD and (b)
Epoxy/DE-HDMTD coatings.

3.4 Conclusions

In this study, two organic inhibitors, KDMTD and HDMTD, with highly similar chemical
structures, are loaded in natural microcarriers and integrated with epoxy-amine coatings applied
onto AA2024-T3 to assess their anti-corrosion performance. KDMTD exhibits a lower level of
interaction with the epoxy matrix, resulting in higher release rates and amounts than HDMTD, as
evidenced by Thermal Gravimetric Analysis (TGA), Differential Scanning Calorimetry (DSC),
and UV-visible spectroscopy. The critical role of pH in determining the ionic states and inhibition
efficiency of KDMTD and HDMTD as corrosion inhibitors. KDMTD exhibits effective and
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stable corrosion protection under pH 5 acidic conditions, due to its protonation capability, and
rapid and large release from exoskeletons due to low reactivity with coatings. Conversely,
HDMTD demonstrates remarkable corrosion inhibition capability during short exposures at all
pH levels. Nevertheless, its interaction with the epoxy matrix limits its early-stage release, leading
to protective inhibitor layer slight less protective upon subsequent exposures. This study
highlights the importance of understanding inhibitor-coating interactions and pH effects on
inhibitor chemistry for designing more effective anti-corrosion coatings.
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Chapter 4

Surface Modification of Natural Porous Silica
Microparticles to Control the Loading and
Release of Organic Corrosion Inhibitors

In this work we study the impact of particle surface modification on the loading and release of
organic corrosion inhibitors from diatomaceous earth particles in solution and coatings. To this
aim, we selected three types of trichlorosilanes with varying alkyl chain lengths (C4, C8 and C18)
to modify the surface of sp. Aulacoseira type diatomite (Diatomaceous Earth particles, DE). 2,5-
Dimercapto-1,3,4-thiadiazolate di-potassium salts (KDMTD) were used as model corrosion
inhibitors due to their high solubility and efficiency to protect Cu-rich aerospace alloys such as
AA2024-T3. Successful grafting of these functional silane chains was confirmed using FTIR
spectroscopy. The loading and release capacity from the particles as a function of the silane
hydrophobic chain length was studied by in-electrolyte ultraviolet-visible spectroscopy (UV-Vis).
A relation between chain length and loading capacity and release was found, with mid-length
silane (C8, octyl trichlorosilane, OTS) leading to the best results (approximately 3.5 times more
adsorbed inhibitor). When embedded in an epoxy-amine organic coating, the C8 surface
modification led to a significant improvement of DE particle dispersion and improved isolation
of the inhibitor in the DE particles from the surrounding polymer matrix. This prevented
unwanted side chemical reactions between the inhibitor and matrix and allowed to increase the
readily available active organic corrosion inhibitor for protection at damage. Operando
microscopy during immersion and postmortem analysis of damaged coatings demonstrated high
corrosion protection levels and the formation of stable protective layers at damaged sites.

This Chapter has been submitted to NPG Asia Materials, under review.
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4.1 Introduction

While organic corrosion inhibitors offer a less toxic alternative to inorganic ones for protecting
metallic surfaces, !"® integrating them into coatings in high amounts without triggering unwanted
reactions remains a significant challenge. *!! Inhibitor encapsulation in nano or micro-sized
inorganic particles has been largely explored to prevent negative interactions and provide
triggered inhibitor release. >!* Amongst the different carriers presented in the literature,
diatomaceous earth microparticles or diatomite (DE) offer very attractive opportunities as they
are readily available as mining products and are currently used as fillers in coatings due to their
innocuous amorphous silica composition and price amongst other properties. In our previous
works, we demonstrated the potential of these DE particles as carriers of inorganic salts (Ce-salts)
leading to very efficient corrosion inhibition levels at large damaged locations !> '® and explored
their potential as carriers of 2,5-Dimercapto-1,3,4-thiadiazole (HDMTD), a highly effective
corrosion inhibitor. !” Nevertheless, when loaded in DE particles embedded in an epoxy coating,
HDMTD showed limited protection at damage locations. This was related to (i) a very low
loading below 2% of the available internal volume of DE particles, and (ii) side reactions with
the organic matrix or the coating leading to reduced release. '°

Surface modification of silica particles, such as nanoparticles and diatomaceous earth (DE)
microparticles, has been investigated for various applications. These include their use as fillers to
improve the mechanical properties of polymeric matrices and carriers for drugs to improve
loading and release efficiency. '® ! Among the different approaches, DE surface modification
with opposite water affinities (i.e., hydrophobicity) to DE particles and/or different charges to
those in drugs led to increased loading capacities attributed to enhanced chemisorption and
environment triggered release attributed to pH sensitivity of the surface functional groups. 2% 2!
Despite significant differences in molecular structure and size, organic inhibitors and drugs are
somewhat similar in terms of water solubility and the presence of certain reactive functional
groups (e.g. amines, thiols). However, unlike drugs, corrosion inhibitors must be evenly
distributed in organic matrices while isolated to avoid unwanted side chemical reactions. They
must also retain their activity for long periods of time (years), dissolve quickly but not too quickly
to prevent blistering and fast depletion amongst others and be transported from the coating to a
damage location to react with the exposed metal surface in adequate quantities. These
requirements pose an extra challenge when dealing with loading with organic inhibitors in DE
microparticles beyond loading and release in aqueous solutions.

In this work, we studied to what extent the hydrophobic nature of surface modifications can affect
the loading and release of an organic inhibitor from DE microparticles in solution and in a coating.
To this aim, we chose 2,5-Dimercapto-1,3,4-thiadiazolate di-potassium salts (KDMTD), a
hygroscopic organic inhibitor of relevance for Cu-rich aluminum structures yet difficult to load
in DE particles and resins without side reactions. To control the surface hydrophobicity, and the
surface wettability difference with the hydrophilic organic inhibitor, three hydrophobic silanes
with varying chain lengths (C4, C8, and C18) were selected. The modified DE particles exhibiting
the most optimal combination of high loading capacity and release kinetics and efficiency were
further embedded into a prototype epoxy-amine coating and applied onto aerospace-grade
AA2024-T3. The coating properties, including aspects like pigment distribution, resin penetration
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into pigments, and release kinetics, were evaluated using confocal microscopy, scanning electron
microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), and UV/Vis spectroscopy.
Additionally, the corrosion inhibition efficiency and inhibitor layer stability at damaged locations
were investigated by exposing the damaged coating to NaCl electrolytes and monitored and
quantified using an in-situ, high-resolution image reflectometry set-up and image treatment
protocols.
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4.2 Experimental

4.2.1 Materials

Diatomaceous earth (DE) DiaFil525 particles were supplied by Profiltra Customized Solutions.
A cleaning protocol using the principle of water separation was used to maximize the content of
intact DE particles as reported earlier. 1> 1® Commercial grade bare AA2024-T3 (2.5 mm thick
rolled sheets) were cut into 3 x 3 cm pieces and used as the substrate for the coated panels. 2,5-
dimercapto-1,3,4-thiadiazolate di-potassium salts (KDMTD >99%), Butyl trichlorosilane (BTS),
Octyl trichlorosilane (OTS) and Octadecyl trichlorosilane (ODTS) (>97%), and hydrogen
peroxide (30%) were purchased from Sigma-Aldrich and used without further purification.
Sodium chloride (NaCl, >98%), ethanol (>99.9%), anhydrous toluene (99.85>%), and toluene
(98>%) were purchased from VWR Chemicals and used as received.

4.2.2 Surface modification of DE particles

Firstly, the cleaned DE particles were hydrolyzed to increase the content of active hydroxyl sites
for silanization as reported elsewhere. 2 Specifically, 10 g of cleaned DE particles were dissolved
in 30 ml of 30 wt% hydrogen peroxide and sonicated for 10 min. The sonicated solution was
refluxed at 90 °C for 3 h. DE particles were filtered using Whatman® filter paper with grade 595
with vacuum suction. Filtered DE particles were dried at 80 °C for 6 h.

After hydroxylation, the DE particles were modified using three different hydrophobic silanes
using the following silanization protocol based on a previously reported protocol: 2° (i) DE
particles were dried in nitrogen at 150 °C for 15 h; (ii) 0.5 g of DE particles were submerged in
20 ml of anhydrous toluene and stirred using magnetic stirring for 30 min; (iii) A solution
composed of 16 ml of toluene and 4 ml of silane was added dropwise to a solution prepared in
the previous step. The solution was refluxed at 150 °C for 24 h in a nitrogen atmosphere. After
24 h, the solution was cooled for 2 h; (iv) DE particles were filtered using Whatman® filter paper
with grade 595 with vacuum suction; (v) Filtered DE particles were sonicated in 30 ml of ethanol
for 5 min; (vi) DE particles were filtered using Whatman R filter paper with grade 595 with
vacuum suction; (vii) Repeated the last two steps twice and dried the filtered DE particles in
vacuum condition at 80 °C for 4 h.

At the end of the surface modification procedures four type of DE particles were obtained:
cleaned, silanized with BTS, silanized with OTS, and silanized with ODTS.

4.2.3 Loading of organic corrosion inhibitors

Figure 4.1 shows the loading protocol of KDMTD organic corrosion inhibitor inside the DE
particles.

The inhibitor loading process consisted of the following sequential steps:

-Step 1: KDMTD was dissolved in demineralized water under magnetic stirring to create
a 0.5M KDMTD aqueous solution.

-Step 2: 0.5 g DE particles (with/without surface modification) were mixed vigorously
with the 20 mL 0.5 M KDMTD aqueous solution in a glass jar by a high-frequency mixer for 5
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min. After this, the mixtures were transferred to a stirring table and kept stirring for 24 h at 300
rpm.

-Step 3: The mixture was centrifuged at 4000 rpm for 10 min.

-Step 4: The excess solution on top of the densely packed DE particles at the bottom of
the glass jar was removed and collected using a glass pipette. After removing the excess solution,
the mass of the leftover solution and DE particles was measured in a balance.

-Step 5: The glass jar with the DE cake was moved to a vacuum oven at 70 °C for 6 h to
evaporate the remaining water. The inhibitor-loaded DE particles were then collected with a
spatula. After drying, the particles were loose and did not require grinding, making them ready
for use.

The protocol presented in Figure 4.1 allowed quantifying the amount of loaded inhibitor adsorbed,
and the amount of inhibitor absorbed in the DE carrier as illustrated in Figure 4.2.

1. Corrosion inhibitor solution 2. DE particle mixing 3. DE particle collection by
preparation centrifuging

Diatomite Corrosion
Inhibitor Carriers (DE

KDMTD solution
Concentration: C1

Supernatant Solution
Concentration: C2

Mass: m1 particles)
Mass: Moe
Densely Packed
Diatomite Corrosion
Inhibitor Carriers
4. Excess corrosion inhibitor solution 5. Drying out of leftover corrosion inhibitor
removal solution
Supernatant solution
P ! Dried KDMTD Loaded
Concentration: c, X R X
Mass: mi—m Diatomite Corrosion
ass:m1 © Inhibitor Carriers
Leftover KDMTD solution
+ DE particles
Concentration: c, 22 e
e
Mass: Mo + Moe = e

Figure 4.1 Step protocol to load KDMTD in DE particles. This method allows approximating in a
quantified manner the inhibitor loading in the carriers as adsorbed and absorbed inhibitor loading.
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1. Loose inhibitor

2. Externally absorbed inhibitor

Diatomite silica structure

3. Internally absorbed inhibitor

Figure 4.2 Schematic showing the different state options for a corrosion inhibitor present at the loaded DE
particles: adsorbed onto the silica frustule walls (surface loading), absorbed (bulky loading) around the
carrier and non-bound (loose) inhibitor salts mixed with the DE particles.

Adsorbed KDMTD inhibitor loaded onto the DE particles as depicted by the yellow region of
Figure 4.2 occurred due to the attraction forces between DMTD ions and the DE silica (-modified)
surface and ion exchange happening during the 24h dispersion. Inhibitor absorption, which
happened during the final drying step, can be at the same time subdivided into three different
categories depending on the loading process used, namely: (i) externally absorbed, (ii) internally
absorbed, and (iii) non-bound (loose) inhibitor salts. During the centrifugation step, DE particles
were densely packed. This minimized the KDMTD solution presence between the external
surfaces of the DE particles. However, a small portion remained trapped between the particles,
leading to inhibitor salt precipitation absorbed on the outer surfaces of the DE particles. As the
DE particles are hollow, KDMTD solution gets also trapped during centrifugation inside the DE
particles, this leading to inhibitor being absorbed on the internal surface of the DE particles during
the drying process. Besides this, some KDMTD-rich pockets remain trapped between the DE
particle dry cake leading to non-bound (loose) KDMTD agglomerate salts.

The loading protocol used, allowed quantifying to some extent the ratio between inhibitor
absorbed (of more easy release) and adsorbed (slower release). To calculate the adsorbed inhibitor
occurring during the stirring process the concentration of inhibitor in the stirring solution was
measured at 24h after centrifuge. The difference between the initial concentration and the
concentration at 24h lead to the mass of inhibitor adsorbed onto the DE particles (map in mg) as
shown in (Eql).

myp = 1000 * (¢, — ¢3) *my *x Mypyrp / P1 - (Eql)

where, ¢ (mol/L) and mi(g) represent the concentration and mass of the KDMTD solution
prepared for the loading process. ¢, (mol/L) is the concentration of KDMTD solution after the
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centrifugation. Mkpmrto (g/mol) is the molar mass of KDMTD. p,(g/L) is the density of the
solution.

Absorption loading capacity (mag in mg) was determined by the remaining solution during the
final drying step as shown in (Eq2).

myup = 1000 * c; * My * Mypyrp / P2 - (Eq2)

where, ¢, (mol/L) is the concentration of KDMTD solution after the centrifugation. myo is the
mass of the leftover KDMTD solution filling the inter and intra volume of the densely packed DE
particles. Ideally, when the diatomite particles are stacked very densely, mo should be 1.6 times
heavier than mpe. This is based on the 160 wt% water absorption capacity mentioned in the
datasheet of diatomite particles provided by Profiltra. Mkpmto (g/mol) is the molar mass of
KDMTD. p,(g/L) is the density of the solution.

4.2.4 Particles characterization

The structural integrity of DE before and after surface modification was analyzed by SEM-EDS
in a JEOL JSM-7500F field emission scanning electron microscope equipped with energy
dispersive X-ray spectroscopy. Note: surface modification did not have impact on particle size
distribution (i.e., all in the range of 5 to 15 um). For SEM image generation, both secondary
electron mode (SEM) and backscattered electron mode (BSE) were used with magnification
ranging between x250 up to x3000 and voltage of 5.0 kV and 15.0 kV. To reduce the impact of
static electricity, DE particles were first sputtered with a 15 nm thick gold layer. To verify the
result of the hydrophobic surface modification with BTS, OTS and ODTS hydrophobic silanes,
FTIR spectroscopy was used with a wavenumber ranging from 700 up to 4000 cm? and a
wavenumber resolution of 0.5 (cm™). To construct the final spectrum for each sample, 40 scans
were averaged.

The loading and release capacity of the corrosion inhibitor in and out of the DE particles was
quantified by UV-Vis spectrum accompanied by a calibration curve of KDMTD in NaCl aqueous
solution and KDMTD in distilled water. All the tests were repeated three times. Since the
corrosion inhibitor solution shows the highest absorbance at 315 nm, this wavelength was used
for the calibration and as identifier of KDMTD in solution. For the release capacity calculations,
corrosion inhibitor-loaded DE particles were inserted in a Whatman® filter paper with grade 595
which was placed on top of a quartz cuvette for the UV-vis spectrometer. A magnet rotating at
1800 rpm was used to homogenize inhibitor diffusion in water. By monitoring the increase of
absorbance measured over time, both release capacity and release kinetic could be determined.

4.2.5 Preparation of coatings and coated panels

2.5 mm thick bare aerospace-grade aluminum alloys AA2024-T3 metal plates were surface
cleaned as follows: (1) grinding with Scotch Brite 3M in water to remove the native oxide layer;
(2) wiping with a paper tissue wet in acetone; (3) immersing in 2 M NaOH for 10 s followed by
30 s rinsing in distilled water and drying with N2 gas. The coating compositions were prepared
as shown in Table 4.1. Briefly, Epikote™ 828, Ancamine® 2500, and xylene (weight ratio of
2.70:1.57:1.06) were mixed in a high-speed mixer at 2500 rpm for 5 minutes. This mixture was
then pre-cured at ambient temperature for 15 minutes. DE particles loaded with inhibitors (DE-
KDMTD, C8@DE-KDMTD) were introduced by stirring the coating formulation manually for 3
minutes. This mixture was then applied onto AA2024 metal coupons with a spiral bar of 100 um
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wet film. Following a 30-minute flash-off period at room temperature, the coatings were cured at
60°C for 24 hours leading to a coating dry thickness of 73+5 um. Before release and corrosion
testing, the coated panels were preserved in a desiccator.

Table 4.1 Coating formulations as a function of Epikote™ 828 (phr=parts per hundred epoxy resin in
weight), and the calculated inhibiting active component in wt% of the total coating dry weight. The DE
pigment volume concentration (PVVC%) was set at 30%.

DE Inhlb_ltmg Inhlb_ltlng Dry
Sample . . active active .
Pigment  particles thicknes
Name (phr) component component s (um)
P (phr) (Wt.%) u
Epoxy/DE- DE- 0
KDMTD KDMTD 26.5 7.2 3.8% 73+ 5
Epoxy/C8
@DE- E?:)(?\)/I[')I'IIED 25.9 7.8 4.1% 73+5
KDMTD

4.2.6 Coatings characterization

The distribution of particles in the as-prepared coatings was evaluated by a Keyence VK-X1000
confocal scanning microscope. The coatings were analyzed for a second time after manually wet-
grinding up to 4000 grit sanding paper under SEM-EDS.

The release capacity of the coatings containing DE-KDMTD and C8@DE-KDMTD was
quantified by exposing a ground coating surface to 20 mL 0.05M NaCl solution in a 1 cm diameter
container. Electrolyte aliquots were measured with a UV-Vis spectrometer as shown above to
quantify inhibitor release. Surface grinding before exposure to solution was performed with 1000-
grit paper for 15 seconds. This process allowed directly exposing the loaded particles to the
solution by removing the top thin polymer barrier layer formed during the coating deposition.
Aliquots of 3 mL were taken at 1, 5, 15, 30, 60, 120, 240, 360, 1440, and 2880 minutes and
returned to the solution to keep the exposure volume constant. A parafilm cover prevented
evaporation during the release test. The coating release tests for each sample were repeated three
times.

4.2.7 Wet/dry cyclic corrosion inhibition tests

Damages of 1mm diameter and 0.25mm deep from the coating surface were performed on the
coated panels with the help of a Roland EGX-350 engraver equipped with an end mill carbide tip
(Imm in diameter). The resulting chips were removed by a vacuum cleaner.

The damaged samples were placed in a Raman electrochemical flow cell with 4.5 ml electrolyte
and a Ag/AgCl (3 M KCI) reference electrode. This setup was placed vertically on an optical
table inside a Faraday cage to avoid electromagnetic and vibrational disturbances. Visualization
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was achieved through a 150x magnification Dino-Lite digital microscope, positioned adjacent to
the viewing window of the cell, thereby enabling the acquisition of high-resolution imagery at
one-minute intervals throughout the electrolyte exposure period.

Image analysis was performed using ImageJ software, applying a pixel-level correlation method
described in our earlier studies. *>1¢ To do so, images were processed into 8-bit greyscale, offering
256 levels of intensity from black to white. This approach allows detecting slight surface
variations in refractive index affecting the histogram at pixel level (330 nm) produced by
corrosion and inhibition processes over time within a specified region of interest (ROI). A static
thresholding limit of 10 was used to analyze the metallic surface, to address low-intensity
changes, and to optimize signal-to-optical noise ratio without losing relevant information.

After the immersion, the electrolyte solutions were analyzed with UV-Vis spectroscopy to
quantify the corrosion inhibitor released from the damaged coatings. The damaged-coated panels
were finally analyzed with a Keyence VK-X1000 confocal scanning microscope at 50x
magnification.

4.3 Results and discussion

4.3.1 Surface modification of DE using hydrophobic silanes

Figure 4.3a illustrates the chemical structures of the three hydrophobic silanes, BTS, OTS and
ODTS used to modify the surface of the DE particles. DE particles modified with BTS, OTS and
ODTS are referred to as C4@DE, C8@DE and C18@DE. The cleaned DE particle without
surface modification is used as reference. Figure 4.3b shows the SEM images of the DE particles
with and without surface modification with hydrophobic silanes. SEM images show that the
silanization process does not damage the intact DE particles.

To verify the success of silane modification, FTIR spectroscopy was used. As shown in Figure
4.3c for all 4 DE particle samples, the following five main characteristic peaks were visible: (i) a
peak at 800 cm™! attributed to the stretching vibration of Al-O-Si; 2*2* (ii) a peak at 1060 cm™!
attributed to the asymmetric stretching mode of Si-O-Si bonds; (iii) a peak at 1635 cm™! due to
absorbed water; 2° (iv) a shoulder peak at 3619 cm™! due to the surface hydroxyl moieties; and (v)
a broadening OH peak in the wavenumber range between 3100 cm™! and 3700 cm!. !° These
features were present in all the samples, regardless of whether they underwent silane surface
modification, and indicate that the surface modifications did not change the basic particle
chemistry.

Besides the above peaks, the silane-modified DE particles show the presence of IR peaks at 2929
cm’! attributed to -CH»- asymmetric stretching and 2869 c¢m! attributed to -CH symmetric
stretching, '? in good agreement with the presence of the carbon alkyl chains corresponding to the
hydrophobic silanes. The relatively higher amplitudes of the -CH,- and -CH peaks in the order of
C18, C8, and C4 is in good agreement with the increasing length, and hence carbon content, of
the alkyl chains used for surface modification. As expected, DE sample did not show the IR peaks
related to the alkyl chain.



80 4 Surface Modification ...Organic Corrosion Inhibitors

(@ o BAVAVAVAN ©
| Butyl trichlorosilane ‘/\/\Octyl trichlorosilane >s,\
cl [=] !

8 : Si-0-Si ALO-Sil

| (BTS) c|/ cl (OTS) | Absorbed Waler\
‘ cl i 3 C18@DE
1 c
| Octadecyl trichlorosilane \5. : §
i
" (0DTS) 7 Ny 2 C8@DE

<

C4@DE
DE

T u 7 r T T
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm)

-CH,-
Si-OH oH
| C18@DE
[
£ T C8@DE
g v ~
2 C4@DE
S e ——
/ DE
e e
4000 3500 3000 2500 2000

Wavenumber (cm™1)

Figure 4.3 (a) Chemical structures of the 3 hydrophobic trichlorosilanes used for hydrophobic surface
modification of the DE particles; (b) SEM micrographs of DE particles with and without hydrophobic
surface modification; (c) FTIR absorbance spectra (4000-700 cm™') with enlarged region (4000-2000 cm'")
of DE particles with and without hydrophobic surface modification.

4.3.2 Effect of surface modification on loading and release of organic inhibitors in DE
microparticles

Figure 4.4 a-c show loading and release quantification as a function of the surface modification.
The overall loading capacity of KDMTD corrosion inhibitor, as shown in Figure 4.4a, increased
for DE samples modified with longer alkyl chains (C8 and C18) compared to unmodified DE,
while the C4-modified sample showed a decrease in overall loading capacity. This overall trend
can be explained by the differences in absorbed and adsorbed loading states.

The absorbed loading (blue column related to absorbed inhibitor in Figure 4.4a) decreased across
all silanized DE samples, indicating that surface modification generally reduced the capacity for
absorption. The differences in absorption loading capacity may be due to the limitations of the
loading method, where the hydrophobic nature of silanized DE particles made it challenging to
completely remove the solution during the process.

On the other hand, the adsorbed loading increased significantly in the C8@DE-KDMTD and
C18@DE-KDMTD samples, particularly in comparison to unmodified DE-KDMTD (orange
column related to adsorbed inhibitor in Figure 4.4a). The adsorbed loading occurred due to the
attractive force between the DE particles and the DMTD ions in the corrosion inhibitor solution
used during the loading process. DE particles intrinsically had abundant hydroxyl moieties on
their surface. DMTD ions were adsorbed onto the DE particles through the formation of hydrogen
bonds with these hydroxyl moieties, as illustrated in Figure 4.4d. For the C8 and C18 modified
samples, although the surface density of hydroxyl moieties was reduced due to silanization (as
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silanization replaced hydroxyl groups at a 3:1 ratio, Figure 4.4d), the creation of hydrophobic
zones, which favored the presence of less polar DMTD (ionic state) over polar water molecules,
promoted adsorption of DMTD ions near the DE surface. This effect was not observed in the
C4@DE-KDMTD sample, where the hydrophobic zone was either absent or insufficiently large,
leading to lower adsorption loading. When comparing C8 @DE-KDMTD to C18@DE-KDMTD,
the adsorption loading capacities were similar despite C18@DE-KDMTD having a higher
hydrophobic nature. This similarity was likely due to the coiling effect of the longer C18 silane
chains, which slightly limited the expansion of the hydrophobic zone compared to CS.

Figures 4.4b and 4.4c show the release kinetics of the corrosion inhibitor as function of the DE
surface treatment during 3 h of immersion in water and in 0.05M NaCl solution, respectively. As
shown in Figure 4.4a (blue and red dots within the columns), the presence of NaCl ions did not
significantly increase the total inhibitor release after 3h immersion for any sample. Similarly,
NaCl in solution did not have a major effect on the release kinetics profile as seen when
comparing Figures 4.4b and 4.4c. This suggests release is dominated by rapid water dissolution
and internal diffusion in the particles while ion charge balance does not play a measurable role as
observed in other loaded systems. 26
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Figure 4.4 (a) Loading and release capacity of KDMTD corrosion inhibitor in the DE particles as function
of the surface modification; (b and c) Fractional release kinetics of KDMTD corrosion inhibitor as
function of the surface modification in distilled water (b) and in 0.05 M NaCl aq. solution (c). Theoretical
maximum release is given by the total loading shown in Figure 4a.; (d) Schematic describing the loading
principle of KDMTD corrosion inhibitor as function of the DE surface modification. The yellow blocks
indicate the hydrophobic zones governed by the alkyl chains.

A clearer effect of the surface modification on the release kinetics and overall release with respect
to loading was observed (Figures 4.4a-4.4c). The release profile of the DE-KDMTD particles
without surface modification plateaued at around 45 minutes at a 80% release of the maximum
theoretical release capacity calculated based on the loading capacity. The surface modified DE-
KDMTD particles with hydrophobic silanes showed a slower release profile and lower relative
release capacity at the end of the experiment (3h) than the DE particles. In spite of this lower
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release, the total inhibitor released for the same particle amount was comparably high for DE-
KDMTD, C8@DE-KDMTD and CI18@DE-KDMTD and lower for the C4@DE-KDMTD
samples (blue and red dots in Figure 4.4a). The samples modified with C4 silane showed a
comparable release profile (kinetics and plateau at 60 min immersion) to the DE-KDMTD sample
yet plateauing at 65% release. The samples modified with the C8 and C18 silanes showed slower
release kinetics profiles plateauing at around 90 min for the C8@DE-KDMTD and with no clear
plateau for the CI8@DE-KDMTD sample even at the end of the immersion time (3h). This
slower release rate can be explained by the hydrophobic character of the surface modification.
While C4@DE-KDMTD did not seem to have a big impact on the release rate, the interactions
between inhibitor and surface modification may have affected the total inhibitor released in a
comparable manner to the surface modification with C8 and C18. Nevertheless, more inhibitors
can be stored when the more hydrophobic silanes were used, as shown in Figure 4.4d and
discussed above, which in turn affects the diffusion kinetics of the adsorbed inhibitors. As
expected, long carbon chains (C18) may collapse in water media and decrease release kinetics of
release when compared to C8@DE-KDMTD. This may also affect the total amount of inhibitor
released in the studied time of 3h (C8@DE-KDMTD 75% and C18@DE-KDMTD 70% at 3h,
yet with C18@DE-KDMTD still increasing). Considering the requirements for corrosion
inhibitor loading (as high as possible) and release (sufficient amount quickly released to rapidly
protect the metal and then sustained release in time for maintenance of the protective layer), the
C8 surface modified particles perform the best as they combine high loading (almost 3 folds the
DE-KDMTD sample), faster release behaviour (faster than C18@DE-KDMTD) and higher
maximum inhibitor percentage released (75%). For this reason, in the remaining part of the work,
it was decided to compare the behaviour between coatings loaded with DE-KDMTD and
C8@DE-KDMTD particles.

4.3.3 Effect of surface modification on particle dispersion in the coating

Figure 4.5a shows representative confocal microscope images of the coatings prepared with 30%
PVC DE and C8@DE microparticles loaded with KDMTD. In both coatings, the particles
appeared to be well dispersed in the absence of large (>100 um) agglomerates. Nevertheless, the
particles modified with C8 silane showed a clear improvement in particle dispersion with
individual DE particles clearly identifiable (Figure 4.5a-right).

Figure 4.5b shows SEM/EDS micrographs of the epoxy coatings containing KDMTD loaded in
DE and C8@DE after wet-grinding. In agreement with the confocal images, both coatings
showed homogeneous particle distributions without agglomerates over the entire coating surface,
eventhough the particles modified with C8(OTS) were more clearly identifiable and presented an
even more homogeneous dispersion. When looking at the particles a bit closer (Figure 4.5b), it
became clear that the inner volume of the DE particles without silane modification was
completely filled by organic matter (elemental C map) attributed to the epoxy-amine matrix, in
good agreement with our previous reports with such DE-loaded coatings. >’ Quite opposite to this,
the C8@DE-KDMTD particles appeared empty after polishing. This is attributed to a barrier
effect induced by the silane surface modification that ensured epoxy-amine polymerization at the
surface and prevented it from getting into the DE inner volume as also shown in the EDX

mapping.
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Figure 4.5 (a) Confocal microscope images of as-prepared coatings with DE-KDMTD and C8@DE-
KDMTD particles; (b) SEM-EDX analysis of wet-ground coatings containing DE-KDMTD and C8@DE-
KDMTD particles. EDX is unable to detect the presence of KDMTD because it was removed during the
grinding process. The images show how the C8 treatment help decreasing the penetration of the epoxy-
amine resin into the DE particles as opposed to the DE-KDMTD particles as shown in the right scheme.

4.3.4 Effect of surface modification on inhibitor release from coatings

The effect of surface modification on KDMTD release from the coatings was investigated by
immersing surface ground (Figure 4.6a) and as-produced (Figure 4.6b) coatings in 0.05M NaCl
solutions and monitoring DMTD concentration with UV-Vis spectroscopy.

As shown in Figure 4.6a, when the surface was ground, there was an immediate burst release of
KDMTD for both coatings. Such an effect was also observed in the as produced (i.e., intact)
coatings (Figure 4.6b), although due to different reasons. For the ground samples, C8@DE-
KDMTD showed 2 times more initial release than DE-KDMTD. Since the inhibitor content in
the particles was not two times higher in the case of C8 modified DE (Figure 4.4), and the
dispersion degree was comparably good (Figure 4.5), this effect can be better attributed to a larger
proportion of chemically available KDMTD (i.e. non-reacted with the epoxy-amine polymer)
probably due to the lower resin penetration in the DE particles (Figure 4.5 and Figure 4.6¢). For
the intact coatings, a similar amount (20%) of KDMTD was released from both coatings. It is
worth mentioning that droplets came out from the intact coating surfaces (both on DE-KDMTD
and C8@DE-KDMTD coatings) as seen in the zoomed optical images on the coatings (left
column in Figure 4.7) and illustrated in Figure 4.6d. These droplets may result from the
hygroscopicity of KDMTD, indicating that KDMTD came out of the coating surfaces by water
diffusion. This phenomenon was also observed in the coatings containing KDMTD in Chapter 2,
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where we demonstrated that these droplets were composed of KDMTD and amine. Furthermore,
the droplets on the C8@DE-KDMTD coating were smaller than those on DE-KDMTD coating
owing to its hydrophobic nature. Additionally, this phenomenon was observed only during the
first 2 h of exposure to the NaCl solution. As shown in the right column of Figure 4.7, no
additional droplets emerged from the coating after 2 h of exposure to the NaCl solution, followed
by drying and subsequent exposure to the ambient environment for 1 day.
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Figure 4.6 (a) The release profile of (a) dry-ground coatings and (b) as-produced intact coatings containing
DE-KDMTD and C8@DE-KDMTD particles in 0.05M NaCl solution over 6 h; And schematic diagram of
KDMTD inhibitor released from the (c) ground and (d) intact DE-KDMTD and C8@DE-KDMTD
coatings showing the resin getting into the DE-KDMTD particles and not in the C8@DE-KDMTD
particles. This leads to more inhibitor availability.
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Following the initial release, the release of the two intact coatings (Figure 4.6b) gradually
increased and reached a plateau at 2 h, with release amounts of up to 48% for C8§@DE-KDMTD
and 40% for DE-KDMTD. This similar release amount suggests that the majority of the available
KDMTD originated from the droplets on the coating surfaces. Only a limited amount of inhibitors
were able to across the polymer matrix during the exposure period (Figure 4.6d). On the other
hand, the release rate of the two ground samples was quite comparable during the first 60 minutes
immersion, likely due to a predominant release of absorbed KDMTD in the coating regions closer
to the surface. While DE-KDMTD samples reached a release pseudo plateau at 120 min
immersion, the C§@DE-KDMTD coating showed a consistently higher release rate without a
clear plateau during the 6 h immersion and reached about 80% inhibitor content released
(calculated as the inhibitor available at the coating volume beneath the extraction cell). This
corresponds to around 35% more KDMTD released than that release from the DE-KDMTD
coating for the same immersion time. This difference significantly exceeds the 10% additional
inhibitor initially loaded into the C8-modified DE particles (Figure 4.4a). As illustrated in Figure
4.7c, we attribute this to the difference in reaction degree between the KDMTD and the
surrounding coating resin. The surface modification in the C8@DE particles acts as a loading
layer (Figure 4.4d) but also as a barrier layer that prevents the epoxy matrix from penetrating into
the DE particles. As a consequence, lower amounts of KDMTD are deactivated due to unwanted
chemical reactions with the epoxy-amine resin and hence more KDMTD is available to be
released when the surface modified particles are used. Overall, these results suggest a higher
corrosion inhibition efficiency would be expected for the coatings containing C8 surface-
modified DE particles with KDMTD.

1 day in ambient condition 1 day in ambient condition

SNy O . TR,
X JRRI AR ; N os

DE-KDMTD

2h
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and

C8@DE-KDMTD

Figure 4.7 Confocal microscopic images of the intact coatings containing DE-KDMTD and C8@DE-
KDMTD particles were captured after 1 day of exposure to ambient conditions (left column). The coatings
were then exposed to a NaCl solution for 2 hours, followed by drying and an additional 1 day of exposure

to the ambient environment (right column).
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4.3.5 Effect of surface modification on active corrosion protection at damaged coatings

Figure 4.8 shows optical images, surface activity maps, global surface activity time evolution,
and the post-mortem confocal microscopic images of the damages for the coatings containing
DE-KDMTD and C8@DE-KDMTD particles exposed to pH 7 0.05M NacCl solution for 2 h.
Results at 2h are shown as, at this immersion time, most of the releasable KDMTD (from the
damaged wall and intact coating areas) should be released as shown in Figure 4.6. As shown in
Figure 4.8a, the local activity at damage location for the coating with DE-KDMTD started short
after immersion (black curve in 4.8a starting to rise at around 5min), increasing to 45% surface
coverage within 1 h and 64% surface coverage at 2 h, when started plateauing. This activity was
identified as corrosion-related activity as confirmed with post-mortem imaging revealing
dealloying and trenching (Figure 4.8b). The coating with KDMTD loaded in C8@DE showed
significantly lower surface activity coverage, kinetics and intensity of activity (seen by the
histogram colors at the metal surface being mostly yellow-red rather than purple as in the case of
DE-KDMTD). The imaged dynamic process stabilizes (surface activity plateaus) at 1.5 h and
reaches 25% surface coverage at significantly lower intensity levels. Post-mortem images
confirmed the extent of localized corrosion was significantly lower than for the DE-KDMTD
samples (Figure 4.8c). Moreover, a UV-Vis analysis of the aliquots at 2h (Figure 4.8d) showed
there was 21% more KDMTD released from the damaged C8@DE-KDMTD coating than from
the DE-KDMTD coating (1.6:10* vs 1.3:10* M). Despite the clear improvement in KDMTD
release when using C8@DE particles, in both cases, the levels of inhibitor released are lower,
especially during the first 60 min immersion, than the inhibitor concentration threshold necessary
to fully stop the initial dealloying of intermetallic particles occurring within the first 5-10 min
immersion. '" 28 Nevertheless, the continuous inhibitor release during immersion allowed
stopping the dealloying and trenching process after 1.5 h immersion in the case of the C8@DE
particles as seen by the plateau in surface activity and intensity colour map.
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Figure 4.8 (a) Optical images at t=0, global activity maps at selected immersion times, (b) time evolution
of surface activity and related intensity histogram, (c) local post-mortem confocal microscopic images of
the damage, and (d) UV-Vis spectra of the electrolyte at the end of the 2h exposure in pH 7 NaCl solutions
of damaged coatings containing DE-KDMTD (black lines) and C8@DE-KDMTD (red lines). The
diameter of the damage hole is Imm.

Previous studies demonstrated that HDMTD provides superior active protection compared to
KDMTD in a neutral pH environment (Chapter 3). This was attributed to the protonation state of
HDMTD and its acidity. '"-!” To evaluate the effect of acid pH on protection, the corrosion study
was repeated at pH 5. As shown in Figure 4.9, when the damaged coatings were exposed to pH
5, no relevant signs of surface activity during the whole immersion time were measured. This
indicates a full degree of protection in both cases, as confirmed by the post-mortem analysis
illustrated by the two confocal images in Figure 4.9c. Notably, the post-mortem solutions at pH
5 exhibited a higher absorbance wavelength (326 nm) than those exposed at neutral pH (320 nm)
even though at one order of magnitude lower concentration. (Figure 4.9d) This shift in
wavenumber indicates a higher protonation state of the inhibitor when exposed to more acidic pH
29,39 and hints at higher levels of local protection at acidic pHs when KDMTD inhibitors are used,
independently of the surface modification of the DE carrier. This increase in inhibition efficiency
is not attributed to a higher release as confirmed by UV-Vis, but to a double effect of removal of
the natural oxide layer on the aluminum surface!” and to the protonation state of the inhibitor,
both enhancing surface adsorption.
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Figure 4.9 (a) Optical images at t=0, global activity maps at selected immersion times, (b) time evolution
of surface activity and related intensity histogram, (c) local post-mortem confocal microscopic images of
the damage, and (d) UV-Vis spectra of the electrolyte at the end of the 2h exposure in pH 5 NaCl solutions
of damaged coatings containing DE-KDMTD (black lines) and C8@DE-KDMTD (red lines). The
diameter of the damage hole is 1mm.

4.3.6 Effect of surface modification on inhibiting layer stability: wet-dry cyclic tests

As highlighted in our previous works, -7 inhibitor layer stability during re-exposure appears as
amajor, yet largely unattended, factor to consider when developing anticorrosive coatings. Figure
4.10 shows the effect of sequentially re-exposing to neutral NaCl solution the damaged coatings
exposed to pH 5 in a first exposure event shown in Figure 4.9; i.e. exposure to pH 5 + drying +
1% re-exposure to pH 7 + drying + 2" re-exposure to pH 7.

Upon first re-exposure to pH 7 NaCl solution (as shown in Figure 4.10a-d), the C8§ @DE-KDMTD
coating continued to exhibit negligible surface activity at the damaged site, whereas the DE-
KDMTD coating showed initial local activity that stabilized at around 2.5% surface coverage
within 5 minutes of exposure. This aligns with the post-mortem imaging suggesting slight
dealloying at local intermetallic particles (Figure 4.10c). Nevertheless, the activity phenomena
occurring at the intermetallic particles stopped after the initial 5 min of immersion. It is suggested
that the further inhibitor release measured by UV-Vis (Figure 4.10d) contributed to the
stabilization of the inhibiting layer after some initial destabilization induced by the neutral pH. In
contrast with this initial activity, the sample with C8@DE-KDMTD particles showed no local
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activity, in good agreement with the 2.7 times more inhibitor release during this re-immersion
(Figure 4.10d) and the post-mortem image (Figure 4.10c¢) showing no local corrosion signs. In
any case, both systems showed significant robustness of the protective system in the event of a
wet-dry-wet cycle.

A more noticeable difference between the two coatings emerged during the second re-exposure
event (Figure 4.10e-h). During this second re-immersion, the coating with non-modified particles
(DE-KDMTD coating) exhibited immediate surface activity propagating at a surface coverage
propagation rate of 17% h! and stabilizing at 25 % surface activity after 1.5 h exposure.
Interestingly, the surface analysis showed large optical fluctuations, which, considering the
relatively reduced local corrosion extension observed by the confocal microscope (Figure 4.10g),
may be related to the continuous adsorption-desorption of inhibitors. This suggests that the
inhibiting layer formed during immersion was too unstable and/or that the inhibitor release at
similar amounts as in the first re-immersion (Figure 4.10a) was insufficient to fully
counterbalance the instability of the inhibiting layer at pH 7.
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Figure 4.10 Optical images at t=0, global activity maps at selected immersion times, time evolution of

surface activity and related intensity histogram, local post-mortem confocal microscopic images of the

damage, and UV-Vis spectra of the electrolyte at the end of the 2 h exposure in pH 5 NaCl solutions of
damaged coatings containing DE-KDMTD (black lines) and C8@DE-KDMTD (red lines) exposed to pH
5 NaCl solution, following by (a-d) 1% re-exposed to pH 7 NaCl solution and (e-h) 2" re-exposed to pH 7
NaCl solution. The diameter of the damage hole is 1mm.
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In contrast, the coating loaded with C8@DE-KDMTD particles showed: (i) a delayed onset of
surface activity (onset after 15 min immersion); (ii) a surface activity propagation rate
significantly lower (6.4% h') and at significantly lower intensity (yellow color activity instead
of the purple); (iii) a rapid end of the surface activity progression after 1.5h immersion at a low
surface coverage of 8.9% ; and (iv) absence of noise in the activity progression. The postmortem
analysis confirmed the surface activity was related to very reduced localized activity at
intermetallic particles (Figure 4.10g). Interestingly, also in this case, the amount of inhibitor
released was similar to the amounts measured during the first re-exposure test (2.5x 103 M, being
3 times higher than for the DE-KDMTD sample, Figure 4.10h) and points at a threshold
concentration of inhibitor needed to maintain the stability of the inhibiting layers formed at first
instance at pH 5; intrinsically more stable when more inhibitor was released in the first instance
(i.e. first immersion step). The release level during re-exposure for the C8@DE-KDMTD coating
is also comparable to our previous work using nanolayer gas-phase deposited HDMTD particles
(2.5%10° M during re-exposure). '! This threshold of inhibitor being released during re-
immersions (1x103 M<[inhibitors] <2.3x10-3 M) can better be supported by DE particles with a
C8 silane surface treatment that ensures particle isolation from the coating and a higher adsorbed
inhibitor.

The results and hypothesis discussed are summarized in Figure 4.11, for the coatings with DE-
KDMTD and C8@DE-KDMTD particles when exposed to a (a) pH 7 0.05M NaCl solution and
(b) pH 5 0.05M NaCl solution, followed by two subsequent exposures to pH 7 0.05SM NaCl
solution. DE-KDMTD and C8@DE-KDMTD particles show different degrees of dispersion
(better dispersion for C8-modifed particles). More relevantly, while non surface modified
particles are filled with polymer, the C8(OTS) surface modification prevents resin infiltration
resulting in the presence of empty particles well dispersed in the coating (as shown in Figure 4.5).
Consequently, more inhibitors remain protected from the surrounding matrix and therefore active
to be ready to be quickly released at damaged locations.

When exposed to a pH 7, 0.05M NaCl solution (Figure 4.11a), a significant improvement in
KDMTD release and corrosion inhibition was observed with the use of C8@DE particles. This
improvement is attributed to better particle dispersion and the prevention of resin penetration.
However, the initial dealloying and trenching corrosion could not be completely avoided in both
coatings due to the complex ionic state of KDMTD and its limited release.

In contrast, despite the particle dispersion and resin infiltration differences, both coatings show
high levels of protection at damage sites when exposed to pH 5 0.05M NacCl solution (Figure
4.11b), with a more stable protective layer formed by the higher release of inhibitors (Figure 4.9d)
from the C8@DE-KDMTD coating. Upon re-exposure to the pH 7 NaCl solution, both damaged
areas remain well-protected, likely related to the robust stability of the inhibiting layer on the
metal and a sufficient resupply of inhibitor (Figure 4.10d). During the second re-exposure to the
pH 7 NaCl solution, the samples loaded with C8@DE-KDMTD particles supply a comparable
amount of inhibitor allowing the damage to be well protected. Nevertheless, the amount of
inhibitor from the DE-KDMTD is estimated to be below a critical level. This does not allow
maintaining the stability of the protective layer leading to the observation of surface activity
related to local degradation. The release of 3 times (Figure 4.10h) more inhibitors from the
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C8@DE-KDMTD coating compared to the DE-KDMTD coating during re-immersion,
presumably combined with a concentration above a certain critical inhibitor supply level,
indicates that continuous inhibitor release in the correct inhibitor chemical state is crucial for
maintaining the stability of the inhibiting layer and hence long term protection as observed for
the C8@DE particles loaded with KDMTD.

DE-KDMTD C8@DE-KDMTD
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Figure 4.11 Scheme of the damaged coatings containing DE-KDMTD and C8@DE-KDMTD particles
exposed to (a) pH 7 0.05M NaCl solution, and (b) pH 5 0.05M NaCl solution followed by two subsequent
exposures to a pH 7 0.05M NaCl solution. The continuous supply of inhibitor beyond a critical level as
achieved by C8(OTS) surface modification allows sustaining the inhibiting layer efficiently protecting the
exposed metal surface.
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4.4 Conclusions

This study demonstrated that the loading and release of organic inhibitors from diatomite particles
can be tuned using hydrophobic silanes. Of the three alkyl silanes used (BTS (C4), OTS (C8),
and ODTS (C18)) the mid-length silane (OTS, C8) led to the best combination of higher inhibitor
loading, higher inhibitor adsorption ratio of about 3.5 times higher than the reference non-
modified diatomite, sustained time release, and high percentage of inhibitor released with respect
to loading (70-75%).

When added to organic coatings, the C8-modified DE particles displayed superior particle
dispersion within epoxy-amine matrices with minimal resin infusion into the hollow core of the
diatomite particles. As a consequence, about 35% more inhibitor was available to protect damage
locations. Operando microscopy showed slightly better protection at damaged sites (1 mm
diameter) of the coatings using C8-modified particles when exposed to pH 7, even though the
local corrosion attack was not completely stopped in neither of the two coatings. At pH 5 both
coatings showed excellent protection of the damage site with no apparent corrosion. Re-
immersion of samples pre-exposed to pH 5 in pH 7 0.05M NaCl demonstrated very high stability
of the inhibiting layers during the first re-immersion cycle of 2 h. In a second re-immersion in
neutral pH 0.05M NacCl, the coatings loaded with unmodified diatomite slightly lost their highly
protective efficiency while the coatings loaded with C8 modified particles maintained it due to
higher inhibiting layer stability and inhibitor supply due to lower inhibitor reactivity with the
surrounding matrix. This study demonstrates organic corrosion inhibitors can be efficiently
loaded into diatomite particles through surface modification to allow reduced negative
interactions with the surrounding coating matrix and therefore enhanced and sustained protection
at damaged locations
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Chapter 5

Small concentrations of NaCl help
building stable mhibiting layers from 2,5-
dimercapto-1,3,4-thiadiazole (DMTD) on

AA2024-T3

The interaction of 2,5-dimercapto-1,3,4-thiadiazole (DMTD) with the AA2024-T3 local
microstructure (S-phase, secondary phases and matrix) as function of the NaCl concentration is
studied. The inhibiting power and the local interaction of DMTD with the metal were studied by
in—situ opto-electrochemistry, XPS and Raman spectroscopy. The stability of the inhibiting layers
was evaluated by re-exposing the samples to NaCl solutions without inhibitor. The amount of
DMTD and its interaction state (chemisorption/physisorption) vary with the local microstructural
composition and NaCl concentration. Higher stability of the inhibiting layers is obtained when

these are formed in presence of small amounts of NaCl (0.025M-0.25M).

This Chapter has been published as:

Zhao, J.; Santoso, A.; Garcia, S. J.Small concentrations of NaCl help building stable inhibiting layers
from 2, 5-dimercapto-1, 3, 4-thiadiazole (DMTD) on AA2024-T3. Corrosion Science 2023, 225, 111562.
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5.1 Introduction

Corrosion protection through coatings loaded with corrosion inhibitors is a widespread strategy
to control corrosion. In these systems, protection is both passive (barrier) and active (corrosion
inhibitor interaction with the metallic surface). In presence of a macroscopic damage (e.g. scratch),
the inhibitors dissolve and diffuse to the damaged location using water paths in the coatings to
ultimately react with the metallic surface to create a new protective layer (namely corrosion
protective layer, passive layer or inhibiting layer). -3 Despite this is the most common strategy,
and often the only viable one, it is generally accepted that the protection at damaged and
corrosion-inhibited locations will be ultimately lost after cyclic or long-term exposure to the
aggressive electrolyte. This is typically attributed to a drop in inhibitor supply from the coating
and implicitly suggests that the formed inhibiting layers are non-stable, reversible or imperfect to
ensure long-term protection of the metal in the absence of continuous inhibitor supply. To
overcome this problem, most of the ongoing research focuses on controlling the inhibitor release
through nano or microcarriers amongst others. 8 However, little research has been dedicated to
the study of the factors affecting the formation of a more or less stable or homogeneous protective
layer. Arguably, a better understanding on how inhibiting layers can be made more stable can
contribute to the development of more efficient anticorrosion systems, even when the inhibitor
supply from the coating is reduced. In this work, we make a first step into this direction by
studying if and how the NaCl concentration present in the inhibiting solution used to form the
protective layers affects the stability of such layers during a subsequent re-exposure step.

Amongst the many alternative corrosion inhibitors called to replace Cr(VI)-based salts to protect
Cu-rich aluminum alloys such as AA2024-T3, rare earth salts (e.g., Ce(lll) nitrate, Ce(lll)
dibutyl-phosphate, Ce(111) cinnamate, Ce(I1l) tartarate) +° have called significant attention and
are broadly being studied. The most accepted mechanism of protection using these salts is the
deposition of Ce(lI1)/Ce(IV) oxide/hydroxide layers at active cathodic sites due to local
environmental changes (e.g., changes in pH) & % followed by the deposition of the organic
counterion on the whole surface when organic rare earth salts are used. '* Despite the high levels
of protection and relatively good collective understanding on how these layers are formed, recent
reports suggest that cerium-based layers do not continuously protect under specific re-exposure
conditions. For instance, cerium-rich inhibiting layers on AA2024-T3 formed from 0.05 M NaCl
with 1 mM Ce(NOs); become reversible, or inefficient, in a relatively short re-immersion time
ranging from 0.5 to 5 hours when the samples are re-immersed from the inhibiting solution
directly into a non-inhibited 0.05 M NacCl solution. 2

Besides cerium salts, organic inhibitors such as DMTD (2,5-dimercapto-1,3,4-thiadiazole), 2-
MBT (mercaptobenzothiazole), and DEDTC (diethyldithiocarbamate) have shown remarkable
corrosion inhibition efficiency in solution 314 generally attributed to their complexation with the
metal surface. ** Generally, heteroatoms such as nitrogen and sulfur along with n-electrons of
multiple bonds act as adsorption centers during metal-inhibitor interactions'® and are therefore
generally related to highly efficient corrosion inhibitors. 168 To form the inhibiting layer, it has
been suggested that physisorption may be followed by the more stable chemisorption state of the
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inhibitor. 12 Due to the wide structural possibilities of organic inhibitors and the potential weight
gain in coating systems, it is relevant to understand the actual protective mechanisms and the
mechanisms behind the resistance or loss of their protective behavior.

Amongst the reported organic inhibitors, DMTD is a very effective corrosion inhibitor with
inhibiting mechanisms not yet fully understood. DMTD, is a thiadiazole derivative consisting of
a conjugated heterocyclic ring with S and N atoms with two likely to happen tautomers and
several speciation possibilities as function of pH. Its corrosion inhibition power for AA2024-T3
has been attributed to the formation of Cu-DMTD complexes, which have limited aqueous
solubility and are able to reduce the oxygen reduction reactions on Cu-rich intermetallics (IMs).
51321 This hypothesis is supported by recent works on Cu alloys showing that DMTD forms
strong chemical interactions instead of just physical adsorption. 22 On the other hand, reports
showing that DMTD’s functional groups of pyrrolic N from the azole ring and thiol S from the
mercapto anchoring group are responsible for the chemisorption on Ag, Au and Cu?® suggest that,
also in the case of aluminum alloys, the interactions may go beyond the suggested Cu-DMTD
complexation at some IMs.

In this work, we use DMTD as a model organic corrosion inhibitor for AA2024-T3 to learn more
about the effect of NaCl concentration on the inhibiting mechanisms, (local) inhibitor layer
formation, and the stability of such layers. To this aim, we exposed AA2024-T3, in presence or
absence of 1ImM DMTD, to a range of NaCl concentrations (0 M to 0.5 M NacCl) and studied how
the inhibiting layers form and vary as function of the local metal composition. The stability of
the inhibiting layers was evaluated by exposing the protected alloys to fresh NaCl solutions with
no inhibitor. During exposure and re-exposure, the samples were monitored using a hyphenated
optical and electrochemical set-up. > 24 25 Ex-situ surface analysis techniques including
SEM/EDS, local and global Raman spectroscopy and XPS, complemented the study. The results
show a strong relation between inhibiting layer stability and the NaCl concentration present
during the inhibiting layer formation. The findings of this work highlight the relevance of
dedicated studies dealing with the stability of inhibiting layers formed on the metal surface and
its relation to long-term corrosion protection at damage locations using anticorrosive coatings. A
better understanding on how to make inhibiting layers more stable will contribute to the
development of new or/and more efficient strategies to protect metals using active anticorrosive
coatings.
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5.2 Experimental

5.2.1 Materials

Commercial grade bare AA2024-T3 (3mm rolled sheets) were cut into 3 x 3cm pieces and used
as substrate in all the tests. 2,5-dimercapto-1,3,4-thiadiazole (DMTD >99%) was purchased from
Sigma-Aldrich. Sodium chloride (NaCl, >98%) was purchased from VWR Chemicals. All
chemicals were used as received. Aqueous solutions at 0, 0.025, 0.05, 0.25, 0.4, and 0.5 M NaCl
were prepared using Milipore® Elix 3 UV filtered water.

5.2.2 Experimental protocol

The experimental protocol followed in this research is schematically shown in the Supporting
Information Figure S5.1 and detailed in this section. All the tests were repeated two or three times
for reproducibility check.

5.2.2.1 Surface preparation of AA2024-T3 prior to exposure to inhibited NaCl solutions

AA2024-T3 was cut into 3 cm x 3 cm x 3 mm small sheets and sequentially ground with 1000,
2400, and 4000 SiC paper and polished with 3 um and 1 um diamond pastes during approximately
1 min for each grit size (Supporting Information Figure S5.1a).

5.2.2.2 Exposure: in-situ monitoring of inhibitor-metal interaction in DMTD-inhibited NaCl
solutions

The inhibitor-metal interaction during exposure to different NaCl and DMTD containing
electrolyte solutions was monitored using a home-built set-up hyphenating optics and
electrochemistry as described in earlier works (Supporting Information Figure S5.1b). 2* Herein,
the AA2024-T3 sheets (working electrode) were mounted in a magnetic Raman electrochemical
flow cell from Redox.me. This cell allowed a total electrolyte volume of 4.5 ml and the use of a
small Ag/AgCl (3 M KCI) reference electrode and a platinum wire (0.6/150 mm) counter
electrode. The electrochemical cell was placed vertically in a Faraday cage on an optical table
from ThorLabs to avoid any electromagnetic and vibrational disturbances. A digital microscope
was placed at the window side of the electrochemical cell. This allows obtaining high-resolution
images during exposure to electrolyte simultaneously to the electrochemical potential noise (EPN)
measurements as function of the exposure time. The electrolyte was injected through side
openings allowing capturing optical and electrochemical information right after metal exposure
to the electrolyte. A range of NaCl aqueous solutions containing 0, 0.025, 0.05, 0.25, 0.4, 0.5 M
NaCl and 1ImM DMTD were used as electrolyte. 1 mM inhibitor concentration was selected based
on the necessary inhibitor concentration to provide efficient protection within the solubility range
of DMTD. * Exposure to electrolytes was carried for 6 hours. The exposure time was determined
based on a preliminary lab study, wherein both the EPN signal and optical surface activity
consistently reached stabilization before the 6-hour exposure, thereby indicating a surface
equilibrium state.

The EPN measurements were conducted simultaneously to the optical measurements in a 2-
electrode configuration: the working electrode was connected to the reference electrode through
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a Compactstat from Ivium Technologies, working as a potentiometer. The potentiometer was
connected to a Windows-based PC running dedicated software. The maximum range of the
potentiometer was set at £1 V vs Ag/AgCI. The interval time between data points was set to 0.05
s (sampling frequency of 20 Hz) combined with a low-pass filter of 10 Hz.

The optical analysis was conducted in ImageJ software in a similar fashion as described in earlier
works. 2* The technique is based on a pixel-by-pixel analysis of the progression of surface changes
over time at a global and local (i.e., intermetallics) scale. For the analysis, images were converted
to grey scale at an 8-bit resolution allowing the definition of 256 different levels of intensity
between black and white. Image correlation was then applied and high-intensity pixels were then
isolated from low-intensity pixels to discriminate between active Affected Area and potential
background noise using an appropriate threshold (30 to 255). This threshold is used to ensure
surface changes are not affected by optical noise. This allows to relate optical changes between
images to dealloying, corrosion or deposition (e.g., inhibition) phenomena. 2 Out of the optical
global analysis, information as the global Affected Area in % as a function of time and
characteristic parameters of the kinetics of degradation can be obtained. In this work, the Affected
Area corresponds to the area of the metal surface exposed to the electrolyte that showed
cumulative optical variations with respect to the starting surface and is a measure of the
degradation degree with time.

5.2.2.3 Surface analysis: Interaction of DMTD with AA2024-T3 at the global and local level

To deepen into the reactivity mechanisms of DMTD with AA2024-T3 surfaces, a separate set of
tests was prepared to perform Raman and XPS analysis (Supporting Information Figure S5.1c
and S5.1d). Metal surfaces were prepared as indicated in 5.2.2.1. After exposure to the same
saline solutions as used in 5.2.2.2, the metal plates were rinsed with distilled water and let dry in
air for 10 minutes. Subsequently, the samples were analyzed using a Renishaw inVia Confocal
Raman spectrometer equipped with a 32 mW laser source at 532 nm and a Leica objective of 5x
magnification. The Raman analysis was performed at an effective laser power of 5% at 60 s
exposure time over 2 accumulations per point. The samples were also analyzed using a
ThermoFisher K-alpha XPS system equipped with a monochromatic Al anode X-ray source with
a spot size of 400 um. The photo-electrons are detected by a 128-channel detector, witha 0.1 eV
resolution. For survey spectra, the pass energy and step size were set to 140 eV and 0.40 eV
respectively. For high-resolution, spectra were obtained with 50 eV pass energy and 0.1 eV
resolution. All spectra were calibrated by assigning the true energy value (284.8 eV)
corresponding to the position of a C 1s peak. The deconvolution of XPS peaks was conducted
with using a mixed Gaussian-Lorentzian fit after subtracting the background using the standard
Shirley method. All spectra were curve fitted to the minimum number of peaks required for an
optimum fit and to the most probable species needed for the corresponding chemical assignment,
with the envelopes smoothed using an SG Quadratic algorithm. The quantitative analysis of the
species at the surface was derived from the peak area intensities.

To identify the DMTD interaction at the local IM level a new set of samples was prepared. In this
case, prior to exposure to the inhibited NaCl solutions, 4 indents were performed around a
selected area of 200 um x 140um to be able to always identify the area of interest. This area of
interest was analyzed by SEM-EDS (point analysis with 15 kV of accelerating voltage and 10 pA
of emission current) to obtain individual IM compositions. To remove possible traces of organic
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contamination coming from the SEM-EDS, the electrodes were quickly re-polished (= 20 s) with
1um diamond paste before exposure to electrolyte. After this, the samples were immersed in 1
mM DMTD+0.05 M NaCl solution as the model solution to study the local interaction of DMTD
with the IMs. After exposure, the samples were rinsed in demineralized water and dried in air
before local Raman analysis. The studied 1Ms were found within the area of interest limited by
the indents. The Raman mappings were obtained through point-by-point measurement with the
532 nm laser source and a Leica objective of 50x magnification and numerical aperture of 0.55
(spot size about 1um) on the IMs identified during the SEM-EDS.

5.2.2.4 Re-exposure: study of the stability of the previously formed inhibiting layers

The samples exposed to the inhibited solutions as indicated in 5.2.2.2, were rinsed with distilled
water, let dry for 10 min and re-exposed to a fresh electrolyte solution containing 0.05M NaCl
and no inhibitor while being monitored in real time with the same opto-electrochemical set-up as
in 5.2.2.2. To ensure the same area exposed to the first solution was re-exposed to the new
electrolyte some marks were placed on the metal substrate. The re-exposure to a corrosive
solution allowed studying the stability of the DMTD inhibiting layers on AA2024-T3. Same data
analysis as in 5.2.2.2 was performed. 15h re-exposure period was selected to allow for a complete
stabilization of the surface in all cases as determined by a plateau in both the EPN signal and the
Affected Area (AA%) measurements. After 15h re-exposure, the samples were rinsed, dried in
air and analyzed with SEM-EDS (JEOL JSM-7500F field emission scanning electron microscope
equipped with energy dispersive X-ray spectroscopy and operated in back-scattered electrons
(BSE) mode) and Raman spectroscopy (Supporting Information Figure S5.1f).



5.3 Results and discussion 103

5.3 Results and discussion

5.5.1 Exposure to solutions with DMTD and different NaCl concentrations

Table 5.1 shows an overview of the EPN and visually detectable Affected Area variation with the
exposure time and the pH values before and after the exposure. Duplicates can be found in
Supporting Information Table S5.1. As can be seen in Table 5.1, the Affected Area (%AA) in
0.05M NaCl without DMTD reached 3.3% at 1h exposure. Within 20 min of exposure, a surface
attack equivalent to the IM surface area coverage, which was calculated as 1.6% (Supporting
Information Figure S5.2), was achieved. In contrast, the total %AA after 6h exposure to all NaCl
solutions with DMTD is almost negligible (<0.05%) for all NaCl concentrations with the
exception of solutions containing 0.5 M NaCl which showed 0.5% Affected Area at 6h exposure.
The EPN of the sample exposed to 0.05 M NaCl stabilized at -437mV vs Ag/AgCl, well in line
with the corrosion potential of AA2024 at thermodynamic equilibrium after IM dealloying and
pitting initiation. ” The EPN of samples exposed to solutions containing DMTD are all very
smooth after the first 2500-5000 s of exposure, when rapid EPN increase and decrease events are
observed. Exposure to high NaCl concentrations with same DMTD concentration lead to a more
negative EPN plateau (between -537 and -627 mV). Even though SEM analysis only showed an
increase of 0.1% IM surface area coverage after exposure (Supporting Information Figure S5.2),
the results are compatible with an overall decrease in total anodic area due to Al matrix dissolution
or/and increase in cathodic area due to increase of IM sites with absence of local attack as seen
in the Affected Area (%AA) results. In line with this, at the end of the 6h exposure, all solutions
(with starting pH between 3.1 and 3.4) are less acidic, with a relatively higher pH variation in
samples with higher NaCl content. The pH values and the EPN measurements are compatible
with a NaCl and acid-induced partial dissolution of the aluminum matrix and the native
oxide/hydroxide layer (for Al, at pH 3, AI(OH)?*, AlO* and Al(OH)s(aq) coexist ) followed by
a passivation of the surface due to the presence of DMTD anions (DMTD").
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Table 5.1 Evolution of EPN and optically detectable Affected Area (%AA) during 6 h exposure to
solutions containing DMTD and NaCl at different concentrations. Extracted characteristic parameters (i.e.,
AA (%) final, EPN final, and pH (initial and final)) are shown for clarity. Note: the final exposure time for

all solutions with DMTD was 6h but 1h when no DMTD was used.
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Based on surface activity (%AA), EPN and pH behavior, the samples can be clustered in three
groups depending on NaCl concentration in spite of the differences between samples in each
group: (a) NaCl solution with no DMTD, showing high surface activity (high %AA), noisy EPN
plateauing around -440mV, and neutral pH; (b) DMTD solutions with low NaCl concentrations
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(0-0.25 M), showing (almost) no optically-detectable degradation (%AA~0%), smooth EPN
around -550 +20mV, and acid pH; and (c) DMTD solutions with high NaCl concentrations (0.4-
0.5 M), showing some surface activity, smooth EPN around -630 £10mV and acid pH.

Figure 5.1 shows a close-up comparison of EPN and surface activity (Affected Area, %) as
function of exposure time to 0.05 M NaCl (Figure 5.1a), DMTD with 0.05 M NaCl (Figure 5.1b)
and DMTD with 0.5 M NaCl (Figure 5.1c), as representative of the three main behavior groups
mentioned above. Micrographs obtained during exposure (Figure 5.1) and the obtained global
and local activity maps (Figure 5.2) at characteristic times are included for a better observation
of the surface phenomena responsible for the measured EPN and surface activity (%AA).

For solutions without DMTD (Figure 5.1a), generalized local attack at IM level occurs within the
first 5 min of exposure. This first kinetic degradation stage (k; = 2.4E-3% s™) coincides in time
with the sample EPN increase until plateau and with our previous reports on local IM dealloying.
2 However, an Affected Area change and dealloying kinetics slightly lower than in previous
works under comparable conditions was observed (2.4E-3 vs. 6E-3 % s). 2425 We attribute the
difference to the use of different working electrode surface (3.5cm?vs 500um?) for same counter
electrode and threshold value used for the calculations as well as to differences in IM surface area
distribution. Similar to previous reports, the second Kinetic stage (k,=8E-4% s?), related to
dealloying beyond the IM surface area, is slower than the first stage. 2 In this second stage, the
Affected Area increases at a near-to-constant EPN with some low amplitude fluctuations
indicating the growth of trenching, pitting penetration, and the further deposition of corrosion
products. After 1h exposure, 3.3% of the surface area is affected by the corrosion process.
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Figure 5.1 Plots showing EPN and Affected Area (%AA), and underwater micrographs at three
characteristic times: (a) 1 h exposure in 0.05 M NaCl solution; (b) 6h exposure in 1 mM DMTD 0.05 M
NaCl solution; and (c) 6 h exposure in 1 mM DMTD 0.5 M NaCl solution.

Samples exposed during 6h to low NaCl concentrations in the presence of 1. mM DMTD show
trends as reported in Figure 5.1b. After an initial fast increase of the potential, the EPN starts to
decrease to more negative values and, within 1h, flattens into a very stable plateau at an almost
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constant value of -550mV. This trend of potential is accompanied by no detectable surface
activity (0% AA) in the 6h of exposure using the optical threshold of 30 (Figure 5.2b). It should
be noted that the lack of surface activity at the selected threshold does not exclude optically
detectable surface activity at different threshold levels, an aspect that will be addressed in future
works, but limits optical noise influence. In any case, these results confirm the excellent inhibition
properties of DMTD under these exposure conditions. The initial fast EPN increase (within 2 min)
is here attributed to (i) a fast physical adsorption to form a mono-/muti-layer across the exposed
surface; and/or (ii) removal of the native oxide/hydroxide layer due to NaCl and acidic conditions
in agreement with the pH results shown in Table 5.1. Although the initial pH (3.1 to 3.4) is
marginally below the stability threshold for AA2024, variations in the oxide thickness, integrity,
or local distribution at this pH are likely to occur, leading to discernible changes in the EPN
readings. The subsequent decrease of the potential to a very stable value can be attributed to the
DMTD inhibitor deposition and layer build up leading to an overall more anodic surface.

At high NaCl concentrations in 1 mM DMTD solution, samples behave as shown in Figure 5.1c.
Most of the surface activity (up to 0.5%AA) takes place within the first 3h of immersion, as can
be seen with the Affected Area kinetics changing from 3E-4 % s™ to 2E-6 % s™ at 3h. As in Figure
5.1b, the EPN shows a fast initial increase with small transients followed by a smoother decrease
until plateau even if at a more negative potential (-630 mV vs. -550 mV). The surface activity
(Figure 5.2c) accompanied by low amplitude fluctuations during the first 3h is attributed to the
local corrosion process and/or the dynamic adsorption of inhibitors. Compared to low NaCl
concentrations, the longer time till plateau (Figure 5.1b) suggests a slower DMTD film growth
till absorption equilibrium or/and different DMTD-surface interactions. The presence of some
level of local activity can be better seen in the magnified local activity maps shown in Figure
5.2d. Here, low intensity activity is seen to be restricted to some IM locations.
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Figure 5.2 The activity maps at three characteristic times: (a) 1 h exposure in 0.05 M NaCl solution; (b) 6h
exposure in 1 mM DMTD 0.05 M NaCl solution; and (c) 6 h exposure in 1 mM DMTD 0.5 M NaCl
solution. No local activity is visible in Figure 5.2b, hence the absence of color in the white background.
Scale bar on global activity maps: 100 um. Sub-Figure (d) shows local activity maps of the three selected
regions marked in Figure 5.2¢ for samples exposed for 6 h in 1 mM DMTD 0.5 M NaCl solution. Scale
bars on local activity maps: 10 um.

In order to elucidate if the low activity found at high NaCl concentrations is related to local
corrosion (trenching or pitting) or other surface phenomena such as inhibitor deposition, an ex-
situ SEM-EDS surface analysis was performed at the end of the exposure. As can be seen in
Figure 5.3, no visible signs of corrosion attack are detected. This, together with the presence of
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N and S at some S-phase and Al-Cu-Fe-Mn-Mg-Si IMs and the pH and EPN results suggest that
the optically detected surface activity at high NaCl concentrations is most likely related to local
matrix dissolution around IMs followed by deposition of DMTD at IM level. In order to better
monitor and understand the level of interaction between DMTD and the Al matrix and IMs a
detailed global XPS and Raman surface analysis of all samples was performed.

1mM DMTD 0.5M
NaCl solution 6h ~

Possible
Loc. Al Cu Mg Fe Mn (o] S N Total IM type
1 447 | 21.9 1.5 0 0 21.5 5.2 5.2 100 | S-phase
Al-Cu-Fe-
2 50.8 | 206 | 4.8 1.4 0 15.0 3.4 3.5 100 Mn-Mg-Si
3 522 | 25.0 | 224 0 0 0 0.4 0 100 | S-phase
Al-Cu-Fe-
4 704 | 20.6 0 5.8 3.2 0 0 0 100 Mn-Mg-Si

Figure 5.3 Ex-situ analysis of AA2024-T3 before and after exposure to 1 mM DMTD 0.5 M NaCl solution
for 6 h.

In order to establish a relation between DMTD deposition and the presence of native
oxide/hydroxide layer as function of NaCl concentration, an XPS study with a spot size of 400
pm was performed to the surfaces exposed to 1 mM DMTD solutions with 0 to 0.5 M NaCl. A
polished AA2024 sample exposed to water was used as reference. Figure 5.4 shows the S2p and
Al2p XPS spectra at different NaCl concentrations as well as relative composition ratios as
function of NaCl concentration. The resolved spectra of Al2p, and the data reproducibility tests
can be found in Supporting Information Figure S5.3. Figure 5.4a shows two peaks at binding
energies (BEs) of 169.0 eV and 162.6 eV corresponding to sulfate and sulfide, respectively. 27-2
The presence of sulfide is in good agreement with the sulfur atoms originating from thiol/thiolate
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groups in DMTD, likely in coordination with metal elements. We attribute the presence of sulfate
on the surface to the local oxidation of thiol/thiolate groups into organic sulfur acids
(sulfenic/sulfinic/sulfonic acids) during exposure to the corrosive solution, with the potential
involvement of copper as a catalyst, as reported elsewhere for thiol-rich proteins. 33 This
hypothesis requires more in-depth future analysis due to its potential effect in the overall
corrosion inhibiting efficiency of organic corrosion inhibitors. All in all, XPS analysis confirms
the presence of DMTD and oxidized DMTD on all the surfaces after exposure to electrolyte,
rinsing and drying. Figure 5.4b shows the atomic ratio between ‘DMTD’ and ‘Surface elements’
(i.e. DMTD/Surface) as a way to quantify the relative DMTD presence on the surface as function
of the NaCl concentration. As can be seen, higher relative DMTD is measured for the samples
exposed to solutions with low concentrations of NaCl. Accordingly, the absence of NaCl or high
concentrations of NaCl led to comparably lower amounts of DMTD at the surface. The Al2p
spectrum shown in Figure 5.4c consisted of two components at binding energies around 75.0 and
73.0 eV, corresponding to Al (hydro)oxide and Al metal, respectively. 3 3 The resolved Al2p
peaks of all surfaces can be found in Supporting Information Figure S5.3. The shoulder at low
binding energy (Al metal) of the spectrum shifts to the right with the increase of NaCl
concentration, indicating less Al (hydro)oxide presence with higher NaCl concentration. As
reference, the Al2p of the sample exposed to water without DMTD or NaCl does not show the
Al2p shoulder corresponding to ‘Al metal’ and indicates there is a thicker (hydro)oxide in this
sample. Figure 5.4d (and Supporting Information Figure S5.3-2) shows the atomic ratio of Al
(hydro)oxide/Al metal and highlights a decreasing trend of (hydro)oxide with the NaCl
concentration. The XPS results hence reveal the capability of DMTD (due to acidity increase)
and NaCl to remove the native (hydro)oxide layer followed by DMTD deposition with or without
oxidation. The observed trend is in good agreement with the EPN and pH evolution shown in
Table 5.1 suggesting the dissolution of the native Al (hydro)oxide and its effect on an increased
deposition of DMTD at the surface as previously suggested for other alloys®*-3¢ and other
inhibitors e.g. MBT. 6. %7
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Figure 5.4 XPS spectra obtained from AA2024 surfaces exposed to water and 0 to 0.5 M NaCl in 1 mM
DMTD solutions: (a) S2p; (b) DMTD/’surface elements’ atomic molar ratio as function of NaCl; (c) Al2p;
and (d) Al oxide/Al metal atomic ratio as function of NaCl. Note: in (d), the red star corresponds to the Al
oxide/Al metal atomic ratio of a polished AA2024 surface exposed to water. Note: the atomic percentage
of DMTD is determined by summing up the signals of N1s and S2p. The atomic percentage of the surface

is calculated by summing up the signals of all metal elements and O1s.

In order to obtain more information about the DMTD-AA2024 interactions, Raman analysis was
performed. Figure 5.5 shows the Raman spectra of all samples with a laser spot diameter of 50
um. The three main characteristic vibration peaks related to DMTD?¥ can be observed when
analyzing DMTD powder and used to identify DMTD chemical state (Supporting Information
Figure S5.4) on the AA2024 surface: (i) stretching vibration of S-H at 2485 cm; (ii) C=N
vibration at 1450 cm! related to dithiol (in acidic pH), thiol-thiolate and thione-thiolate (in neutral
pH) or dithiolate (in alkaline pH) states, and; (iii) C-NH vibration at 1510 cm related to thione-
thiol and dithione (acidic pH) or thione-thiolate (in neutral pH) states. The presence of S-H broad
peak and dominance of C=N over C-NH suggest a predominance in the powder DMTD of the
dithiol with dithione presence. Although shifted to higher wavenumbers (peaks at ~1450 cm
shift to ~1460 cm™*, and ~1510 cm'? shift to ~1524 cm™) or lower ones (peak at ~2485 cm™* shift
to ~2437 cm™) the three characteristic DMTD peaks are observed in all AA2024-T3 samples
exposed to solutions containing DMTD. Similar to the XPS results, Raman analysis confirms the
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presence of the inhibitor at the AA2024-T3 surface after exposure, rinsing and drying. The
upward peak shifts of C=N (1450 to 1460 cm™) and C-NH (1510 to 1524 cm™*) when DMTD is
at the surface reveal a transfer of negative charge of the bonds to the surface and points at the
presence of a molecule-surface electronic interaction stabilizing the bonds. The S-H bond, on the
other hand, shifted to a lower wavenumber compared to the S-H bond in the powder DMTD
(2485 to 2437 cm™). This suggests a weakening of the S-H bond (decrease in the stretching
vibration frequency) here attributed to the formation of a strong hydrogen bonding between S-H
from DMTD and O atoms from the oxides on the surface. The state of the DMTD at the surface
can be inferred from a more detailed analysis. Unlike for the powder DMTD, the peak intensities
of C=N and C-N is very comparable in all metal samples. This suggests DMTD is adsorbed on
the metallic surface either in an equal ratio of dithiol and dithione or as thione-thiolate or/and,
thione-thiol, as previously reported for the DMTD interaction with Au and Ag. “° Moreover, a
new peak at ~480 cm! corresponding to Cu-S stretching vibration (Cu-sulfide and/or Cu-sulfate
41-43) appears for the samples containing NaCl concentrations between 0.025 and 0.4 M. This peak
is absent when samples were exposed to DMTD solutions containing no NaCl or very high NaCl
concentration (0.5 M) and suggests absence of thiolate and its oxidation product chelation with
Cu in these cases. Figure 5. 5b shows a quantification of the ratio between chemical and physical
DMTD-surface interactions obtained from the Raman analysis. Herein, Raman intensity of Cu-S
peak at ~480 cm was used to represent chemisorption. Physisorption on the other hand, is
represented by the Raman intensity of C-NH (thione) + S-H (thiol) signals since, according to
DMTD chemical states (Supporting Information Figure S5.4), C-NH bonds in DMTD appear
only in presence of thione (NH-C=S) while C=N can be present with both thiolate (N=C-S-) and
thiol (N=S-H). The ratio of chemisorption to physisorption (i.e., the peak intensity of Cu-S
divided by the sum of C-N and S-H) is then plotted as function of NaCl concentration (Figure
5.4b). As this Figure shows, the chemisorption of DMTD on the surface predominates in the NaCl
concentration range of 0.025 M to 0.4 M, while lower chemisorption is measured when no NaCl
or high NaCl amounts (0.5 M) were present in the DMTD solution. In summary, the global Raman
analysis indicates that the DMTD equally physisorbs as dithione, dithiol and thione-thiol at the
surface oxides of AA2024-T3 at all NaCl concentrations but reaches a more stable chemisorbed
state through Cu-S chelation of thione-thiolate/thiol-thiolate/dithiolate and oxidized thiol/thiolate
at low and mid NaCl concentrations.



5.3 Results and discussion

113

—
[

~—
N
3
d
3

______________
.......

,,,,,,,

Raman Intensity /a.u.

_______

A

i "
— \ A o A
N s it b aegon. AT [ et
' ] i

AAZ024

DMTD

OM NaCl

0.025M NaCl

0.05M NaCl
0.25M NaCl
0.4M NaCl
0.5M NaCl

P

o
~

Chemicall physical interaction ratio

o
o

=3
Y
1

o
o
L

=3
n
1

o
=~
L

o
W
i

] " I ] H
MM‘* ' T
v " ] ' H
i1 IR 1 R L

2500

02 T T T T T T
0.0 0.1 02 03

NaCl concentration (M)

r
{400 1500 1800
Wavenumber/ cm”'

400 500 2400
Figure 5.5 Global Raman analysis (a) showing from top to bottom: polished AA2024-T3, DMTD powder,
and AA2024-T3 exposed to ImM DMTD solutions containing 0, 0.025, 0.05, 0.25, 0.4 and 0.5 M NaCl;

and (b) quantified chemical/physical interaction ratio from Raman peak intensity ratio of Cu-S/C-N+S-H.

In order to obtain specific local information about the interactions between DMTD and the
AA2024-T3 local composition variations (i.e. IM composition) as function of NaCl
concentrations, local Raman analysis was performed on a new set of samples. To this aim, a
region with known local composition at IM level was defined with the help of SEM-EDS prior
to exposure to 1 mM DMTD solution with 0.05 M NaCl. The IMs are grouped in two main IM
types based on composition (Supporting Information Figure S5.5): (i) S-phase (Al.CuMg), and;
(ii) Al-Cu-Fe-Mn-Mg-Si. After SEM-EDS, the sample was slightly re-polished, exposed to the
solution for 6h, rinsed with demineralized water, dried with pressurized air and finally analyzed
with Raman. This allowed locating the IMs identified in SEM during the Raman study in order
to correlate IM composition to DMTD local presence. Figure 5.6 shows the local Raman spectra
and mappings of DMTD powder, polished AA2024-T3, and five locations of the AA2024 surface
pre-exposed to the NaCI/DMTD solutions (named as: “on” and “around” S-phase, “on” and
“around” Al-Cu-Fe-Mn-Mg-Si, and bulk Al matrix).
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Figure 5.6 Raman local analysis of AA2024 pre-exposed to 1mM DMTD 0.05M NaCl solution: (a) point
measurements on S-phase, around S-phase, on Al-Cu-Fe-Mn-Mg-Si, around Al-Cu-Fe-Mn-Mg-Si and at
bulk Al matrix; (b) Raman mapping of S-phase and Al-Cu-Fe-Mn-Mg-Si. Mappings were obtained
through point-by-point measurement, distance of each point is 1um. After exposure, and for all samples,
C=N bond at ~1460 cm shifted to ~1378 cm™%, the C-N bond at ~1510 cm™ shifted to ~1524 cm™and S-H
bond at ~2485 cm™ shifted to ~2437 cm and a Cu-S bond appeared at 480 cm™.

In agreement with the global Raman analysis (Figure 5.5a), characteristic peaks for DMTD were
found at all locations (Figure 5.6). Nevertheless, the state in which the DMTD interacts with the
Al matrix and IMs is local-composition dependent. Similar to the DMTD powder, on and around
both 1M types there is a higher peak ratio of C=N than C-N, yet the C=N bond shifted to ~1378
cm?! and the C-N (mostly visible for the matrix locations) bond shifted to ~1524 cm. This
suggests electronic interaction of DMTD mostly as thiol-thiolate. A strong SH signal (~2485 cm’
1) is mostly detected at the matrix and around the IMs. This, together with the C=N signal,
suggests DMTD mainly exists in the dithiol/thiol-thiolate forms on and around the S-phase and
Al-Cu-Fe-Mn-Mg-Si intermetallic, with also dithiol, dithione and thiol-thione on the matrix.
Besides this, a strong Cu-S vibration is detected at all locations but mostly at S-phase, around Al-
Cu-Fe-Mn-Mg-Si and at the matrix (i.e., lower presence around S-phase or at the Al-Cu-Fe-Mn-
Mg-Si). At S-phases, DMTD seems to preferentially chemisorb through Cu-S chelation with less
chemisorption in the area surrounding the S-phase. Contrary to this, DMTD seems to
preferentially chelate (Cu-S) around the Al-Cu-Fe-Mn-Mg-Si rather than on the Al-Cu-Fe-Mn-
Mg-Si IM itself. The results confirm DMTD is not just interacting at S-phases, as previously
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suggested, but all over the surface as a universal inhibitor even if with different interaction states.
Preferred interaction is through Cu-S chelation at matrix and S-phases. Physisorption is present
and dominant at Al-Cu-Fe-Mn-Mg-Si intermetallics.

5.3.2 Re-exposure to non-inhibited NaCl solutions: stability of DMTD inhibiting layers

The AA2024-T3 samples exposed to DMTD solutions at different NaCl concentrations were
exposed, after rinsing and drying, to a non-inhibited 0.05 M NaCl solution (i.e., without DMTD)
for 15h and monitored by the same optical-electrochemical setup as in section 5.3.1. Relevant
results are shown in Table 5.2 with reproducibility tests in Supporting Information Table S5.2.
As seen in Table 5.2, at the end of the 15h re-exposure, all samples show EPN values comparable
to that of the AA2024-T3 directly exposed to a non-inhibited solution of 0.05 M NaCl after 1h
exposure (Table 5.1) even in the absence of signs of significant corrosion attack (max 5 %AA).
The surface activity (%AA) of the samples that were pre-exposed to DMTD solutions containing
0.025 M to 0.25 M NaCl reached a surface activity below 0.5%AA within the first 1-2h of re-
exposure that remained constant until the end of the re-exposure test (15h). This surface activity
percentage is well below the IM surface area coverage of 1.6% reported earlier. The results
suggest a high level of stability of the DMTD inhibiting layers and therefore high level of
protection against corrosion under these conditions. On the other hand, samples pre-exposed to
high NaCl concentrations (0.4-0.5 M) reached a surface activity of 4-5%AA at 15h re-exposure,
even though the 0.4 M NaCl sample reached the maximum surface activity at 4h immersion as
opposite to 0.5 M NaCl that kept increasing until ~10h exposure. Figure 5.5, shows that under
the studied conditions using 0.4M NaCl solutions, DMTD chemisorption is the dominant surface
interaction process. Nevertheless, the layers formed at such NaCl concentration are less stable
than the ones formed at lower concentrations; hence the instability during reimmersion seen in
optics and the lower DMTD concentration measured with XPS and comparable to samples pre-
exposed to 0.5M NaCl. The exact NaCl concentration at which the formed inhibiting layer
undergoes instability remains undetermined but expected to be somewhere above 0.25 and below
0.4M. Interestingly, samples exposed to DMTD solutions without NaCl apparently behave in a
similar fashion (comparable %AA and EPN) to those pre-exposed to high NaCl concentrations
(0.4 and 0.5M). This final area activity coverage is slightly higher than that observed for a sample
exposed to 0.05 M NacCl for 1h showing high levels of local corrosion attack (3.3%AA, Table
5.1).
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Table 5.2 Evolution of EPN and surface activity (Affected Area, %AA) of AA2024 pre-exposed to 1 mM
DMTD solutions at different NaCl concentrations (0 to 0.5 M) and re-exposed to a non-inhibited 0.05 M
NaCl solution for 15h. Last columns show extracted characteristic parameters (i.e. AA(%) final, EPN
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In order to identify the source of the surface activity during re-exposure, a detailed analysis of the
activity maps and an ex-situ surface analysis after re-exposure was performed to three
representative samples. Figure 5.7 to 9 shows the detailed analysis of the re-exposed samples as
function of the NaCl concentration present during the first exposure to the inhibiting solutions:
(i) 0.05 M NacCl as representative of limited %AA during re-exposure; and (ii) 0 and 0.5 M NaCl
as representative of samples showing clear surface activity during re-exposure. The EPN and
surface activity (%AA) plots and characteristic kinetic parameters are included in Figure 5.7. The
underwater micrographs and activity maps are shown in Figure 5.8. The post-mortem SEM-EDX
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analysis and global Raman analysis are shown in Figure 5.9 and Supporting Information Figure
S5.6.

Samples that were exposed to DMTD solution without NaCl and then re-exposed to NaCl solution
(Figure 5.7a) show a rapid surface change (k;1=4E-3 %s™?) during the first 10 min re-exposure
reaching a surface area coverage (2%) similar to that expected for IMs (1.6%). Interestingly, the
kinetics of this first stage are similar to those attributed to initial de-alloying stage of AA2024-
T3 in 0.05 M NaCl without inhibitors (2.4E-3 %s™, (Figure 5.1a). This first optical activity is
accompanied by an EPN drop, all in all suggesting localized processes at IM level. A second
stage (10min to ~1h) shows a one order of magnitude decrease in optically detectable activity
(kr2=4E-4 %s?) until a plateau at 3.5%AA. This is accompanied by an EPN increase until plateau
at -450mV in a process with a high level of potential fluctuations (noise). According to the local
activity maps in Figure 5.8a, the activity remains located at or around the IMs. The last stage
observed during immersion (Lh until 15h) shows a further slowing down of the optical activity
kinetics (ks=2E-5 %s™) till a plateau at 4.7%AA at ~3h with no further variation in EPN, both
being signs of stabilization of the process with no further significant activity within this exposure
time. At the end of the re-exposure time (15h) an SEM-EDX and Raman analysis was performed
(Figure 5.9a). In spite of the detected optical activity during re-exposure, the post-mortem results
(SEM) only revealed limited trenching around some IMs, mostly at S-phase. Raman analysis on
the other hand shows the presence of physisorbed DMTD. The results suggest that the detected
optical activity in combination with EPN trend and low amplitude potential noise is related to
DMTD desorption/resorption and/or AI(OH)s/Al,Os/Al-matrix dissolution processes in a
dynamic process until a steady state is reached. This suggests the inhibiting layers formed in the
absence of NaCl during the exposure step are unstable at IMs even though the maintained level
of corrosion protection is significantly high (absence of signs of severe corrosion attack after 15h
re-exposure).
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Figure 5.7 EPN and surface activity (%AA) plots, at three characteristic times for samples re-exposed to
0.05 M NaCl solution for 15h: (a) sample pre-exposed to 1mM DMTD solution without NaCl; (b) sample
pre-exposed to 1 mM DMTD solution with 0.05 M NaCl; (c) sample pre-exposed to 1 mM DMTD
solution with 0.5 M NaCl. And (d) AA% kinetic characteristic parameter of three samples. kr1, kr2 and kr3
represent the %AA kinetics of the 3 time ranges: 0 to 10 min; 10 min to 1 h; and 1h to 15 h, respectively.

As represented in Figure 5.7b, the sample that was pre-exposed to low NaCl concentration shows
very limited optical activity (0.23%). The local activity maps in Figure 5.8b reveal that the source
of this minimal activity is located at a couple of IMs that activate during the first hour of re-
exposure with surface activity kinetics dropping from k;1=3E-5% s in the first stage to kp=<k;=0
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after 1h re-exposure. This initial optical activity stage is accompanied by an EPN increase until a
maximum at around one hour until a plateau at -473mV. The EPN is relatively smooth
accompanied by limited transients till the end of the re-exposure in the absence of optical activity
and is here attributed to surface adsorption/desorption of DMTD molecules or/and local redox at
the inhibiting layer. ** % As shown in Figure 5.9b, the SEM analysis performed at the end of the
re-exposure (15h) confirmed the absence of any corrosion signs. The Raman analysis on the other
hand, revealed clear signals corresponding to Cu-S, C=N, C-N, and S-H vibrations. These
vibration peaks are more evident than those revealed for the sample that was exposed to no NaCl
during the inhibiting layer formation and suggest a stronger binding of the DMTD molecules to
the metal surface in the sample exposed to small NaCl concentrations. This is in line with the
findings reported in section 5.1 where low NaCl concentrations lead to higher amounts of DMTD
at the alloy surface (Figure 5.5) with predominance of chemisorption-related bonds (Figure 5.6).

Samples that were pre-exposed to high NaCl concentrations (Figure 5.7¢) show a similar optical
activity to those pre-exposed to no NaCl (Figure 5.7a) with activity located at IM level (see local
activity maps in Figure 5.8¢) and with comparable optical activity kinetics at the different stages
of re-exposure (kn=2E-3 %s?, kp=3E-4 %s*?, kis=5E-5%s™). In spite of some differences in the
optical activity evolution, at the end of the re-exposure time the Affected Area (%) coverage is
equally comparable (4.5%AA). The EPN shows an initial rapid increase until plateau with small
potential noise transients but reaches steady state within 1h re-exposure. The post-mortem SEM-
EDX analysis reveals that the detected surface activity is associated to trenching around some
IMs mostly identified as S-phases but also Al-Cu-Fe-Mn-Mg-Si (Figure 5.9c and Supporting
Information Figure 5.S6c¢). Moreover, the Raman analysis (Figure 5.9c) revealed the absence of
strong signals related to DMTD adsorption after re-exposure. All in all, the results suggest the
DMTD inhibiting layer formed in the presence of high NaCl concentrations are less stable than
when the same layers are formed in the presence of small NaCl concentrations even if the level
of corrosion protection achieved remains high and stabilizes after some hours of exposure (i.e.,
no significant activity progress after 10h re-exposure).
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Figure 5.8 Underwater micrographs and Activity maps at three characteristic times for samples re-exposed
to 0.05 M NaCl solution for 15h: (a) sample pre-exposed to 1mM DMTD solution without NaCl; (b)
sample pre-exposed to 1 mM DMTD solution with 0.05 M NaCl; (c) sample pre-exposed to 1 mM DMTD
solution with 0.5 M NaCl. Scale bar: 100pum
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Figure 5.9 Post-mortem SEM micrographs and global Raman analysis of the samples re-exposed to 0.05
M NacCl solution for 15h: (a) sample pre-exposed to 1mM DMTD solution without NaCl; (b) sample pre-
exposed to 1 mM DMTD solution with 0.05 M NaCl; (c) sample pre-exposed to 1 mM DMTD solution
with 0.5 M NaCl.

5.3.3 Effect of NaCl on the formation and stability of inhibiting layers made from DMTD on
AA2024-T3
From sections 5.1 and 5.2 it becomes clear that NaCl concentration influences the formation of

DMTD protective layers on AA2024-T3 as well as the stability of these layers in subsequent
exposure to non-inhibited solutions. Figure 5.10 summarizes the proposed mechanism for the
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formation and stability of DMTD inhibiting layers as function of the NaCl concentration present
during exposure to the inhibitor, as discussed here below.

In the absence of NaCl (Figure 5.10a), DMTD is able to partially remove the native Al
oxide/hydroxide layer due to its self-deprotonation and local acidity increase. The dissolution of
the oxide layer is accompanied by the adsorption of DMTD- as measured by Raman. However,
the presence of high O1s/Al2p ratios obtained from XPS analysis (Figure 5.4b), and the
preferential physisorption of DMTD (thiol or thione state DMTD) suggest the negative influence
of (hydr-)oxides in an efficient and strong adsorption of DMTD on the AA2024 surface
microstructure.

When small concentrations of NaCl are present during exposure to DMTD-rich solutions (Figure
5.10b) the dissolution of Al(OH)s/Al,O; layer and/or the Al matrix is accelerated due to a
combination of CI" and acidic environment caused by the DMTD deprotonation (during 6h
exposure: more negative EPN, negligible surface activity, slight pH increase consistent with a
general decrease in total anodic area caused by Al matrix dissolution or/and an increase in IM
sites). This process allows a more efficient deposition of stable DMTD on the surface
predominantly through chemisorption (Figure 5.5b) combined with significant amounts of
DMTD physisorption at some locations (Figure 5.4b). XPS (Figure 5.4) and Raman (Figure 5.5,
Figure 5.6) showed that DMTD adsorbed all over the surface, mostly but not only as thiolate
and/or organic sulfuric acid, through DMTD-Cu chelation in the preferential deposition S-
phase>matrix> Al-Cu-Fe-Mn-Mg-Si.

As the NaCl concentration increased further, the amount of DMTD adsorbed at the surface
decreased (Figure 5.4b), and physisorption took over chemisorption (Figure 5.5b). As shown in
Figure 5.10c, the plummeted DMTD chemisorption in presence of high NaCl concentrations
suggests a competition between DMTD- and CI- adsorption and/or a too unstable surface due to
adsorption and dissolution competing processes. Under these circumstances, negatively charged
Cl- may accumulate closely to the metal/solution interface and restrain the efficient adsorption of
DMTD-, which is in agreement with previous studies on synergistic and competition effect of CI-
and inhibitor ions [47-49]. % 46.47

In all cases, and independently of the NaCl concentration, DMTD proves to form inhibiting layers
able to stop the (local) corrosion processes during immersion even if the layers show local
differences governed by local microstructure and different levels of inhibitor-metal adsorption,
as represented in the second column in Figure 5.10.

During a re-exposure step to a 0.05M NaCl solution without DMTD, the formed inhibiting layers
behave differently (last two columns in Figure 5.10). In general, the EPN values are within the
corrosion potential of the AA2024 after IM dealloying and trenching initiation even though no
significant corrosion attack (max 5 %AA) after 15h re-exposure (Table 5.2) is observed. This
result confirms the high stability of all inhibiting layers formed in different NaCl concentrations.
In spite of the general layer stability, clear differences are observed between them: the inhibiting
layers created in presence of no NaCl and high NaCl concentrations are less stable showing some
localized attack. This is attributed the predominance of physisorbed DMTD as opposite to
chemisorbed related to an insufficient oxide/hydroxide layer dissolution and competition with
high CI- concentrations during exposure, respectively. During the early re-exposure time (<3h),
DMTD desorption/resorption and dissolution of remaining oxide take place (third column, Figure
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5.10) and lead to some minor trenching at IM sites (mainly at S-phase as shown in Figure 5.9a).
The cessation of activity within 3h suggests the resorption of DMTD at some locations where the
corrosion process initiated. Similarly, the samples that were exposed to high NaCl also undergo
DMTD desorption/resorption process (Figure 5.10c) leading to some 1M attack. This is attributed
to the lower amount of DMTD present and the dominance of physical interaction with the surface.
In spite of this, the local activity stabilized at ~10h (Figure 5.7c) thereby suggesting again a
restoration of the inhibiting/protective layer (self-healing). Finally, the inhibiting layers formed
at low NaCl concentrations (Figure 5.10b) exhibit high levels of stability during re-exposure
(EPN and surface activity stabilizing within 1h in absence of local attack and with %AA<0.5%).
The higher stability of the inhibiting layers formed in presence of small concentrations of NaCl
is consistent with the strong and predominant chemisorption of DMTD on Al matrix and 1M sites
detected for these samples.

Exposure to solution with DMTD and NaCl Re-exposure to 0.05M NaCl solution
Steps Removal of native oxide layer DMTD inhibiting layer growth Activation of surface End of activity
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Figure 5.10 Proposed mechanism Proposed mechanism of DMTD inhibiting layer formation and stability
during re-exposure when inhibiting layer is formed in presence of (a) no NaCl; (b) low NaCl; and (c) high
NaCl.
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5.4 Conclusions

The effect of NaCl concentration on the corrosion inhibition power of DMTD for AA2024-T3
and the formation of an inhibiting layer and its stability during subsequent exposure in non-
inhibited solutions was studied. DMTD in small concentrations (1 mM) was found as an effective
corrosion inhibitor during immersion even for high NaCl concentrations (up to 0.5 M) as seen
with hyphenated optical-electrochemical test during exposure. XPS, optics and Raman showed
that DMTD adsorption increases with the reduction of Al(hydro)oxide (which is more
pronounced with higher NaCl concentrations). Dedicated local Raman surface analysis showed
DMTD is present on all the metallurgical compositional features although with more DMTD
present at S-phase and Al matrix than on secondary phases. Even if DMTD adsorption increases
with NaCl the state of interaction varies with the NaCl concentration as revealed with Raman:
chemisorption of DMTD through Cu-S chelation (thiolate and/or oxidized thiol/thiolate) was
found to be more predominant at low NaCl concentrations than at no NaCl or high NaCl
concentrations, for which physisorption through thiol and thione dominates. During re-exposure,
all samples showed high levels of corrosion protection and therefore inhibiting layer stability.
Nevertheless, higher levels of stability with total absence of local corrosion attack during re-
exposure in non-inhibited NaCl solutions was observed for the samples in which the inhibiting
layer was created in presence of small amounts of NaCl. This suggests that small amounts of
NaCl and acidic pH (given by DMTD at 1mM) help building more stable and corrosion protective
inhibiting layers, likely due to the improved equilibrium between dissolution of the
oxide/hydroxide layer and the chemisorption of DMTD at available binding sites at the metal
surface for thiolate DMTD chemisorption. The results here presented provide new insights in the
protection mechanism of DMTD as a corrosion inhibitor for AA2024-T3. The detection of
compositional variations of DMTD on the metal surface and the role of NaCl and acidity in the
formation of stable inhibiting layers paves the way to investigate how to increase corrosion
inhibition efficiency with organic inhibitors through the formation of more stable inhibiting layers
and ultimately develop more efficient anticorrosive coatings.
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Figure S5.1 Procedure used to study inhibitor-metal interaction and layer stability. (a) Electrode
preparation; (b) In situ monitoring of inhibitor-metal interaction and electrochemical and optical
data analysis; (c) IMs identification; (d) surface analysis; (e) In situ monitoring inhibitor
stability test in hyphenated opto-electrochemistry and electrochemical and optical data analysis;
(f) Post-mortem analysis.



128 5 Small concentrations of NaCl ... on AA2024-T3

Table S5.1 Reproducibility results of exposure tests. OCP and AA% for 6 h exposure of
AA2024-T3 in 1mM DMTD 0 to 0.5 M NaCl solution.
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Figure S5.2 Protocol to calculate the area coverage (%) of IM on a AA2024 surface before and
after exposure to ImMDMTD 0.5M NacCl solution for 6h with Image J. Scale bar: 10pum.
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Figure S5.3-1 XPS spectra for resolved Al2p of samples exposed to water and 1mM DMTD
solutions with different NaCl concentrations (0 to 0.5 M NaCl)
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Figure S3-2 XPS spectra for (a) S2p, (b) DMTD/surface, (c) Al2p, (d) Al oxide/Al metal atomic
ratio and (e-g) resolved Al2p peaks acquired from three repeating samples.
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Table S5.2 Reproducibility results of re-exposure tests. OCP and AA% after 15h re-exposure to
0.05 M NaCl solution of AA2024-T3 samples previously exposed to solutions of 1mM DMTD
without NaCl and with NaCl at 0.05 and 0.5M.
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Figure S5.6 Post-mortem SEM-EDS analysis after 15h re-exposure to 0.05 M NaCl solution of
AA2024-T3 samples previously exposed to solutions of 1mM DMTD without NaCl (a) and
with NaCl at 0.05 (b) and 0.5M (c).
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Chapter 6

Gas-Phase Deposited Nanolayers Guard
Organic Microparticles in Polymer
Matrices for Active Corrosion Protection
at Damages

The most common way to protect metallic structures from corrosion is through the use of passive
and active corrosion protection with coatings containing dispersed corrosion inhibitor particles.
Current approaches use inorganic microparticles containing mostly toxic and/or critical
elements (e.g. CrVI, Li-salts). Organic inhibitors have been identified as a potential replacement
technology due to their high inhibiting efficiency in solution, high versatility and lower toxicity.
Nevertheless, when brought into organic coatings these inhibitors lose their efficiency due to
unwanted side reactions with the surrounding organic matrix (coating). In this work we propose
a novel strategy to isolate the organic corrosion inhibitor microparticles from the surrounding
matrix. The new approach is based on the gas-deposition of an oxide nanolayer on the
microparticles using gas deposition in a fluidized bed reactor. As a result, the organic particles
are better dispersed in the coating and do not react with the surrounding matrix. Upon coating
damage the particles are exposed to water and release sufficiently high amounts of the organic
corrosion inhibitor at the damaged location. The work introduces a technique that can be used
in other applications with similar challenges and a new technology that enables for the first time
to store large amounts of active organic corrosion inhibitors in reactive organic coatings for
efficient protection of metallic infrastructure. This opens the path to the practical use of highly
efficient organic inhibitors in coatings for corrosion protection.

This Chapter has been published as:

Zhao, J.; van Ommen, J. R.; Garcia, S. J. Gas-phase deposited nanolayers guard organic microparticles in polymer

matrices for active corrosion protection at damages. Progress in Organic Coatings 2024, 192, 108522.
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6.1 Introduction

The need to replace highly toxic corrosion inhibitors in coatings has become widely
acknowledged, representing a complex and multi-dimensional challenge. Organic corrosion
inhibitor complexes and salts such as 2,5-Dimercapto-1,3,4-thiadiazole (DMTD) are considered
promising alternatives to toxic Cr(VI)-based inhibitor salts and Lithium and Rare Earth salt
alternatives because of their comparable intrinsic corrosion inhibition efficiency in solution,
surface stability, reduced environmental impact, low molecular weight and design versatility. -2
Unfortunately, the efficient incorporation of organic inhibitors in organic coatings in sufficiently
large amounts and without unwanted inhibitor-polymer matrix reactions has been so far largely
elusive. As a result of matrix-inhibitor reactions, the coating properties are negatively affected
and/or the inhibitors cannot be released from the coating to protect the underlying metal from
corrosion, hence resulting in underperformance. * * The hygroscopic, powder state and highly
reactive nature of most good performing organic inhibitors limit the use of emulsion
encapsulation techniques used in liquid encapsulation for self-healing coatings. ® Alternative
encapsulation strategies using nano®® or micro®* inorganic particles as carriers have been
proposed and shown to be successful up to a certain point. These approaches allow the
introduction of relatively low amounts of organic inhibitors in coatings and control their release
by different mechanisms such as water dissolution and diffusion, pH or ion exchange but offer
limited amounts of inhibitor locally. *° In this work, we introduce the use of gas-phase deposition
in a fluidized bed as a new strategy to embed large amounts of unreacted corrosion inhibitor
microparticles in organic coatings through the use of a protective thin metal oxide nano-layer.

Gas-phase deposition methods such as (pulsed) chemical vapor deposition (CVD) and atomic
layer deposition (ALD) are used to create non-selective homogeneous nanometer-thick (oxide)
layers on flat, porous and regular substrates used mostly in electronic devices. *** The
introduction of gas-phase deposition in fluidized beds has recently allowed extrapolating the
concept of thin layer deposition to microparticles relevant for the pharmaceutical sector. In
particular, layers of Al,Os, TiO, and SiO; have been applied as nanoscale thin films on organic
drug particles via atomic layer deposition in fluidized bed reactors in order to control the particle
dissolution rate in solution. *>° Besides controlling the drug release kinetics, such nanolayers on
drug microparticles have been used to tune the surface chemistry to improve their dispersibility,
flowability, and stability. 82! Organic corrosion inhibitors, share some properties with drug
microparticles regarding moisture sensitivity (hygroscopic, solubility), and adhesive and
cohesive character, but also tend to have more irregular shapes and broad particle size
distributions affecting the local surface energy levels relevant to initiate gas-phase deposition.
These factors leading to reduced flowing, increased agglomeration and formation of irregular
layers increase the challenge in gas-phase fluidized bed deposition on reactive particles such as
corrosion inhibitors and make developments non-obvious. Moreover, corrosion inhibitors are to
be dispersed in organic matrices in an isolated form to prevent minimal negative side reactions
but at the same time remain accessible to water ingress so that the inhibitors can be dissolved,
transported and released rapidly at sufficiently large quantities from the coating (within 30
seconds for the case of aerospace alloys as AA2024-T3) %2 and sustained in time in order to protect
the underlying metallic structure from corrosion and ultimate mechanical failure. This work
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explores for the first time these aspects using gas-phase deposition in the context of anticorrosive
coatings.

To proof the concept, we use pulsed gas-phase deposition in a fluidized bed to deposit a TiOx
nanoscale layer on a selected model organic inhibitor (2,5-dimercapto-1,3,4-thiadiazole, DMTD)
at 40°C and atmospheric pressure (1 bar). The modified organic inhibitor particles are then
incorporated in a solvent borne epoxy-amine coating and applied on an aerospace-grade
aluminum alloy AA2024-T3 to test corrosion performance. The fluidized bed reactor provides
good mixing between gas and solid phases, which benefits depositing a conformal titanium oxide
layer. The deposition layer was studied by transmission electron microscopy (TEM), X-ray
photoelectron spectroscopy (XPS) and in-situ ultraviolet-visible spectroscopy (UV-vis). The
effect of the titanium oxide layer on the interaction between DMTD and epoxy-amine matrix was
studied by thermogravimetric analysis (TGA), differential scanning calorimetry (DSC) and
release kinetics using ex-situ UV-Vis. The impact of the nanolayer formed around DMTD
microparticles on the active corrosion protection at damaged coatings (lmm diameter damages)
was evaluated under wet/dry cyclic exposure using in-situ highly resolved image reflectometry
with image correlation and electrochemical potential noise measurements. The results allow
presenting gas-phase deposition in a fluidized bed as a promising strategy to efficiently introduce
large amounts of very reactive organic corrosion inhibitors in coatings and opens the path to the
use of so far elusive functional chemicals in coatings and other polymeric matrices.
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6.2 Experimental

6.2.1 Materials

2,5-dimercapto-1,3,4-thiadiazole (DMTD >99%) particles were purchased from Sigma-Aldrich
and used as substrates for the deposition. The precursor, titanium tetrachloride (TiCls) was
purchased from Strem Chemicals and used as received. The demineralized water was used as a
co-reactant with TiCls. Commercial grade bare 2.5mm thick AA2024-T3 were cut into 10cm X
10cm pieces and used as metal substrates for coatings. Commercially available bisphenol-A based
epoxy resin (Epikote™ 828) and amine crosslinker (Ancamine®2500) were supplied by
AkzoNobel (NL) and used as-received to form the coating binder using xylene (99 %) as solvent.
Sodium chloride (NaCl, >98%) was purchased from VWR Chemicals. Milipore® filtered water
was employed in all steps requiring water.

6.2.2 Gas-phase deposition experiments

The gas-phase deposition experiments were carried out in a vibrated fluidized-bed reactor
operating at atmospheric pressure, as has been described in previous works. ¢ 1% DMTD
powders were prepared by hand-milling and sieving under 120 pum. Before deposition, a
fluidization test on DMTD particles was applied. N2 (99.999 v/v%) was used as the carrier and
purging gas. As a result, it was found that a maximum of 10 g DMTD (around 1/10 bed height)
could be well-fluidized under 5 L/min nitrogen flow on a vibration table. Based on the fluidization
test and the experience of earlier works ¢ %7, it was decided to use 0.5 L/min of precursor and co-
reactant vapor with 4.5 L/min of nitrogen to keep the constant gas velocity in the whole reactor.
Prior to the injection and fluidization of the DMTD, the reactor was heated up to 40 °C and kept
at constant with the help of a heating jacket wrapped around the glass column. The precursor,
TiCl,, and the co-reactant, H,O, stored in bubblers were fed to the reactor through separate inlet
tubing. The stainless-steel tubing that connects the bubblers to the reactor was maintained at 30°C
above the bubblers at room temperature to prevent the precursor from condensing. The deposition
process consisted of sequential exposures of the DMTD to TiCl, for 45s, 5 min purging with only
nitrogen gas, and H,O for 60s (one cycle) followed by another 5 min nitrogen gas purging step
prior to the next cycle of exposure to precursor and co-reactant. The exposure time to TiCls and
H.O were chosen based on the experience of earlier works using also cohesive but nano-sized
particles, allowing sufficient exposure time. 17 The purge time of 5 min allows for any excess
reactants or by-products to be cleared from the system before a subsequent cycle begins. The
reaction: TiCls + H,O—TiOx+ HCl allowed for the deposition of a Ti oxide layer on the DMTD
microparticles. The by-product, HCI, was neutralized by 1% NaOH solution in the wash bottle
connected to the outlet of the reactor. The gas-phase depositions of TiOx were run for 20, 30, 40,
50, and 60 cycles. To get an impression of the effect of the fluidization on the particle size
distribution, a test was performed doing 20 cycles without precursor and co-reactant.

6.2.3 Particles characterization

The images of the gas-phase deposited DMTD particles were taken by Keyence Laser Scanning
Confocal Microscope and used to evaluate the particle size distribution with the ImageJ software,
according to the following protocol: (1) Calibrating the image scales (pixels->microns) in Image
J by the function of “setting scale”; (2) The threshold of each image is adjusted (150 to 255); (3)
The particles are analyzed by the function of “Analyze particles”, to give the area of each particle;
(4) All the particles are assumed as circles to get the diameters; (5) Finally, we plot the histogram
of all the diameters to get the particle size distribution. The presence of the deposition layer on
DMTD was assessed by transmission electron microscopy (TEM) and X-ray photoelectron



6.2 Experimental 139

spectroscopy (XPS). In TEM, the samples were dispersed in Hexane and drop cast into a C foil
supported with a Cu grid. The particles were very beam sensitive so only low magnification
(~100kx) could be used. The XPS was equipped with a monochromatic Al anode X-ray source
with a spot size of 400 um. The photo-electrons are detected by a 128-channel detector, with a
0.1 eV resolution. For survey spectra, the pass energy and step size were set to 140 eV and 0.40
eV respectively. High-resolution spectra were obtained with 50 eV pass energy and 0.1 eV
resolution. All spectra were calibrated by assigning the true energy value (284.8 eV)
corresponding to the position of a C 1s peak. The dissolution kinetics of DMTD/TiOy particles in
real time was studied with a PerkinElmer LAMBDA 35 UV/VIS spectrometer operated at a
constant wavelength representative of the DMTD inhibitor presence in NaCl solution (i.e.,
328nm). This allowed a scan rate of one measurement per second during the 2 h duration of the
release tests. A calibration curve made with DMTD solutions (see supporting information Figure
S6.1) was used to convert absorption intensity of the representative wavelength to inhibitor
concentration in solution. To this aim the powders (inhibitors) were placed inside a Whatman®
grade 1 paper filter on top of a UV cuvette filled with 0.05M NaCl solution. As seen in Fig S1.b,
release of the inhibitor was captured short after immersion as a result of inhibitor dissolution. In
order to ensure an even DMTD dispersion in the cuvette and to avoid false measurements the
solution was constantly magnetically stirred at 1600 rpm.

6.2.4 Coatings preparation

The 2.5 mm thick AA2024-T3 metal sheets were cut into pieces of 100x100 mm prior to
surface cleaning and coating application. The surface cleaning consists of the following steps: (1)
removal of the native oxide layer and surface roughness formation by Scotch Brite 3M; (2)
degreasing with acetone;(3) pseudo-boehmite treatment on the coupons to increase the amount of
reactive hydroxyl groups on the surface by 10 s immersion in 2 M NaOH followed by a 30 s
immersion in distilled water and drying with nitrogen.

Three different coating compositions are prepared as listed in Table 6.1. Different inhibitor
pigments are added to the identical coating binder formulation. The coatings formulation is given
as a function of epoxy resin (phr=parts per hundred epoxy resin in weight). Briefly, Epikote™
828, Ancamine®2500 and xylene (weight ratio 2.70:1.57:1.06) were mixed for 5 min in a high-
speed mixer at 2500 rpm and pre-cure at room temperature for 15 min. After adding the inhibitor
pigments, the coating formulation was manually stirred and applied onto the Teflon sheets for
thermal analysis and metal coupons for release and corrosion tests using a doctor blade with a
wet thickness of 100 pm. After a flash-off period of 30 min the coatings were cured at 60°C for
24h. The samples were stored in a desiccator before the following tests.
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Table 6.1 Coatings formulations as a function of Epikote™ 828 (phr=parts per hundred epoxy resin in
weight), and the calculated inhibiting active component in wt% of the total coating dry weight and
pigment volume concentration (PVC%) of inhibitor pigment. The weight of TiOx was ignored.

Inhibiting Dry
Sample Inhibitor Inhibitor active PVC coating
Name pigment (phr) component (%) thickness
(Wt.%) (um)
Epoxy - 0 0 0 68+3
Epoxy-
DMTD DMTD 25 13.7 10 70£3
Epoxy- — DMTDITIO 13.7 10 7043

DMTD/TiOx 20 cycles

6.2.5 Thermal analysis

The coatings applied on Teflon sheets were separated by a spatula and used for thermal
analysis. The thermal degradation of the coatings as a function of adding different inhibitor
pigments was analyzed by Thermogravimetric analysis (TGA). The TGA tests were conducted
from 30 °C to 600 °C at a rate of 10 °C/min under nitrogen gas with a flow rate of 20 mL/min.
Differential scanning calorimetry (DSC) analyses were performed to investigate the TiOy layer
influence on the cross-linking density of the epoxy/amine coating systems. DSC tests were carried
out viaa TA Instr. Modulated DSC under nitrogen flow. Each sample was heated at a temperature
range from -10 °C to 80 °C at a heating rate of 10°C/min. The DSC provides information on the
glass transition temperature (Tg) of the coatings.

6.2.6 Inhibitor release tests from coatings

The coating systems with DMTD and DMTD/TiOy applied on AA2024-T3 in Table 6.1 were
surface ground by 1000-grit paper during 15s, followed by exposure to 40mL 0.05M NaCl
solution. This allowed direct exposure of the particles to the electrolyte by removing the top
polymeric thin layer on the coating. The diameter of the circular exposed ground area is 1cm.
Samples of 3 mL were collected at different time points (1, 5, 15, 30, 60, 120, 240, 360, 1440,
2880, and 4320 min) and put back after each measurement to maintain a constant volume of
release medium. The aliquots were tested in a UV-Vis spectrometer using a wavelength range
from 700 nm to 200 nm. The absorbance at characteristic peak location of 328nm was used to
obtain the inhibitor concentration using the calibration curve in Supporting information Figure
S6.1.

6.2.7 Wet/dry cyclic exposure tests

A Roland EGX-350 engraver equipped with an end mill carbide tip of Imm in diameter was
used to create circular damage on the coated panel surface prior to immersion in electrolyte for
the corrosion studies. Drills of 1mm wide and 0.25mm deep (i.e. well into the metallic substrate)
with respect to the coated surface were created without delamination. The resulting chips from
the engraved zone were removed by air blowing. The corrosion was evaluated with an in-situ
optical electrochemical set-up as we described in previous works. 122 The scribed coating sample
was mounted in a magnetic Raman electrochemical flow cell from Redox.me. This cell allows a
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total electrolyte volume of 4.5 ml and the use of a small Ag/AgCl (3 M KCI) reference electrode.
The electrochemical cell was placed vertically in a Faraday cage on an optical table from
ThorLabs to avoid any electromagnetic and vibrational disturbances. The EPN signals are
recorded with an Ivium Compactstat controlled by IviumSoft \VV2.86. The maximum range of the
potentiometer was set at £1 V vs Ag/AgCl. The interval time between data points was set to 0.05
s (sampling frequency of 20 Hz) combined with a low-pass filter of 10 Hz. A Dino-Lite digital
microscope was placed at the window side of the electrochemical cell. This allows obtaining
high-resolution images every minute during exposure simultaneously to the Electrochemical
potential noise (EPN) measurements as a function of the exposure time. Due to the 8-led ring
light type of the microscope and the high roughness of the damage left by the engraver, the
lightness of the images is not even on the damage (shadow can be seen). To eliminate the shadow,
a coaxial light cap was equipped. The shadow was still not completely removed but mostly
avoided. This will be further improved in future works. The electrolyte (0.05M NaCl solution)
was injected through side openings allowing the capturing of optical and electrochemical
information right after exposure to the electrolyte. The optical analysis was conducted in ImageJ
software as described in earlier works. %22 The technique is based on a pixel-by-pixel analysis
of the progression of surface activity on the region of interest (ROI) over time. Images were
converted to grey scale at an 8-bit resolution allowing the definition of 256 different levels of
intensity between black and white. For both the exposed metal surface, i.e., damage and the
surrounding coating, a static thresholding bin limit of 10 was used due to the small intensity
changes.

The wet/dry cyclic exposure tests were performed to study the active corrosion protection by
inhibitors released from the coating to the scribed site under discontinuous immersion conditions.
The tests consist of a process of 2h exposure of damaged coating in 0.05M NaCl solution and
monitored by the above optical-electrochemical set-up. And then, the coating was taken out
followed by gentle flashing in demineralized water, dry in Nj, and placed in an ambient
environment for 1h. The coating was put back into the same set-up and started over the new
cycles. In total, we performed 1 cycle on Epoxy coating without inhibitors, 3 cycles on Epoxy-
DMTD coating and 3 cycles on Epoxy-DMTD/TiOy coating. After each cycle, the solutions were
collected and used to obtain the inhibitor concentration in the same manner as explained in 2.6.
The concentrations of DMTD released from a coating without damage were also measured under
the same conditions of exposure. To calculate the amount of DMTD released specifically due to
the damage, the amount released from the damaged coating was subtracted from the amount that
could have been released from the same area of the intact coating.
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6.3 Results and discussion

6.3.1 Gas-phase deposition of protective nanolayer on organic inhibitor microparticles

Figure 6.1a shows the negative effect of organic corrosion inhibitor microparticles (2,5-
dimercapto-1,3,4-thiadiazole, DMTD) directly added into a chemically reactive epoxy-amine
polymer network. In such polymers, the crosslinking process proceeds through nucleophilic
attack of the amine on the oxirane groups leading to ring opening and a reticulated (crosslinked)
polymer network. 224 In this environment, the thiol groups (-SH) in the DMTD organic molecule
are deprotonated by the base amino groups to create highly nucleophilic thiolates (-S-) able to
ring open the oxirane groups and disturb the crosslinking process through the formation of linear
chains. ® Such side chemical reactions ultimately affect the polymer properties (e.g. glass-
transition temperature, Young’s Modulus, Stress at break, adhesion) but also the release potential
of the corrosion inhibitors at damaged locations upon exposure to a corrosive electrolyte (e.g.
NaCl solution). To prevent this negative reaction a TiOy (titanium oxide) nanolayer was deposited
on the microparticles using a pulsed-chemical vapor deposition (CVD) process in a sequential
approach as done in atomic layer deposition (ALD) processes. Figure 6.1b shows a schematic of
the CVD process in a fluidized bed reactor used in this work as explained in the Experimental
section and Supporting Information in detail. In this process, the particles are fluidized
(“floating”) in N and the chemical reactants are sequentially added to the fluidized particles with
the N, flow. For the proof of concept shown in this work, TiCl, was used as the precursor to
create the nanolayer. The precursor was chosen in order to obtain a nanolayer (i.e. TiOy) able to
first impede the reaction with the surrounding polymer matrix but then allow for inhibitor release
through solubility in water. As the TEM-EDX images in Figure 6.1b show, when 20 cycles were
used, a TiOx nanolayer of 20 to 30 nm was deposited on the surface of the organic microparticle.
The immediate positive effect of the protective nanolayer (20 cycles) on the DMTD
microparticles compatibility with the epoxy-amine polymer matrix can be seen in Figure 6.1c,
where the nanolayer led to an improved degree of particle dispersion as seen by the absence of
the agglomerates visible in Figure 6.1a, and the uniform orange-like coloration associated with
DMTD microparticles.
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Figure 6.1. (a) Micrographs show the poor dispersion of the organic (DMTD) microparticles in an organic
(epoxy-amine) polymer network. The red lines in the micrographs indicate locations of inhibitor
agglomerates resulting from the reaction between the organic particle and the surrounding matrix; (b)
Schematic illustration of the gas-phase deposition process of a protective nanolayer on organic corrosion
inhibitor microparticles in a fluidized bed reactor. Image inserts show TEM-EDX images of a 20-30nm
TiOx nanolayer deposited on an organic corrosion inhibitor particle after 20 cycles; (c) Micrographs show
how a deposited nanolayer around the organic particles improves the dispersion quality of the particles in
an organic polymer network. The green lines in the bottom micrograph indicate the locations of some
inhibitor particles.

Figure 6.2 shows TEM-EDX mappings of DMTD/TiO particles, the presence of TiOy layers on
DMTD surface and Ti atomic percentage increasing with deposition cycles. The TEM-EDX
images show the efficient deposition of a 20-30 nm TiOy layer on the inhibitor microparticle
(identified with the S marker) after 20 cycles. This suggests the nanolayers were formed through
a chemical vapor deposition (CVD) process rather than atomic layer deposition (ALD) despite an
alternating supply of the gas phase reactants with N2 purging in between was used instead of
continuous reactant supply without purge. As a result of a non-optimized process, the fluidized
bed reactor was operated at low temperature, which allows excess amounts of reactants (TiCl,
and H0) to adsorb onto hygroscopic DMTD surfaces and react during the subsequent reaction.
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Figure 6.2 (a) TEM-EDX mappings, (b) atomic elements compositions of DMTDFI'IOX particles at 20, 40
and 60 deposition cycles, and (c) thickness profile which is 20 to 30 nm of TiOx 20 cycles layer on
DMTD. Notes: DMTD particles are easily damaged under the electron beam of TEM which shows as
“hollow” particles in EDX mappings. The scale bars in EDX are 500 nm. Mappings of S show the
presence of DMTD particles. Mappings of Ti represent the success of TiOx deposition.

Figure 6.3a shows the particle size distribution of the organic microparticles which did not change
after 20 cycles gas phase deposition process. When more deposition cycles were employed (30
or 40 cycles), no significant differences in the nanolayer (Figure 6.2a) and particle size
distribution (2-8 um) were found. Nevertheless, at 60 cycles, particle agglomeration resulted in
an increased particle size and particle distribution (2-12 um). This is attributed to the hygroscopic
nature and low temperature used during the gas phase deposition process. The chemical
compositions of DMTD/TiOx particles were characterized by XPS. Supporting Information
Figure S6.2 shows the two peaks at around 458.5 eV and 464.5 eV reflect the doublet state of
Ti2P (i.e., Ti 2p3/2 and Ti2p1/2) % although the oxidation states vary with cycle numbers,
suggests the uneven growth of TiOx especially at high cycle numbers, which is corresponding
with the bigger particle size obtained at high cycle numbers from PSD analysis as shown in Figure
6.3a. As seen in Figure 6.3b, the normalized intensities of S2p and C1s peaks of the bound thiol
(BE=161.9 eV) increase while that of N=C-S bound (BE=286.6 eV) decrease after deposition. %’
This suggests the formation of Ti-O(-Ti)-S at the interface between TiOx and DMTD. Considering
the limited detectable depth of XPS (5 nm), the thickness of the TiOx layer might not be uniform
across the DMTD particles. This possibility of the island growth is evidenced by our TEM-EDX
results as shown in Figure 6.1b in which islands are visible on the DMTD/TiOy particles. Future
research focuses on shell optimization should lead to strategies to avoid this phenomenon. Lower
cycles (<10) were not investigated in this proof-of-concept work due to the observed limited
effect of the number of cycles on the particle size distribution, nanolayer thickness, chemical
composition, and dissolution kinetics of the microparticles (Supporting Information Figure
S6.1b) but will be objective of study in future works.
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Figure 6.3 (a) Confocal microscope images and particle size distributions of DMTD, fluidized DMTD, and
gas-phase deposited DMTD particles at 20 to 60 cycles. Scale bar: 20 um. And S2p (b) and C1s (c) XPS
spectra of DMTD/TiOx 20, DMTD/TiOx 40, and DMTD/TiOx 60 show the interaction of TiOx depositions
with S in the substrate.

6.3.2 Effect of protective nanolayer on inhibitor-organic coating interaction

To further prove the benefit of the nanolayer around the organic inhibitor in reducing its
interaction with the organic coating, thermal gravimetry analysis (TGA), differential scanning
calorimetry (DSC), and Ultraviolet-visible spectroscopy (UV-Vis) analysis were performed in
order to ascertain the effect on polymer film degradation (TGA), glass transition temperature (Tg)
and inhibitor release kinetics.

As can be seen in Figure 6.4a, the thermal degradation profile of the pristine epoxy coating can
be differentiated into three stages: first stage (showing a drop followed by a pseudo-plateau up to
300°C) with 20% mass loss attributed to the loss of low molecular weight components; second
stage (300-450°C) with around 55% mass loss attributed to the degradation of epoxy-amine
crosslinking networks; and a third stage (above 450°C) due to the carbonization of residuals. 2
When introducing unmodified DMTD into the epoxy coating, the onset degradation temperature
of the Epoxy-DMTD coating was increased from 100 to 150°C, suggesting that the excessive
epoxy or/and amine monomers are stabilized by the reaction with DMTD in a thiolate-oxirane
ring opening reaction process. However, the reaction between DMTD and the epoxy matrix also
results in massive weight loss during first and second-stage degradations likely due to the
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expected weaker bond formation (S-C vs C-C) and lower crosslinking density. DSC analysis
further supports this idea as the mid-point glass transition temperature (Tg) of the epoxy matrix
decreased from 44°C to 19°C when the untreated DMTD particles were added to the epoxy-amine
coating (Figure 6.4b). A different effect is observed when the coated DMTD particles
(DMTDI/TiOy particles) are used. In this case the coatings exhibit similar thermal stability as the
pristine epoxy coating matrix. The only difference is the disappearance of the flat stability stage
at 350°C, which is attributed to the lower thermal stability of side DMTD-Epoxy groups
compared to a full epoxy-amine network. In addition, compared to the pristine epoxy matrix, the
glass transition temperature dropped from 44+0.5°C to 32+0.5°C. This shows still some reactivity
probably due to non-perfect particle coverage, but 13°C lower T4 drop than without the protective
nanolayer, as seen in Figure 6.4b. The results, even for these non-optimized systems, confirm the
protective effect of the TiOx nanolayer on DMTD leading to a reduced reactivity with the
surrounding epoxy matrix and having a lower negative effect on the overall coating performance.

In order to study the effect of the TiOx nanolayer on the availability of DMTD in the presence
of water (release of DMTD from the polymer in an aqueous corrosive media), the surface of
Epoxy-DMTD and Epoxy-DMTD/TiOy coatings were ground with 1000 grid sanding paper, and
exposed to 0.05M NaCl solution for 3 days. This allowed direct exposure of the particles to the
electrolyte by removing the top polymeric thin layer on the coating. UV-vis measurements of
aliquots taken in time and the use of a calibration curve allowed quantifying the DMTD release
in time. Figure 6.4c illustrates the release profile and provides a schematic representation of water
ingress and inhibitor release of these coatings. The Epoxy-DMTD/TiOy coating shows higher
inhibitor release over time compared to the Epoxy-DMTD coating, which is in agreement with
the lower negative interaction between the DMTD and the coating matrix. It should be noted that,
in anticorrosive coatings, an initial fast inhibitor release leading to a minimum local concentration
able to protect the metal is needed since the initial dealloying of AA2024 happens within 5 min.
22 The desirable coatings therefore rely on a release profile that commences with an initial rapid
release followed by a continuous long-term release. 1> 2° For the Epoxy-DMTD/TiOx coating,
50% of the present DMTD can be released within the initial 2h and is followed by a sustained
(slower) release until plateau at 3 days exposure having reached 65% release of the available
DMTD. This can be attributed to the unavailability of the DMTD particles to water in relatively
thick polymer films used in this test (70£3um) but also to the partial reactivity between DMTD
and the epoxy matrix indicated in Section 3.1. In contrast, the release of DMTD from the Epoxy-
DMTD coating reaches a plateau at 40% already within 2h exposure to electrolyte. This lower
release from the Epoxy-DMTD coating is attributed to the strong interaction between DMTD and
the epoxy-amine matrix resulting from side reactions in absence of a protective nanolayer.

This effect becomes evident when analysing the polymers after exposure. In Figure 6.5 it can
be seen how the use of TiOx nanolayers led to higher particle dispersion and a higher amount of
smaller black dots related to holes created upon inhibitor dissolution, in good agreement with
higher release fractions in Epoxy-DMTD/TiOy coatings due to the TiOy layer protection. While
the Epoxy-DMTD/TiOx coating does not reach the theoretical maximum release (98%
considering the TiOy layer), it is still significantly higher than for Epoxy-DMTD coatings (65%
vs 40%). In addition, the total releasing period increased from 2 hours to 3 days when replacing
pristine DMTD with DMTD/TiOy, which is beneficial for protecting newly exposed areas and
prolonging corrosion protection.
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Figure 6.4. (a) TGA and (b) DSC analysis of Epoxy, Epoxy-DMTD, Epoxy-DMTD/TiOx coatings; (c)
Release profile and schematic diagram of DMTD release from coatings exposed to 0.05M NaCl solution
over 3 days from Epoxy-DMTD and Epoxy-DMTD/TiOx coatings. The release profile shows the average
of several measurements (line) and the standard deviation (color band). The schematic diagram shows the
cross-section of the coatings in two stages: the first stage from 0 to 2h, representing a rapid initial release
of the DMTD inhibitor, and the second stage from 2h to 3 days, indicating a prolonged, long-term release

in the case of Epoxy-DMTD/TiOx samples.
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Figure 6.5 The images of Epoxy-DMTD and Epoxy-DMTD/TiOx coatings before and after the release
tests made by confocal microscope. The black points in the third column represent the locations left by the
release of DMTD which indicates a larger and homogeneous release from Epoxy-DMTD/TiOx coatings.

Scale bar: 100 pum.

6.3.3 Effect of protective nanolayer on active corrosion protection at damaged coatings under
wet-dry cyclic exposure.

In an active anticorrosion coating system, it is generally accepted that the protection at
corrosion-inhibited locations will be ultimately lost under more aggressive exposure conditions,
such as wet-dry cyclic exposure. This decline in corrosion inhibiting power is generally related
to a reduction in the inhibitor supply from the coating and indirectly implies that the created
inhibiting layers may not be sufficiently stable or robust, thereby failing to guarantee prolonged
protection of the metal without a constant supply of inhibitor. Even if the stability of inhibiting
layers is a largely unexplored concept, it is now known that inhibitor layers created from 1mM
DMTD/0.05M NacCl solutions on AA2024-T3 show high levels of stability during cyclic wet/dry
re-exposure to 0.05M NacCl solutions. *°

In order to study the impact of the TiOx nanolayer (20 cycles) on the active corrosion inhibition
at damaged locations (circular damage with @=1mm, 200 um penetration into the metal) given
by DMTD-loaded coatings, a detailed study under wet/dry cyclic exposure conditions was
performed. Herein, a single wet-dry cycle exposure represents a 2h exposure to 0.05M NaCl
solution followed by a 1h drying process. The exposure time to electrolyte was determined based
on the release kinetics study shown in Figure 6.4c wherein most of the inhibitor has been released
from the grind coating in the first 2 hours of exposure. During a maximum of 3 cycles of exposure,
the coating damages were monitored with an in-situ hyphenated electrochemical (electrochemical
potential noise) and optical (image reflectometry) home-built setup as described in the
experimental section. The electrochemical potential noise (EPN) signals and original optical
images at the start and the end of exposure during each cycle are shown in the supporting
information Figure S6.3. Without post-treatment, the optical images obtained during immersion
do not allow differentiation during exposure thereby requiring image processing to extract
quantitative information. Hence, the surface activity at the exposed metal and at the surrounding
coating matrix are extracted from the optical images by a pixel-by-pixel changes analysis
implemented in ImageJ software as described in our previous works. 2223 Figure 6.6 and Figure
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6.7 illustrates the resultant surface global activity maps (GAM) and quantified activity plots for
the metal damage site, and local post-mortem images of the damage captured by a confocal
microscope for the reference Epoxy coating and DMTD-loaded coatings.

As seen in Figure 6.6, an epoxy coating without DMTD rapidly shows the appearance of local
activity (within the first minute of exposure) which progresses to a surface area coverage of the
damaged location of around 20% after 2h exposure. The progression of the local activity is
relatively fast and goes from 2.0E-03 % s during the first hour to a slightly faster process 3.1E-
03 % s after 1.5h exposure (Figure 6.8) in good agreement with dealloying at intermetallic
particles followed by trenching. 2 The corresponding EPN signal (Figure S6.3) can be regarded
as typical for the corrosion of AA2024-T3, which shows lots of short transients and ends at -
431mV vs Ag/AgCI, well in line with the corrosion potential of AA2024 at thermodynamic
equilibrium after intermetallic particles (IM) dealloying and trenching. 3! These results are in good
agreement with the local post-mortem image (Figure 6.6b) which shows a large extent of
corrosion within 2h of exposure (1 cycle).
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Figure 6.6 (a) Optical image, (b) local post-mortem image, and (c) Surface activity plots, activity map at
the damage and coating area for damaged Epoxy coating during 2h exposure in 0.05M NaCl solution. The
diameter of the circle in the activity map is Imm. The minimum activity on the coating area indicates there

was only coating delamination on this coating.

A different behavior is observed for coatings containing DMTD in the first cycle of exposure.
Figure 6.7a shows that both Epoxy-DMTD and Epoxy-DMTD/TiOy coatings exhibit low-level
surface activities at the metallic surface (low-intensity corrosion activities at less than 2% surface
coverage). Additionally, the progression of the surface activity is significantly slower than for the
uninhibited system, with Epoxy-DMTD <5.0E-04% s and Epoxy-DMTD/TiOx one extra order
of magnitude slower <7.0E-05% s, as shown in Figure 6.8, in good agreement with the local
post-mortem images of the damage (Figure 6.7a) showing no signs of corrosion (no local dark
spots). The EPN of Epoxy-DMTD and Epoxy-DMTD/TiOy coatings in Figure S6.3 are both
smooth (no transients) with increase and decrease events and ended with a more negative EPN



150 6 Gas-Phase Deposited ... Protection at Damages

value (-556mV and -778mV respectively) compared with the coating without DMTD. The
decrease of the potential and absence of potential transients is a clear indication of the interaction
of DMTD at the metallic surface preventing local dealloying. These results indicate DMTD is
able to come out from both Epoxy-DMTD and Epoxy-DMTD/TiOy coatings and protect the
exposed metal area at the first cycle even if in a more efficient manner in the case of the coating
containing DMTD coated with a TiOx nanolayer (Epoxy-DMTD/TiO).

Differences between the two inhibited coatings become more obvious during the second cycle
(Figure 6.7b). The surface activity of Epoxy-DMTD coating at damage shows surface activity
propagation kinetics comparable to the uninhibited system (Figure 6.7b and Figure 6.8): 2.0E-
03% st in the first half an hour indicating activation of local degradation, followed by a slowing
down of the process to 5.0E-04% s during the subsequent hour likely due to the effect of
inhibitor release or inhibiting layer healing, ?¢ and finally increasing again to 1.5E-03% s as an
indication of reactivation of the corrosion process leading to a surface coverage around 9.5% at
the end of the second cycle (Figure 6.7b). In very good agreement with this, the EPN signal shows
potential noise transients in the initial 1800s (30 min) and turns to smooth signal reaching a
potential value of -600mV (Figure S6.3). These findings, together with the post-mortem image
showing the presence of some pits and oxides (Figure 6.7b), validate the loss of full protection
provided by the Epoxy-DMTD coating during the second cycle.

The Epoxy-DMTD/TiOy coating on the other hand, initially shows a similar surface activity
kinetics (Figure 6.8, k=1.0E-03 % s during first 30 min) yet rapidly followed by an activity
plateau reaching a maximum of 1.7% surface coverage, still within the boundaries of intermetallic
particle surface coverage. > The EPN again shows some noise transients in the first 1800s
attributed to local dealloying or/and local breakdown of the inhibiting layer followed by a slow
smooth decrease indicative of inhibitor repassivation as shown in Figure S6.3. The post-mortem
image (Figure 7b) after the second cycle confirms these measurements with minor dealloying at
some intermetallic particle sites.

During the third wet-dry cycle, the inhibited Epoxy-DMTD and Epoxy-DMTD/TiOy coatings
show analogous behavior to that shown in cycle 2 in terms of surface activity (Figure 7c) and
EPN signal (Figure S6.3). An increasing surface activity with the immersion time observed in the
Epoxy-DMTD sample indicates a progression of the local corrosion attack even if still at a slower
pace than in the uninhibited coatings. The Epoxy-DMTD/TiOy coating on the other hand shows
again a fast activity during the first half hour of immersion followed by a very slow progression
of surface activity and EPN stabilization (Figure S6.3, Figure 6.8) to reach a remarkably low
surface activity coverage below 2% (Figure 6.7¢). These results demonstrate the advantageous
use of a protective thin nanolayer around the organic corrosion inhibitor to induce sustained and
efficient corrosion protection at damaged sites.
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Figure 6.7. Figure shows the quantified surface activity plots (left-top), optical images (right-top), local
post-mortem images (left-bottom) and global activity maps (GAM; right-bottom) at the exposed metal
surface at the damage location at the end of wet-dry cycle 1 (a), cycle 2 (b) and cycle 3 (c) for Epoxy-
DMTD (blue) and Epoxy-DMTD/TiOx (red) coatings. The diameter of the damage hole in the GAMs is
1mm. The sector with a dashed outline on the activity map of the third cycle (in c) of the Epoxy-DMTD
represents a non-quantifiable location due to the presence of an air bubble and has therefore been omitted
from the analysis. Scale bars in optical images and activity maps are 200pum. The color bars in the GAMs
show the activity intensity increase where yellow is low intensity and red is high activity. The Epoxy
reference showing massive activity is shown in the Figure 6.6. The activity maps and plots show the

reduction of the local activity (corrosion) when using

the organic inhibitors coated with a TiOx nanolayer.
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Figure 6.8 Surface activity kinetics at the damage every half hour for 1 cycle Epoxy, 3 cycles Epoxy-
DMTD and 3 cycles Epoxy-DMTD/TiOx coatings exposure.

6.3.4 Effect of protective nanolayer on the release mechanism responsible for sustained protection.

The above results clearly demonstrate that gas-deposited protective nanolayers on DMTD reduce
the negative interaction with the surrounding polymer matrix, improve inhibitor release and
enable better corrosion inhibition. To unveil the mechanism that allowed comparable initial
corrosion protection behavior in the two inhibited coating systems and clear differences after the
first wet-dry cycle a dedicated release-to-protection analysis was made.

In the studied coatings, the corrosion inhibitors have two paths to release and protect the damage:
(i) through the path created during water ingress on the coating surface, and (ii) from the sidewalls
at the damage location. The contribution of the former is clearly detectable during the wet
exposure monitoring and global activity maps of the coating.

Figure 6.9a shows the related activity (maps and plots) localized and quantified at the surrounding
coating matrix around a damage location at the end of each cycle for Epoxy-DMTD and Epoxy-
DMTDI/TiOy coatings. Local activity appears homogeneously distributed on the two coatings
surfaces, even though this is more evident, intense and growing in time in the case of the Epoxy-
DMTD coating. The low local activity observed for the Epoxy-DMTD/TiOy coating suggests a
low contribution of the exposed top surface to the inhibitor release. This coating activity appears
different from the activity reported in our previous work with high pigment volume concentration
loading (30%) where water ingress from the damage walls and subsequent inhibitor dissolution
and transport to the damage location appears as local activity rings progressing outwards from
the damage location. *° The absence of such activity rings in this work suggests that in the studied
coatings, no clear interparticle connection paths governing lateral release at the damage location
are present, as expected for the relatively low pigment volume concentration used (10%).

To quantify the DMTD release from the damage wall and from the top surface, UV-Vis release
studies with an intact coating and a damaged coating were performed in steps of 2h as in the wet-
dry cyclic testing. Figure 6.9b shows an overview of the DMTD release amounts for the Epoxy-
DMTD and Epoxy-DMTD/TiOy from coating and from damage for each cycle. In agreement with
the global activity maps (Figure 6.9a), for the Epoxy-DMTD coating the majority of the DMTD
is released from the coating surface through water diffusion, not from the damaged polymer walls.
This is maintained during the three cycles, yet with decreasing DMTD release.



6.3 Results and discussion 153

During the first cycle, the Epoxy-DMTD/TiOx coating released twice the amount of DMTD
compared to Epoxy-DMTD, with half of the release coming from the damage coating walls. The
same release contribution was observed in the subsequent 2" and 3" cycle, yet with lower
inhibitor release due to depletion and/or diffusion restrictions.

Figure 6.9b shows that in the first cycle, approximately 0.05mM and 0.1mM DMTD were
released from the Epoxy-DMTD and Epoxy-DMTD/TiOy coatings, respectively. Inhibitor release
in these cases comes from the intact top surface of the coating and the walls of the induced hole.
The amount of inhibitor released directly from the intact top surface (around 0.05mM in both
cases) is significantly lower than that for coatings that have been surface damaged by sandpaper
grinding as shown in Figure 6.4c (with 1.7 mM for Epoxy/DMTD and 2.2 mM for Epoxy-
DMTD/TiOy for a comparable exposure area of 2.5 cm in diameter). Such a release difference
confirms the reduced reaction in the case of a protected DMTD with a gas-deposited nanolayer
and the higher release for such samples in the presence of damage (i.e. hole in this work). As
observed in Figure 6.7a, the exposed metal surface at the hole remains protected in both cases in
this first exposure cycle. This indicates the inhibitor amounts released are sufficient for corrosion
protection. This is confirmed by the results shown in Figure S6.4 demonstrating that the minimum
required concentration of DMTD in the electrolyte to protect a @=1mm damage on an Epoxy
coating is 0.05 mM.

In the second and third cycle, the Epoxy-DMTD coating exhibited some dealloying and trenching
on the intermetallic particles as shown in Figure 6.7b, whereas Epoxy-DMTD/TiOy coating did
not display any significant signs of corrosion. During the second cycle, roughly 0.02mM of
DMTD was released from Epoxy-DMTD, and 0.03mM was released from Epoxy-DMTD/TiOx
coating. Even a bit less during cycle 3. As shown in Figure S6.4, the damage on an Epoxy coating
can be protected with at least 0.05mM in 0.05M NaCl solution. However, once the samples were
re-exposed to a fresh 0.05M NaCl solution without DMTD, only the sample pre-exposed to
0.1ImM DMTD solution did not show any sign of corrosion (Figure S6.4, second column),
indicating a higher inhibiting layer stability. This supports the idea that despite the inhibitor
release for the Epoxy-DMTD/TiOy coating in the second and third cycles being below protection
levels, the surface is still protected due to a higher stability of the inhibiting layer created at a
0.1mM concentration during the first cycle and the extra inhibitor released from the coating.
These results support the idea demonstrated in our previous work® that finding methods to make
the inhibiting layer more stable can contribute to the development of more efficient anti-corrosion
systems, even when the inhibitor supply from the coating is reduced in time. Moreover, the
continuous release at the second and third cycles is also beneficial for keeping the stability of the
DMTD layer.

Figure 6.9¢ schematizes the release and protection at damaged sites in the absence of a protective
nanolayer (Epoxy-DMTD) and in the presence of a gas-phase deposited nanolayer around the
DMTD (Epoxy-DMTD/TiOy). Supporting Information Figure S6.5 presents the cross-sectional
micrographs of both coatings. The cross-section images reveal an enhanced dispersion of
inhibitor particles due to the protective nanolayer, consistent with what is observed in the top
view of the coatings shown in Figure 6.1. Figure 6.9c illustrates how the nanolayer allows a better
homogeneous particle dispersion, with a higher content of available DMTD inhibitor due to
reduced reaction with the surrounding matrix that in turn allows for fast formation of stable
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inhibiting layers and sustained release of corrosion inhibitors to allow for sustained local
corrosion protection.
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Figure 6.9 (a) Surface activity plots and global activity maps at coating areas around a damage location at
the end of each cycle for Epoxy-DMTD and Epoxy-DMTD/TiOx coatings. For each exposure period, fresh
4.5mL 0.05M NaCl solution was used. The diameter of circles in activity maps is 1mm. Figure shows the
higher level of homogeneous activity due to water ingress and inhibitor dissolution in the Epoxy-DMTD
coating. Despite the lower activity the Epoxy-DMTD/TiOx coatings showed higher inhibitory effect. (b)
Concentrations of DMTD released into 4.5mL 0.05M NaCl solution from an intact coating and from a
coating with a damage for Epoxy-DMTD and Epoxy-DMTD/TiOx coatings during 3 cycles; (c) Proposed
mechanism for the release of DMTD from Epoxy-DMTD and Epoxy-DMTD/TiOx coatings, and the
stability of corrosion inhibition throughout 3 exposure cycles.
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6.4 Conclusions

In this work, gas-phase deposition in a fluidized bed reactor is presented as a method to modify
the surface of organic corrosion inhibitor particles to prevent their interaction with the epoxy-
amine coating matrix. TEM of surface-modified inhibitor particles confirms the deposition of a
nano-thin TiOx layer on the surface of DMTD particles. The modified particles were incorporated
in highly reactive epoxy-amine coatings. Optical images, thermal analysis and release tests show
that a 20 nm nanolayer can effectively improve the particle dispersion and reduce the reaction
between DMTD and epoxy-amine matrix. Furthermore, the effect of the nanolayer on the
corrosion protection of damaged coating locations exposed to wet/dry cycles was evaluated by
in-situ optical-electrochemical tests. The local image reflectometry coupled with electrochemical
potential noise and release tests demonstrated that using a gas phase deposited nanolayer around
the organic microparticles, not only improves dispersion but improves inhibitor release and
efficient long-term protection at damaged locations exposed to wet-wash-dry cycles. The results
highlight the importance of sufficient release from the damage sites at the first cycle to (i) offer
direct protection but also (ii) stable inhibiting layers during reimmersion, a new paradigm in
corrosion protection with inhibitors.

Overall, this work specifically tackles the enduring challenge of incorporating effective organic
corrosion inhibitors into organic coatings without triggering unwanted reactions and paves the
way for utilizing highly reactive yet functional organic particles with functions such as corrosion
inhibition, painkilling, sensing, antifouling, antibacterial, or luminescence in polymers across a
wide array of applications. Although these initial results are promising, there is a wealth of
potential for further improvements in organic particle selection, nanolayer composition, cycle
optimization, and specific process parameters. Furthermore, while gas-phase deposition
demonstrates potential in controlling inhibitor release and enhancing coating properties and
effectiveness through precise deposition layer growth, it requires further refinement compared to
traditional wet chemistry methods, particularly in terms of reducing process complexity,
enhancing cost-efficiency, and scaling up.
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Figure S6.1 (a) Calibration curve of DMTD 0.05M NaCl solution. (b) Dissolution kinetics of DMTD or
DMTDI/TiOx particles in 0.05M NaCl solution for 2h. The dissolution of DMTD to the solution was
delayed and slowed down due to the TiOx deposition. DMTD is still totally released independent of the
number of cycles, suggesting no significant influence on inhibitor release potential.
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Figure S6.2 Ti2p XPS spectra of (a) DMTD/TiOx 20, (b) DMTD/TiOx 40, and (c) DMTD/TiOx 60 show
the presence of TiOx depositions. The peaks at binding energy (BE) of 458.7 eV (Ti 2p3/2) and 464.5 eV
(Ti2p1/2) reflect the doublet state of Ti(1V) 2p, which arise from the orbit coupling. These two peaks
predominate in DMTD/TiOx with 20 and 40 cycles. While further increasing the cycle to 60, these two
peaks shift to 458.4 eV/(Ti 2p3/2) and 464.1 eV (Ti2p1/2), representing the Ti(lll) compounds.
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Figure S6.3 Electrochemical potential noise (EPN) signals and Optical images at the start and the end of
each exposure for 1 cycle Epoxy, 3 cycles Epoxy-DMTD and 3 cycles Epoxy-DMTD/TiOx coatings
exposure. Scale bars: 0.5mm. Optical images under immersion do not allow differentiation. Image
correlation is needed as shown in the manuscript.
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Figure S6.4 Confocal microscope images of epoxy-amine coating with a damage @=1mm exposed to
0.05M NaCl solutions with 0.01, 0.03, 0.05, 0.1 mM DMTD and re-exposed in 0.05M NaCl solution
without DMTD. Scale bar: 50 um. Results show 0.05mM DMTD during cycle 1 leads to minimum
acceptable protection, and 0.1mM DMTD leads to stable protection. Test shows that inhibition can be
obtained at 0.05 mM DMTD concentration but this inhibition is instable during re-immersion in non-
inhibited solutions. To obtain fast corrosion inhibition and more stable inhibiting layers ensuring sustained
protection, a concentration between 0.05 and 0.1mM DMTD is needed.
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Figure S6.5 Cross-section of Epoxy-DMTD and Epoxy-DMTD/TiOx coatings. The cross-sections were

prepared by embedding them in an epoxy-amine resin, followed by grinding with sanding paper down to a
7um grit. Scale bar: 100um.




Chapter 7

Corrosion Inhibition Power of Novel
Gas-Phase Deposited Organic Inhibitors
in Lab-Scale Model Aircraft Primers

In the previous chapter, we introduced a novel strategy to protect organic corrosion inhibitors
from the surrounding polymer coating binder using gas-phase deposited oxide nanolayers in a
fluidized bed. Previous study incorporated such particles into a two-component epoxy-amine
coating, demonstrating protection of large damages during 2 h of immersion and cyclic testing.
In this work, we take this concept one step further by studying the behavior of such protected
particles in multicomponent coatings with a formulation closer to industrial coatings, with a
strong focus on the effect of the content of inhibiting particles in the coating. To this aim, model
aircraft primers containing 3%, 6%, and 10% pigment volume concentration (PVC) of TiOy-
coated HDMTD microparticles (HDMTD/TiOy) in 25 % PVC coatings were prepared and
applied on bare AA2024-T3 substrates. Corrosion protection at damages was assessed using an
in-situ operando reflected microscopy method during 24 h immersion in 0.5M NaCl solution, a
7-days droplet test and a 1000 h neutral salt fog spray (NSS) test. The results show high levels of
protection at damage sites in all three tests for all coatings. However, the nanolayer-protected
inhibitor pigments induced some blistering during NSS. Among all coatings tested, the 6%
HDMTD/TiOy coating (4.3 wt% inhibitors, same to the coatings in Chapter 2) showed the best
compromise between excellent protection at damaged sites in all three tests and reduced
blistering. These results highlight the high potential of this new approach to protect aircraft
structures as well as the need for further research to improve the concept.

163
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7.1 Introduction

Organic corrosion inhibitors have received significant attention as a strategy to protect steel
structures due to their potential direct use in liquids flowing in pipelines. 2 Nevertheless, their
use to protect coated structures such as aircraft aluminum alloys, has remained elusive, largely
due to the negative reactions between these corrosion inhibitors and the organic binders used in
coating primers (e.g., epoxy-amine). * 4 Over the past half decade, attempts to overcome this
reactivity challenge using nano and micro carriers without compromising their inhibition
effectiveness or reducing adhesion and coating barrier properties have proven challenging due to
low loading and insufficient isolation from the matrix. 47 Previous research (Chapter 5) justified
the research focus on 2,5-dimercapto-1,3,4-thiadiazole (HDMTD) as provides high levels of
corrosion protection and inhibiting layer stability when used to protect bare AA2024-T3 exposed
to NaCl solutions. 8 However, when this highly effective inhibitor was loaded into porous silica
microcarriers (diatomite, DE), 7 the amount of inhibitor released at damaged sites was limited,
hence leading to a significant reduction in its inhibition power. (Chapter 2&3) This limitation is
attributed to: (i) the corrosion-inhibiting chemical moieties in HDMTD (thiol/thiolate groups)
which easily react with the epoxy/amine matrix, ® hence interfering with the cross-linking process,
affecting the coating properties and decreasing its release potential from the coating; (Chapter 3)
(ii) the highly porous nature of DE particles used for inhibitor loading also allowing the epoxy-
amine to enter X and react with HDMTD stored in the DE carrier; and (iii) the difficulty to load
large amounts of inhibitors only inside DE particles, even with hydrophobic surface modification
of DE particles to ensure the isolation of the DE interior from the epoxy-amine matrix. ** (Chapter
4)

To solve these challenges, in our previous work (Chapter 6), we demonstrated that gas-phase
deposition in a fluidized bed can be used to coat and protect the HDMTD organic corrosion
inhibitors. 4 The 20 nm thick TiOx nanolayers improved the compatibility between HDMTD and
epoxy-amine coatings by reducing HDMTD agglomeration and reducing unwanted interactions
between HDMTD and the epoxy-amine matrix. This approach allowed sufficient quantities of
DMTD ions to be released from the scribe walls to the exposed metal at scribe locations leading
to high protection levels when exposed to 0.05M NaCl water electrolyte. However, this proof-of-
concept work was limited to damaged two-component epoxy-amine coatings without further
charges exposed to electrolyte with low NaCl concentrations for three short (2 h) wet-dry cycles
(6 h immersion in total).

The present work aims to build upon this initial study by evaluating the corrosion protection
performance of a model primer with composition closer to higher TRLs, as that one used in
Chapter 2, loaded with nanolayer-treated organic inhibitor particles (HDMTD/TiOy). To this aim,
we prepared 3 formulations of aircraft primers with 3%, 6% and 10% PVC of HDMTD/TiOy
pigments in a total of 25% PVC. The decision to use relatively low corrosion inhibitor PVC levels
(note CrVI primers use between 20 and 30% PVC to be efficient while Li-salts primers use 30%
PVC) was prompted by our previous research # indicating that a 10% PVC of HDMTD coating
can release sufficient HDMTD to protect large damages for long immersion times. Additionally,
the 6% PVC HDMTD/TiOx coating contains the same weight percent of HDMTD as the DE-
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HDMTD system used in Chapter 2, providing insights into the advantages of the new loading
strategy. The damaged coatings were immersed in 0.5M NaCl electrolyte for one day while being
monitored using microscopy and electrochemical potential noise in a hyphenated opto-
electrochemical setup, as previously reported. 1% 1215 The coatings were further evaluated using
droplet tests for 7 days exposure and 1000 h neutral salt-fog spray tests, as described in Chapter
2. SEM/EDX was used to analyze the samples after exposure.

7.2 Experimental

7.2.1 Materials

The surface modified 2,5-dimercapto-1,3,4-thiadiazole (HDMTD/TiOy) microparticles with TiOx
nanolayer were produced in a gas-phase deposition fluidized bed reactor, following the same
procedure as described previously. # (Chapter 6) Briefly, 10 g HDMTD particles were used as
deposition substrates. The deposition process consisted of sequential exposures of the HDMTD
to TiCl4 for 45s, 5 min purging with only nitrogen gas, and H,O for 60s (one cycle) followed by
another 5 min nitrogen gas purging step prior to the next cycle of exposure to precursor and co-
reactant. The deposition was run for 20 cycles and the HDMTD/TiOy particles were stored in a
desiccator before use. No particle agglomeration was observed during storage. A 3 mm thick bare
aluminum alloy 2024-T3 (AA2024-T3) panel was used as the substrate. The aircraft primer
formulation included same components as Chapter 2, Epoxy resin Beckopox 1 and 2, Amine
hardener Ancamine, Ethylmethyl ketone (MEK), Methylisobutyl ketone (MIBK), dispersion and
wetting agents supplied by BYK, TiO,, blue pigment, and BaSO,4 pigments. Sodium chloride
(NaCl, purity > 98%) was obtained from VWR Chemicals, and all aqueous solutions were
prepared using Millipore® filtered water.

7.2.2 Model aircraft primers preparation

The bare AA2024-T3 metal sheets were cut into 100 mm x100 mm pieces, hand ground with
Scotch Brite 3M to remove the native oxide layer and achieve a surface roughness of
approximately 5 um, degreased with acetone, rinsed with distilled water, air-dried, and stored in
a clean environment before coating.

Three different coating compositions were prepared, each with varying amounts of inhibitor
pigments added to the standard resin binder as listed in Table 7.1. Two epoxy resins, Beckopox
1 and Beckopox 2 (4.7:1 mass ratio), were mixed at 700 rpm for 2 min. MEK, MIBK, and BYK
agents were added and stirred at 700 rpm for 2 min. TiO,, BaSO., and blue pigment were
sequentially added and mixed at 2000 rpm for 2 min each. The mixture was milled with 0.6 mm
Zr beads at 3500 rpm for 1 h, filtered, and mixed with Ancamine at 1000 rpm for 1 min, then pre-
cured for 15 min. HDMTD/TiOy particles were added and mixed at 2000 rpm for 1 min. The
coating was applied on bare AA2024-T3 at a 150 um wet thickness, cured at 80°C for 3 h, and
stored in a desiccator. Total PVCs of the coatings were all 25%, including 3%, 6% and 10%
inhibitor particles, as listed in Table 7.2.
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Table 7.1 Composition of the 25% PVC coatings

Composition Density (g/cm?®) fraélt\{gir??;hr)

Beckopox resin 1 1.07 83
Beckopox resin 2 1.12 17
Ethylmethyl ketone (MEK) 0.805 12
Methylisobutyl ketone (MIBK) 0.8 46
Dispersing agent 1.08 8

Wetting agent 1.03

TiO2 4.1 47
BaSO4 4.5 42

Blue pigment 1.65 1

Inhibitor pigment 1.34 16
Ancamine hardener 1.01 45

Table 7.2 Coatings formulations as a function of Beckopox resin (phr=parts per hundred epoxy resin in

weight).
. PVC of
- Inhibitor Dry weight inhibito Inactive Other Coating
Inhibitor . Percent of . compon -
No. . pigments o r pigments thickness
pigments (phr) inhibitor iament (phr) ents (um)
p (Wt%) pig : p (phr) H
1 HD'YIOTD/T 8 2.2 3% 98 154 65-80
X
2 HD';/IOTD/T 16 43 6% 90 154 68-95
X
3 HD'YIOTD/T 27 7.4 10% 79 154 70-105
X

7.2.3 Corrosion testing

Three exposure tests were used to evaluate the corrosion protection effectiveness of the coatings
containing HDMTD/TiOy particles in three different simulated corrosive environments.

The first test involved monitoring the damaged coatings (Imm diameter, 0.25 mm deep damage
made by a Roland EGX-350 engraver equipped with a 1 mm diameter end mill) immersed in
0.5M NaCl solution for one day using an in-situ reflected microscopy set up, as described in
previous studies. The optical analysis was conducted in ImageJ, based on a pixel-by-pixel
analysis following the same protocol as in our previous works. # 10 1215 A static thresholding
limit of 10 was used to analyze the metallic surface. After exposure, the scribes were analyzed
with the help of a JEOL SIM-840 SEM with EDS. The concentration of inhibitors released into
the electrolyte was measured with a PerkinElmer LAMBDA 35 UV/VIS spectrometer.

The second method used is the so-called droplet test to simulate environmental degradation at
high humidity with condensation. Scribes of 1 mm wide, 20 mm long, 0.35 mm deep were made
on the coatings and 105 ul of 0.5M NaCl solution was dropped on the scribes. The samples were
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kept in a closed box with wetted towels under the metal plates to maintain humidity. Optical
images of the drops were taken daily over one week exposure with the help of a Keyence VHX
1000 optical microscope. After 7-days exposure, the damaged coatings were analyzed using a
Keyence Laser Scanning Confocal microscope and a JEOL SIM-840 SEM with EDS at 15kV.
The concentration of inhibitors in the droplets was measured at the end of the exposure with a
PerkinElmer LAMBDA 35 UV/VIS spectrometer.

For salt fog spray tests, 1 mm wide, 60 mm long, and 0.35 mm deep crossed scratches were made
on 10x10 cm coated panels. Samples were exposed to a 5 wt% NaCl solution at 35°C for 1000 h
according to 1SO 9227, with photographs at intervals of 0, 168, 336, 500, 750, and 1000 h.
Corrosion performance was assessed by examining the appearance and growth of pits, corrosion
products, and creepage from the damage.
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7.3 Results and discussion

7.3.1 Anti-corrosion performance during immersion in 0.5M NaCl

Figure 7.1 shows the time-evolution of the quantified global activity area coverage at the exposed
metal surface (Figure 7.1.a) and the intensity maps with optical images (Figure 7.1b-d) for the
HDMTD/TiOy coatings with PVCs of 3%, 6%, and 10%. The 3% PVC coating exhibited rapid
surface activity, with surface changes reaching 25% area coverage at the damage site within 2 h
of immersion. Notably, this activity was primarily located in the second quadrant (top left
quadrant in images in Fig 1b), shown as several black spots in the optical image and a high degree
of activity (dark purple) in the colored activity map (Figure 7.1b). Following this initial surface
activity, the activity extended on the metal surface and increased intensity gradually, plateauing
at 35% surface coverage at around 8 h immersion. These surface activities were proof as pits at
intermetallic particles, as observed in the confocal microscope image of the damage sites after
immersion, as shown in Figure 7.2a. This result suggests an inefficient corrosion inhibition by
the coating with 3% PVC HDMTD/TiOy particles. However, the corrosion activity stopped at 8
h, hence suggesting that either the amount of HDMTD initially released was insufficient, and/or
that the release rate of HDMTD was too slow to effectively prevent corrosion attack on the whole
exposed areas.

In contrast, both the 6% and 10% PVC coatings provided significant levels of protection, showing
near-zero surface activity at the damage for the first 2 h (note lack of activity in the activity maps
in Figure 1c and 1d at 2h). This finding is consistent with the results shown in Chapter 6  using
a two component coating with 10% PV C inhibiting particles. After the initial full inhibition period,
the coating with 6% PVC inhibitor (Figure 7.1c) displayed a relatively rapid increase in surface
activity coverage until reaching a plateau at around 6 h immersion with 25% surface area
coverage, yet at low intensity levels (i.e. small optically detectable surface changes related to
minimal surface attack as confirmed by confocal microscope image in Figure 7.2b and SEM-EDS
in Figure 7.3a). Furthermore, the intermetallic particles on the damage of the 6% PVC coating
were clearly visible (shown as brown) under the confocal microscope (Figure 7.2b), and most of
the intermetallic particles were intact under SEM (Figure 7.3a). Low Mg and about 4 at% S
detected at locations 2 and 3 (Figure 7.3a) suggest that the surface activities are related to either
dealloying and/or the deposition of HDMTD on the intermetallic particles.
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Figure 7.1 Figure 7.1a shows the global surface activity coverage (in %) at metal damage for the three
studied coatings with HDMTD/TiOx particles immersed in 0.5M NaCl over a period of 24 hours. Figures
b-d show the optical images during immersion and the activity intensity maps of the three coatings at 3%

PVC (b), 6% PVC (c) and 10% PVC (d). The color intensity bar represents the degree (intensity) of the

changes at a given location with pixel resolution.
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Figure 7.2 Confocal microscope analysis of the damages on the coatings contain (a) 3%; (b) 6% and (c)
10% PVC HDMTD/TiOx inhibitor pigments at the end of the 24 h immersion in 0.5M NaCl solution.
Scale bar: 100 pm.

Meanwhile, the 10% PVC coating (Figure 7.1d) showed only a slow growth in surface activity
area coverage plateauing at around 8% after 6 h immersion and at very low intensity (see yellow-
orange color maps in Figure 7.1d) of the surface changes. The 10% PVC coating exhibits a
uniform brownish color under the confocal microscope (Figure 7.2c), and SEM (Figure 7.3b)
reveals trenching at some intermetallic particles however without any further corrosion activities
like the oxide deposition. This aligns with our earlier findings & in Chapter 3 regarding the
corrosion inhibition and stability of HDMTD on the AA2024-T3 surface. The trenching stopped
due to the deposition of HDMTD on Cu-rich intermetallic particles (i.e., stable on the surface).

Overall, both 6% and 10% PVC coatings provided a significant level of protection. The minimal
activity detected by operando optics was limited to the IMs and associated to inhibitor deposition
and/or oxide removal as no significant local corrosion attack (dealloying or trenching) was
revealed in SEM-EDS while IMs showed clear presence of Sulphur indicates the deposition of
HDMTD.
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EDS
(a) At% Spectrum 1 Spectrum 2 Spectrum 3
(0} 21.0 17.3 26.8
Mg 17.4 13 1.6
Al 40.7 71.9 63.0
6% PVC S 0.9 43 4.4
Cu 20.0 2.5 4.1
Si 0.0 2.7 0.0
Total 100 100 100
b At% Spectrum 4 Spectrum 5 Spectrum 6
( ) (0} 8.0 61.0 30.6
Mg 4.4 0.0 0.8
0 Al 82.0 35.6 66.2
10% PVC S 0.0 1.5 1.1
Cu 5.7 1.1 1.3
Total 100 100 100

Figure 7.3 SEM/EDS analysis of the damages on (a) 6% PVC and (b) 10% PVC HDMTD/TiOx coatings at
the end of the 24 h immersion in 0.5M NaCl solution.

Figure 7.4 displays the UV absorbance profiles of the electrolytes at the end of the immersion
period for the three damaged coatings. The peak maximum at 328 nm was used to calculate the
HDMTD content in the solutions using the calibration curve of HDMTD in 0.05M NaCl solution.
As noted in the plot, the 3% PVC coating released the smallest amount of HDMTD (0.14 mM)
which aligns with the optical activity maps indicating insufficient corrosion protection attributed
to a relatively low initial release of HDMTD. Previous study # in Chapter 6 have demonstrated
that the coating with HDMTD/TiOy particles exhibits an initial rapid release within 6 h, followed
by a prolonged release over 3 days. As shown in Figure 7.1b, corrosion stopped at this point,
suggesting that while the initial release may be insufficient, a sufficient amount of HDMTD may
be released over time.

The 6% and 10% PVC coatings show twice as much HDMTD content in the electrolyte (2.8 mM
and 3.1 mM respectively). Protection at these concentrations in bare AA2024 is complete & 14 and
indicates a major initial release at the early stages of immersion sustained by further release form
the coating, as expected for higher concentration of HDMTD in the coating and based on the
cyclic immersion tests shown in chapter 6.4 Overall, the low surface activity observed in optical
measurements, the absence of local corrosion attack in SEM images, and the high levels of
corrosion inhibitor measured in solution all correlate with the superior performance of the
coatings containing 6% and 10% PVC HDMTD/TiOx particles.
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Figure 7.4 Concentrations of HDMTD released into 4.5mL 0.5M NaCl solution from damaged coatings
with 3%, 6% and 10% PVVC HDMTD/TiOx pigments. Note that these solutions were diluted 2 times,
resulting in actual concentrations of 0.14 mM, 0.28 mM, and 0.31 mM for the 3%, 6%, and 10% PVC

coatings, respectively.

7.3.2 Droplet tests

Figure 7.5 presents the optical micrographs and the close-up images under confocal microscope
from 7-day droplet tests on three coatings with different PVC values. All the damaged areas
across the coatings shared some common characteristics: they displayed full protection, remained
shiny throughout the exposure with very low to no pitting observed.

The 3% and 6% PVC coatings did not show any coloring under the droplet area. However, the
3% PVC coating showed some minimal trenching, and under the confocal microscope (Figure
7.5a), black dots were visible, indicating activity. In contrast, the 6% PVC coating (Figure 7.5b)
showed no such activity and maintained a perfectly shiny scribe with no yellowing, comparable
to the DE/Ce coating (the best-performing DE system tested in Chapter 2). The 10% PV C coating
(Figure 7.5c), however, exhibited a yellowish color within the droplet area, indicating a
substantial release of HDMTD from the scribe. Close-up images revealed no trenching, but there
was a noticeable deposit in line with the yellowing observed. At the edges of the scribes, the 3%
PVC coating showed yellowing over time, while the 6% PVC coating remained shiny with no
yellowing. The 10% PVC coating also showed yellowing at the edges of the scribes.

To reveal the reason of the coloring and detect the degree of local corrosion attack, SEM/EDX
was performed at the end of the exposure to the droplet test, as shown in Figure 7.6. The 3% PVC
coating (Figure 7.6a) exhibited trenching on some of the S-phase intermetallic particles (e.g.,
locations 1 and 2) with a high amount of sulfur deposition, indicating a substantial presence of
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the inhibitor. This finding is consistent with the results presented in Chapter 3, & which indicate
that HDMTD tends to precipitate and remain stable on S-phase particles. Additionally, some areas
displayed a cracked oxide morphology compatible with aluminum oxide/hydroxide cracking
(location 4), indicating a lack of protection. Figure 7.7 explains this local corrosion attack by
showing that the 3% PVC coating released a measurable amount of HDMTD (2 mM), but
significantly less compared to higher PVC coatings, suggesting that the local attack could be due
to the slow and/or insufficient initial release of the inhibitor.

(a) 3% PVC

- 1mm
Figure 7.5 Optical images and confocal microscope images of three scratched coatings exposed to 105 puL
droplet at 3 wt% (i.e., 0.5M) NaCl solution droplets, captured at intervals of 1 day, 2 days, 5 days, and 7
days. Note: The white lines in the center of the scribes are a visual reflection effect induced by the
curvature of the droplet. The edges of the droplet can be seen as dark lines at the left and right of the center
of the scribe (marked by two black arrows). The small white circles on the coatings are water condensation

droplets.

In contrast, the 6% PVC coating (Figure 7.6b) showed a super clean metallic surface, with most
intermetallic particles (e.g., location 6, 7, and 8 indicating S phases and Al-Cu-Fe-Mn phase)
remaining intact. The 6% PVC coating released nearly twice the amount of HDMTD (3.8 mM)
compared to the 3% PVC coating, as illustrated in Figure 7.7, highlighting its superior
performance in sustaining inhibitor release and providing corrosion protection.

Furthermore, a large amount of oxide (both on the metallic surface and the edge of the scratch)
was observed on the 10% PVC sample (Figure 7.6¢). Interestingly, most of the intermetallic
particles in this sample were also intact (e.g., location 9 and 10 indicating S phases) with sulfur
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deposition, indicating a high level of inhibition for these intermetallic particles. No blistering or
delamination was observed on this coating. Therefore, we attributed the oxide formation to the
dissolution of the aluminum matrix due to the high concentration of acidic HDMTD released.
This observation is consistent with the yellowish droplet seen on this sample and the high amounts
of HDMTD measured by UV-Vis. Figure 7.7 confirms that the 10% PVC coating released a
significant amount of HDMTD (8.7 mM), likely due to local agglomeration at the damage site.
This supports the earlier discussion that the 10% PVC coating releases an excessive amount of
HDMTD.

Type S phase

At% Spectrum 1 Spectrum2 Spectrum3 Spectrum 4
o} 62.41 56.9 53.66 59.26
Mg 2.88
Al 16.2 16.81 46.34 40.74
S 5.47 10.07
Cu 13.03 16.23
Total 100 100 100 100

S phase oxide oxide

At%

Spectrum 5 Spectrum6 Spectrum 7 Spectrum 8

o 37.63 66.6 9.94 25.64
Mg 1.76
Al 60.65 26.49 65.29 70.26
S 173 172
Mn 3.36
Fe 523
Cu 5.19 16.17 2.34
Total 100 100 100 100
Type oxide Sphase Al-Cu-Fe-Mn S phase
At% Spectrum 9 Spectrum 10 Spectrum 11 Spectrum 12
o 40.09 4556 65.39 59.63
Mg 11.25
Al 24.61 732 33.53 40.23
S 3.99 4.84 1.08 0.14
Cu 20.06 42.29
Total 100 100 100 100

Type S phase S phase oxide oxide

Figure 7.6 SEM/EDS analysis of the coatings after exposure for 7 days to the droplet tests. Scale bar: 50

um.
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Figure 7.7 UV-Vis spectroscopy of the droplets used in the droplet test at the end of the test (7 days). Note
that the droplets were diluted 100 times, resulting in actual concentrations of 2 mM, 3.8 mM, and 8.7 mM
for the 3%, 6%, and 10% PVC coatings, respectively.
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7.3.3 Neutral salt fog spray (NSS) tests on bare AA2024-T3

Figure 7.8 presents the results of neutral salt fog spray (NSS) tests for three coatings with different
PVC levels of HDMTD/TiOx pigments applied on bare AA2024-T3. Overall, no significant
amount of white corrosion products and pits were observed on the scratches of all three coatings
over the 1000-hour exposure. However, creepage and blisters appeared very early (before 168 h).
Interestingly, only the 3% PVC sample exhibited 2 pits at 336 h and an additional 3 pits by the
end of the test. The pits were surrounded by white corrosion products, as seen in the close-up
images in Figure 7.9a. Nevertheless, most of the scratch areas remained darkened and shown only
a minimal amount of corrosion products as shown in the confocal microscope image in Figure
7.10 a. In contrast, the other two samples showed only darkening at the scratches without any pits
or white corrosion products throughout the 1000-hour exposure. As confirmed by confocal
microscope, these two samples also shown fewer corrosion products in the darkening areas
(Figure 7.10a). These results are comparable to and even better than the best inorganic inhibitor
systems (DE-Ce) previously tested in Chapter 2. Across the literature, NSS tests are usually
performed on AA2024 with intact coatings. &1 When applied on scratched coating, the exposure
time are limited. For example, it was reported that a scratched coating with Li salts under 168 h
NSS tests did not show any significant amount of corrosion products. ¥ However, longer tests
have not been done so far.

168h 336h 500h 750h 1000h

o . . ..

- .... .
10%PVC. ... .

— pit New pit

Figure 7.8 Results of salt fog spray (NSS) tests on the three coating systems applied to bare AA2024-T3.
The red arrows mark the onset of two pits observed at 336 h, while the yellow arrows indicate the
appearance of new pits at 1000 h.
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Figure 7.9 NSS results analysis of (a) 3%, (b) 6% and (c) 10% PVC HDMTD/TiOx coatings. Note that not
all blisters are marked; only representative ones have been highlighted.

On the other hand, large amounts of creepage and blistering were observed in these three coatings,
as seen in Figure 7.9. The amount of blistering increased with the PVC values, as seen in the 10%
PVC sample in Figure 7.9c, which shows the largest creepage and blisters. This can be explained
by the high solubility of HDMTD and agglomerated particles leading to high water uptake. These
results are consistent with the DE-KDMTD samples in Chapter 2, which also show high creepage
due to the high solubility of KDMTD. However, the level of blistering in the gas-phase deposited
samples in this chapter is very high. By removing the polymer on top, the area underneath the
blisters was found to be full of white corrosion products, as seen in Figure 7.10b, indicating that
electrolyte accumulated under the blisters and led to corrosion.
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Overall, these results confirm the significant benefits of using the gas-phase deposition strategy,
specifically the ability to release a large amount of soluble inhibitors. They also highlight the
need for more dedicated studies on the gas-phase deposition process to prevent water uptake and
the agglomeration of gas-phase deposited particles within the coating matrix.

@  3%PVC 6% PVC 10% PVC

Scratch

Blister

Figure 7.10 Confocal microscope images of the three coatings taken on (a) scratch area and (b) under
blister. Note that the images on scratches were taken on the darkening areas. The blisters were broken with
a needle to expose the area beneath.
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7.4 Conclusions

This study evaluated lab-scale aircraft primers containing HDMTD/TiOx pigments with PVVC
levels of 3%, 6%, and 10% for their corrosion inhibition performance across three different tests.

When damaged coatings were exposed to 0.5M NaCl solution for 1 day, the 3% PVC coating
exhibited rapid corrosion activity. In contrast, the 6% and 10% PVC coatings provided better
protection, with only minor changes at intermetallic particles owing to the high release of
HDMTD from the damage sites. After 7 days in the droplet test, the 3% and 6% PVC coatings
remained shiny, with minimal activity in the 3% PVC coating. The 10% PVC coating showed
significantly higher HDMTD release, indicated by a yellowish color and inhibitor deposition
under the droplet. In the salt fog spray test, the 3% PVC coating showed a few pits, while the 6%
and 10% PV C coatings exhibited darkening at scratches without pits or white corrosion products.
These results were comparable to the best inorganic inhibitor systems discussed in Chapter 2.
However, increased creepage and blistering were observed with higher PVC levels, suggesting
issues with water uptake and particle agglomeration in the coatings.

These findings confirm the advantages of the gas-phase deposition strategy for HDMTD/TiOx
coatings, particularly in isolating the inhibitors from reacting with the polymer matrix, which
allows the inhibitors to remain active and soluble for effective release. The study of coatings with
different PVC levels suggests that it is important to balance the amount of inhibitors in the coating,
as excessive amounts are not necessary. Furthermore, the results also emphasize the need for
further optimization to reduce water uptake, possibly by using lower solubility inhibitors, and to
prevent particle agglomeration, potentially by modifying the surface chemistry or coverage of the
gas-phase deposited layer, to enhance overall performance.
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