Zardjelentés

A palyazat alapvetd célja egy korszerli elektrokémiai mérdegylittes (pasztazo elektrokémiai
mikroszkop, kozkeletli roviditéssel SECM) beszerzése, lizembe helyezése, és a feladattervben felsorolt

témakorok kisérleti vizsgalata volt. A beszamoldt — ennek megfelelden — részekre bontottuk.

Az SECM berendezés beszerzése

Mint azt a palyazat hosszabbitasi kérelmében részletesen leirtuk, eredetileg azt terveztiik, hogy a
beszerzésre a projekt elején kertil sor, és igy mar az els6 évben lehetdség nyilik a kisérleti munkara. A
finanszirozas harom évre vald széthuzasa miatt (amelyet a Kémiai Kutatdkozpont — az eldzetes
varakozasok ellenére — nem tudott sajat forrasbol athidalni) a berendezés beszerzésére csak a projekt
eredeti futamidejének végére nyilt lehetdség. (Megjegyezzilk, hogy a finanszirozds harmadik
részosszegét igy is a Kémiai Kutatokdzpontnak kellett megeldlegeznie.) a beszerzést tovabb lassitotta
a kozbeszerzési eljaras nehézkessége.

A kozbeszerzési palyazatra két németorszagi cég adott be palydzatot, de csak egyikiikk palyazata
bizonyult érvényesnek, ezért ez a cég (a Sensolytics) kapta a megrendelést. A véllalt hataridokhoz
képest féléves csuszassal helyezte tizembe a mérdegyiittes elso kiépitését, és ezek utan is rendszeres
szoftverproblémakkal kiiszkodtiink honapokon at.

A megvasarolt SECM berendezés unikalis komponense az un. shear force (SF) modul, amely lehetové
egymastdl fiiggetleniil vizsgaljuk. A Sensolytics a SF modult — mérnokének és laboransanak tobbszori
kiszallasa ellenére — csak az idei €v elején volt képes tigy-ahogy hasznalhaté allapotba hozni. Jelenleg
a SF modul csak nagyon hosszadalmas beallitasi procedurak utan, elégtelen megbizhatosaggal ¢és
stabilitassal tizemel, ezért rutinszerii mérésekre még mindig nem alkalmas. Megjegyezzilk, hogy a
konkurens cégek hasonld moduljai mas kutatohelyeken hasonld problémakkal kiiszkodnek, igy a
kialakult késedelmekért nem egyediil a Sensolytics felelds — a technika az eldzetes varakozasokhoz
képest sokkal nehezebbnek bizonyult. Nagyon nagy szerepe van a hasznalat soran a kezeld manualis
tgyességének és gyakorlatanak (ennek érdekében két fiatal munkatarsunk egy-egy hetet toltott a
Sensolytics kutatdi hatterét ado egyetemen, a fogasok elsajatitasa érdekében).

Osszességében elmondhato, hogy az SECM berendezés — az SF modul kivételével — rutinszertien

hasznalhatéva valt a palyazati futamidé végere.

A makro-, mezo- és mikroszkopikus léptékii mérések integrdcioja
Mivel a palyazatban a radikalisan eltérd 1éptékli mérések integracidja volt a cél, az SECM berendezés
lizembeallitasanak késedelme csak a a mezoszkopikus jellemzést hatraltatta — a mikroszkopikus és

makroszkopikus mérések ettol fiiggetleniil zajlottak az alabbi teriileteken.



e Hdrom  dimenzioban rendezett szén  nanocsé-erdd  felhaszndlasa — elektrokémiai
szuperkondenzdtor készitésére. A projektben a drezdai Fraunhoffer-intézettel és az egyetem
Fizikai Kémiai tanszékével egytittmiikodve tobbtucat minta széleskorli makroszkopikus
elektrokémiai jellemzését végeztik el (ciklikus voltammetria, elektrokémiai impedancia,
galvanosztatikus ~ toltés és  kisiités, stabilitds- és  hatasfok-vizsgalatok). Néhany
szuperkondenzator-feliiletet az SECM késziilékben is megvizsgaltunk, és azt tapasztaltuk,
hogy szamottevd a lateralis inhomogenitds azokban a mintdkban, amelyek kisebb
kapacitasunak ¢s rovidebb élettartamtinak bizonyultak. A SF-modul alkalmazasa ezen mintak
esetén még nem volt sikeres, igy egyeldre nem tudjuk megvalaszolni, hogy az inhomogenitas
kémiai és/vagy topoldgiai jellegli-e. A mérések részeredményeinek publikalasa partnereinkkel
egyeztetett modon, a kozeli jovoben varhato.

o Onszervezéds monorétegek vizsgdlata. A legtobb eldzetes eredmény ezen a teriileten sziiletett.
Az Osztaly pasztazo alagutmikroszkopjaval mar rutinszerien tudunk kétdimenzids feliileti
rétegekr6l atomi felbontasu felvételeket késziteni (néhany ilyen felvételt illusztracioként a
fuggelékben mutatunk). Itt elsdsorban azt vizsgaljuk, hogy a feliileti rétegben a tombfazishoz
képes milyen 1 szerkezetek jelennek meg, ezeket mennyiben hatarozza meg az alattuk 1évo
szubsztrat szerkezete ¢és milyen stabilitassal rendelkeznek. Az SECM mérések ezeken a
rendszereken is elkezdddtek, avval a céllal, hogy a rétegeket elektrokémia litografias
maszkként hasznalhassuk, és az SECM mikroelektrédjaval lokdlis feliiletmodositasokat
végezhesslink mikroszkopikus bioszenzorok kialakitasa céljabol. A munka ugyancsak
egytttmiikodésben folyik, és az elsd publikacid kb. fél év mulva varhato.

o [Lokalizalt korrozio tanulmdnyozasa. Az elozetes varakozdssal szemben a berendezés
zajszintje és érzékenysége csak a kifejlett lyukkorrdzios aktivitas kovetésére bizonyult
megbizhatoan alkalmasnak, a metastabil pitting detektdlasa éppen a berendezés
teljesitOképességének hataran van. Ezen a teriileten ezért az érzékenység novelését és a
zajszint csokkentését tliztik ki célul, amely sajat forrasbdl, az intézeten beliili szakértelem

felhasznalasaval lehetségesnek latszik.

Az elvégzett munkardl oOsszefoglalasképpen megallapithatjuk, hogy a tanulmanyozni kivant
rendszerek makroszkopikus jellemzése megtortént (els6sorban elektrokémiai és spektralis
ellipszometriai technikakkal), és az atomi szintii jellemzés is rutinszerlien megy a pasztazo alagut és
atomi eromikroszkdpok segitségével. A mezoszkopikus tartomany vizsgalata a berendezés kései
installacidja ¢s szoftverproblémai miatt csak néhany honapja folyik normalis mértékben, ezért

publikaciok elkészultérél még nem tudunk beszamolni.



Fiiggelék. Sztearinsav és arachidinsav mintazata

1:1 sztearinsav és arachidinsav, InA 600 mV




Kiegészités a 68997 sz. OTKA palyazat zardjelentéséhez

Az aldbbiakban roviden 6sszefoglaljuk az elmilt évben elvégzett munkt, és mellékeljiik azon két
munka kéziratdt, amelyek mér k6zlési stddiumba jutottak.

A technikai feltételekrdl annyit jegyziink meg, hogy a berendezés — szdmtalan szoftverhiba korrekcidja
utdn — mar megbizhatéan miikddik. Az egységhez tartozd bipotenciosztat a mérdegyiittes leggyengébb
komponense (viszonylag magas zajszint és szerény érzékenység miatt), ezért sajat forrasbol extrém
alacsony zaju (50 fA rms) és nagy érzékenységli, logaritmikus drammérdvel elldtott bipotenciosztatot
készittetiink hozza, amely elkésziilt, és jelenleg a meglévd rendszerhez vald szoftveres illesztése
folyik.

A beszdmoldasi iddszakban eldrelépés az aldbbi hdrom teriileten tortént.

A korr6ziévédd bevonatok sériilése esetén kdrosodik a védendd alapfém. Ennek megel6zésére a
legkorszerlibb eljards tn. ongydgyitd bevonatok alkalmazdsa, amelyek aktiv vagy passziv mdédon
kijavitjdk a bevonaton esett sériilést. A pdsztizé elektrokémiai mikroszképpal acélra folvitt epoxi-
bevonatokat tanulminyoztunk, amelyek mikrokapszuldkba zirt lenolajat tartalmaztak. A bevonat
sériilése esetén a mikrokapszuldk felnyilnak, és tartalmuk a levegd oxigénjének hatasara térhaldsodik,
igy spontdn hozva létre 1j bevonatot a sériilt helyeken. A sériiléseket karcoldssal modelleztiik, és
0sszehasonlitottuk a kapszuldkat nem tartalmazdé bevonatok viselkedését az dngydgyité bevonatokkal.
A pésztazé elektrokémiai mikroszképpal a sériilések mikroszkopikus kornyezetében fennallé Fe®* és
oldott oxigén koncentraciéjat kovettiik az id6 és a hely fiiggvényében. Amint a mellékelt, kdzlésre
benyujtott kéziratban kifejtjilk, az 6ngydgyité bevonat jelentés mértékben csokkentette a bevonat
sériillésének hatdsat, és a pdsztizé elektrokémiai mikroszkép a folyamatok kovetésére hatékony
eszkoznek bizonyult.

A miésik mellékelt cikkben Uj korr6zids inhibitorok hatdsdt vizsgdljuk pésztdzé elektrokémiai
mikroszkdp, elektrokémiai kvarckristdlyos nanomérleg és impedancielemzés segitségével.

A harmadik teriileten a feladat Gsszetettsége miatt nem tartunk még a publikdlhat6 eredmények
szakaszdban. Itt mikroelektronikai médszerekkel, sziliciumlapkdkon elkészitett aranyszenzorok lokélis
feliiletmodositasat végezziik oly mdédon, hogy a teljes feliiletet onszervez6dd monoréteggel lezarjuk,
majd a pasztazé elektrokémiai mikroszkép mikroelektrédjaval litografiat végziink oly médon, hogy a
kivélasztott teriileteket valtéaramu elektrodeszorpcid révén szabadda tessziik, ahova az oldatfazisbdl a
kivant feliiletmédosité anyag igy levélaszthat6. A cél az, hogy az eljards ismételt alkalmazdsival
kiilonféle szenzorokat épitsiink egyetlen lapkdra, megvaldsitva igy egy lab-on-a-chip berendezést. A
jelenlegi fazisban az elsd levélasztasi 1épés paramétereinek optimalizaldsanal tartunk.

Megjegyezziik még, hogy a harom dimenzidban rendezett nanocsd-erdd vizsgdlata, amelyet a
zérdjelentésben emlitettiink, nem hozta meg a kivant eredményt. Mint kideriilt, a feliiletek viselkedése
alapvetéen az egyfali/tobbfald naoncsé-ardnytdl fiigg, az elektrokémiai mikroszkép ennek
megkiilonboztetésére azonban nem alkalmas.

Az Onszervez6dd monorétegek kordbban leirt vizsgdlatai a mikroelektrédos litografia projektben
hasznosulnak.

Budapest, 2011. november 28.
Nyikos Lajos
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Abstract

Scratch tests were performed on epoxy coated steel samples with and without
microcapsulated linseed oil, known to develop a polymerized protective layer after
having been released from the capsules at the damaged sites. The scanning
electrochemical microscope (SECM) has been applied to monitor the protection
efficiency of this self-healing coating in aqueous acidic solution. In the proximity of the
local damage, both the anodic metal dissolution and the cathodic oxygen reduction
showed that the coating with microcapsules substantially and spontaneously decreased
the rate of corrosion proving the self-repair concept of the coating.

Keywords: SECM, corrosion, self-healing, iron dissolution, microcapsules, epoxy primer



1. Introduction

Polymeric coatings are commonly used to isolate metals from the corrosive
environment, but the protection efficiency can decrease substantially if the coating is
damaged. Traditionally, the only remedy was to renew or otherwise manually repair the
deteriorated coating. Recently, however, the concept of self-healing, self-repairing
coatings emerged in the research of functional polymers. The main objective is,
preferably without manual intervention, the regeneration of the functionality of damaged,
cracked coating [1]. The methods of self-healing process vary: some are autonomous,
some require external stimulus like temperature increase. Special polymeric chains that
are separated by cracking or scratching can reconnect, building up a physical network by
intrinsic (chemical/physical interactions) or extrinsic (healer-loaded tubes, fibres,
capsules) repairing effects [1]. Hollow carriers, microcapsules containing polymerizable
materials like epoxy resin [2], dicyclopentadiene [3, 4], air-drying oil [5] when damaged,
break together with the coating, releasing the fluid material. This liquid fills up
discontinuities and soon fixes the polymer by initiator, catalyst, latent hardener [3, 6] or
other reagent, e.g. air-oxygen [7]. The most explored self-repairing bulk phases are epoxy
[3, 4, 8-10] and polyester matrices [11]. Self-healing microcapsules and slow release
microspheres in paints studied by several authors [12] showed that microcapsules built in
paint loose their core material which fills the scratch line and so the corrosion damage is
diminished by an autonomous self-healing mechanism [13].

There are a few quantitative methods to investigate the defensive, anti-corrosive
effect of these coatings [14]. The scanning electrochemical microscope (SECM) [15] has
been introduced to the corrosion field, giving valuable microscopic information from a
corroding surface [16-19] allowing the measurement of local differences in
electrochemical reactivity [20] or pH [21-23] of the scanned surface [24]. With the
SECM, by adequately selecting the potential applied to the ultramicroelectrode tip,
scanned over the damaged area, both the release of metal ions at the anodic sites and the
consumption of oxygen at cathodic sites can be monitored [25, 26] at a localized damage
site where these anodic and cathodic processes occur in near proximity. The important
advantage of the SECM technique is that operates on both insulating (coated) and
conducting (non-coated) surfaces, thus allowing one to easily distinguish between the
coated and scratched surfaces [27]. The SECM, operating in redox competition mode
allows us to monitor in-situ the corrosion taking place within a coating defect [28]. The
deterioration of organic coatings through a defect on metallic surfaces [27, 29, 30, 31],
the spontaneous deterioration of the organic coatings on different metals [31, 32, 33] and
the defect repair in self-healing, shape-memory polymer coating [34], and encapsulated
silyl esther [35], coil-coated cladding [36] were all monitored by the SECM technique.

Here we show an example for SECM characterization of steel corrosion under
scratched epoxy resin coating, with or without encapsulated linseed oil incorporated in
the resin. Linseed oil, a mixture of triglyceride esters of unsaturated fatty acids, upon
drying in air, is known to form a strong, continuous film due to its oxidative degradation
and cross-linking [37]. It is, therefore, an ideal candidate to study autonomous self-
healing.



In this paper we report the results of SECM experiments which follow the
spontaneous corrosion process occurring at scratched steel surfaces, without and with the
protective microcapsulated healing agent. The spontaneous corrosion protection of
encapsulated microcapsules embodied into the epoxy primer has been monitored. The
scratched surfaces were visualized by scanning electron microscope and by
optical/fluorescence microscope.

2. Experimental
2.1. Materials, sample preparation

The chemicals used for preparation of microcapsules were as follows:

a) Shell-forming materials: urea (Fluka, p.a.), resorcinol (Reanal, purum), formaldehyde
(Sigma-Aldrich, purum, 37%); ammonium-chloride (Reanal, purum); polyvinyl alcohol
(PVA) - surfactant (Reanal, purum); b) film forming material — linseed oil (Aldrich,
purum).

Microcapsules for self-healing coatings were made by emulsion polymerization. In a 200
ml beaker 1.250 g urea, 0.125 g resorcinol, 0.125 g ammonium chloride was dissolved in
65 ml of 2 % aqueous solution of PVA and 15 ml linseed oil was emulsified with
sonication for 5 min (at 24 kHz, with a S7 size microtip). Then the emulsion was stirred
at 600 rpm and 3.210 g of formaldehyde was added to the emulsion. The temperature of
the reaction mixture was raised to 70°C at rate of 1°C/min and this temperature was kept
together with stirring for 5 hrs. After cooling down to room temperature the capsules
were separated, washed with diluted ethanol or with aqueous surfactant solution to
remove encapsulated oil. The capsules were then dried in room temperature.

The used two-component epoxy wax was purchased from Ablonczy Ltd. Hungary. Resin
‘A’ and hardener ‘B’ components were mixed at a volume ratio of 25 to 1.

Experiments were performed on steel sheets. The composition of the steel sheets was
determined by EDX measurements and the results given in at% are as follows: Fe (88.6 +
0.7), C (10.8 £0.6) and Al (0.6 £0.1).

Wet grinding on silicon carbide abrasive papers (220-4000 grit) was used as surface
preparation prior to coating. The steel sheets were ultrasonically cleaned and rinsed with
acetone. Finally the samples were dried in argon flow.

Sample preparation steps were as follows:

1. The microcapsules were mixed into the resin in 4 w/w %.

2. The steel plates were covered (painted) with a brush with the above mentioned
mixture and with the epoxy without microcapsules. The thickness of the dry coating was
about 50-60 pm.

3. Scratches of either 20 or 200 um width were produced in the coating on the metal
substrate by a scalpel or by a sharp needle.

The coated and scratched samples were immersed in aerated aqueous solution of 1 M
NaClOy4 and and 1 mM HCIOy at room temperature, and examined in-situ with the SECM
across the scratch. The pH of the electrolyte solution was 2.83.



The specimen was left unbiased at its open-circuit corrosion potential for all experiments.
Experiments were conducted at ambient temperature.

2.2. Experimental methods

The structure, diameter and the morphology of the microspheres and the scratched
surface were visualized by scanning electron microscope (SEM, Zeiss EVO 40 XVP) as
well as by optical/fluorescence microscope (Zeiss Axio Imager Al); sonicator applied in
emulsification was a Hielscher ultrasound technology UP200S.

The Scanning Electrochemical Microscope used was a model of Sensolytics Base SECM
(Bochum-Germany). The SECM instrument was operated with a 10 um platinum tip as
the probe, a Ag/AgCl/KCl (saturated) reference electrode and a platinum counter
electrode. All potential values are referred to the Ag/AgCl/KCI (saturated) reference
electrode.

3. Results and discussion

Fig. 1 presents the structure, size and the morphology of the microspheres visualized by
scanning electron microscope.

=%

" 2
N
- !
> m ©
o

EHT = 20.00 kv Signal A = SE1 Date :12 Jul 2011
WD = 9.0mm Mag= 500KX File Name = 4kep 5000 tif

ZEISX

Fig. 1. SEM micrograph of urea-formaldehyde microcapsules

The diameter of the microcapsules was between 3 and 10 microns with a narrow size-
distribution peaked at about 6 microns. The fluorescence microscopy pictures of the
scratched samples (cf. Fig.2) show the wide and narrow scratch morphology. The green
dots in the resin matrix are the microcapsules.
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Fig. 2. SEM images (A,C) and fluorescence micrographs (B,D) taken of a scratched
surface of the microcapsule-containing epoxy resin on the coated steel samples (scratch
width: ~ 200 um (A, B) and ~20 um (C, D)



Prior to each SECM scanning experiment, the tip-sample distance was established by
approach curves performed above the insulating part of the coating at -0.70 V, showing
negative-feedback behavior.

The status of a scratched sample was studied by monitoring the oxidation of dissolved
Fe’* and reduction of oxygen (cf. Fig. 3-4) in test solutions. Corrosion activity is
observed from 10 minutes immersion time in the electrolyte solution.

The process of oxidation of Fe** is not the best choice after long time explosure into the
electrolyte solution because the current decrease reasonably rapidly. This can be due to
the precipitation of corrosion products, which block the active zones and hinder the
electrochemical activity of Fe>* ions. Nevertheless, the dissolution of Fe>* ions can be
followed for at least two hours for both the wide and the narrow scratch (Figs. 3 and 4).

Fig. 3. Time dependence of the Fe”" concentration profile across the wide scratch (no
microcapsules). Tip potential 0.5 V vs Ag/AgCl/KCl(saturated) reference electrode
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Fig. 4. 3D plot of line scans performed by SECM at different immersion time in the
electrolyte solution on an epoxy coated and narrow scratched (20 um) steel sample. The

Fe* oxidation process is monitored. Immersion time: 30 min (e), 60 min (©), 90 min
(A), 120 min (A)

The other possibility to follow the corrosion process is to set the tip potential to that of
oxygen reduction. By doing so, one initiates a competition for oxygen: oxygen is both
consumed by the corrosion process and by the microelectrode. As shown in Fig. 7,
oxygen concentration reaching the tip is very low above the scratch indicating a vigorous
corrosion process. It can also be seen that as time passes, oxygen concentration decreases
further and further away from the damaged site as oxygen is depleted more and more.
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Fig. 5. A: 3D plot of line scans performed by SECM at different immersion time in the
electrolyte solution on an epoxy coated and scratched (20 um) steel sample. The oxygen
reduction process is monitored. Immersion times: 10 min (m), 20 min (0), 30 min (e), 60
min (0), 90 min (A), 120 min (A) B. The time dependence of oxygen reduction current
measured in the middle of the scratch

The current of oxygen reduction (cf. Fig.5) measured in the middle of the scratch shows a
decreasing tendency, not apparent at the scale of Fig.5A, indicating accelerating
corrosion even after 2 hours.

Comparing the currents across the scratch on a sample when the microcapsules were
incorporated in the coating with the reference sample (no microcapsules) shows the
protection effect the linseed oil, released from the broken capsules, is able to produce.

By monitoring Fe** oxidation, the protective effect of the self-healing coating is obvious
(Fig. 6). Since, as discussed above, this oxidation current is not a reliable measure of the
rate of corrosion at longer times due to insoluble precipitation formation, the oxygen
reduction currents are to be monitored.
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Fig. 6. Line scans performed at 30 min immersion time in the electrolyte solution on a
scratched (scratch width: 20 um) epoxy coated (opened symbols) and a scratched
microcapsules embodied epoxy coated steel sample (filled symbols).

The corrosion rate, as indicated by the local oxygen consumption, is considerably lower
in the microcapsule-protected sample (Fig. 7). By measuring maps, of which an example
is shown in Fig. 8, it was proven that the protection effect is fairly uniform along the
scratch, i.e. there are no unprotected areas left, thereby validating the capsule density and
linseed oil quantities used in the coatings.
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Fig. 7. Plots of line scans performed by SECM at different immersion times (indicated on
the figure) in the electrolyte solution on a scratched (scratch width: 20 um) epoxy coated
(filled symbols) and a microcapsules embodied epoxy coated steel sample (open
symbols). The oxygen reduction process is monitored.
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Fig. 8. Topographic map of the corrosion process in time after 2 hour immersion in the
electrolyte on a coated steel sample (A - no microcapsules, B - microcapsules) with a 20
um wide scratch.

Conclusion

The present study demonstrates that the SECM is a suitable technique to visualize and to
investigate the processes of self-healing in coated steel samples. The protective effect of
the microcapsule incorporated linseed oil along the scratched surface of the steel was
followed. The SECM tip measured the oxidation and reduction current participating in
the corrosion process. By comparing the corrosion-produced Fe”* concentration and the
oxygen consumption in scratched samples with and without microcapsulated linseed oil,
it was established that the capsulated material shows self-healing indeed. Our next plan is
to incorporate corrosion inhibitors in the microcapsules, which together with the linseed
oil can cause an even more pronounced protection against corrosion caused by coating
damage.
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Electrochemical studies of thiazole derivatives
inhibition effect against copper corrosion in acidic media
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SUMMARY

Corrosion and inhibition processes can be followed by different In-situ methods at a nanometer
scale. In this work, the electrochemical behavior of copper in acidic sulphate containing media,
without and with the addition of thiazole derivatives, was evaluated using electrochemical and
electro-gravimetrical methods such as: EIS, SECM and EQCM.

The effectiveness of thiazole derivatives, in an aggressive solution of 0.1 M Na,;SOy, on the value of
the breakdown potential of the copper electrode, was investigated. The investigated thiazole
derivatives are: 5-benzylidene-2,4-dioxo tetrahydro-1,3-thiazole (5-BDT) 5 —(4’—
1sopropylbenzylidene)-2,4-dioxotetrahydro-1,3-thiazole (5-IPBDT), 5—(3’—thenylidene)—2,4—
dioxotetrahydro-1,3-thiazole (5-TDT) and 5—(3’,4’—dimetoxybenzylidene)—2,4—dioxotetrahydro—1,3—
thiazole (5-MBDT). The inhibitor effectiveness was monitored and corrosion rates were determined.

The inhibitive effects of the tested thiazole derivatives were confirmed. The most effective, among
the tested thiazole derivatives against copper corrosion, was 5-IPBDT, due to the presence of the
1sopropyl functional group.

KEY WORDS: Corrosion inhibitors; Copper; SECM, Electrochemical quartz crystal nanobalance;
Corrosion breakdown potential.



Background:

Copper is a relatively noble metal, however, it is susceptible to corrosion by acids and strong
alkaline solutions, especially in the presence of oxygen or oxidants [1]. In the pH range between 2
and 5 the dissolution of Cu is very rapid and the formation of a stable surface oxide layer, which can
passivate metal surfaces, is impossible. Copper can only passivate by forming an oxide surface layer
in weak acid or alkaline solutions. The behavior of Cu in acidic media is extensively investigated
and several schemes have been presented for the dissolution process [1-5].

The application of corrosion inhibitors in such conditions becomes a necessity, since no protective
passive layer can be formed [1]. The possibility of the copper corrosion prevention, by the
application of corrosion inhibitors, have been investigated by several researchers. Amongst them
there are inorganic inhibitors, but in much greater numbers there are organic compounds and their
derivatives such as azoles, amines, amino acids. It is worth mentioning that the presence of hetero-
atoms such as nitrogen, sulphur, phosphorous in the organic compound molecule improves its
action as copper corrosion inhibitor.

The role of adsorption type inhibitors can be explained by the Lewis acid-base interaction on metal
surfaces. The structure of the molecule is one of the major factors that influence this interaction [2].
The molecular structure of azoles contains atoms like N and S, which are easily able to bridge with
other molecules [1, 2, 6-16].

Thiazoles are members of the azoles heterocycles that includes imidazoles and oxazoles. Thiazole
can also be considered a functional group. Thiazoles are structurally similar to imidazoles, with the
thiazole sulfur replaced by nitrogen. The Thiazole rings are planar and aromatic and are
characterized by a larger pi-electron delocalization and have therefore great aromaticity.

The thiazole derivatives molecules adsorb probably through the nitrogen or through coordination
with surface from the thiazole ring and form the protecting layer. For a metal such as copper, which
can form multi-bonds, inhibitor molecules containing those atoms are strongly recommended.

New methods of probing the microscopic processes on electrode surfaces have recently been
developed in the field of Electrochemistry. Among them, scanning microelectrochemical
techniques, which are an extension of local probe techniques originating from the use of
microelectrodes as the probes in near field microscopic techniques to operate inside an
electrochemical cell, are concentrating major interest. In this way, the chemical and/or
electrochemical selectivities provided by the microelectrode probes can be successfully
combined with the spatial resolution of the scanning microscopies, thus allowing surface
characterization with a resolution in the micrometer range or even below.

Among these techniques, scanning electrochemical microscopy (SECM) was designed in 1989 by
Bard and coworkers, and since then, the SECM has become a very powerful technique for
probing a great variety of electrochemical processes in fundamental and applied
electrochemistry, energy storage, materials science, corrosion science, biosensors research and
biophysics.

In this contribution, the operation modes of SECM will be described and selected applications in
the investigation of corrosion reactions will be provided in order to illustrate its application in
sensing localized corrosion.

The SECM instrument basically consists of a combination of electrochemical components,
positioners and computer control. The SECM is a technique in which a current flows through a
microelectrode immersed in an electrolytic solution and situated close to a substrate. The
substrate can either be a conductive, semiconductive or insulating material. The
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microelectrode and the substrate form part of an electrochemical cell which is also
constituted by reference and auxiliary electrodes, and sometimes by a second working
electrode. The electrochemical setup is constituted by this electrochemical cell together with
the bipotentiostat, which is the actual electrochemical interface. It allows the potential of the
microelectrode and/or the substrate versus the reference electrode to be controlled, as well as to
measure the current flowing between any of the working electrodes and the counter electrode. The
microelectrode displacement and its position relative to the substrate are controlled with a
three-dimensional microstage that provides independent and accurate control in the X-Y-Z axis.
And the remaining component is the data acquisition and display system, usually conformed by a
computer, an interface and a display system.

Several investigations utilized EQCM to investigate copper electrode behavior in acidic
environment [12-17]. EQCM is capable of detect mass changes in the nanogram range.
Our previous results showed very promising inhibition effects for the tested thiazole derivatives.

The aim of this work is to apply the electrochemical methods such as: EIS, SECM, EQCM, in order
to investigate the effectiveness of different thiazole derivatives, on copper corrosion in acidic
solution.

Experimental
Electrodes:

A polycrystalline Cu (99.99%) electrode was used for the electrochemical measurements. Galvano-
statically deposited copper layers were used for the EQCM studies.

Chemicals and solutions

Reagent grade chemicals (Reanal Finom vegyszergyar) and double distilled water were used to
prepare the following electrolytes:

0.1 M Na,SOy4 at pH =2.95
The pH was adjusted to 2.95 using diluted sulfuric acid.

Investigated inhibitors:

Thiazole derivatives:

5-benzylidene-2,4-dioxo tetrahydro-1,3-thiazole (5-BDT)

5-(4 -isopropylbenzylidene)-2,4-dioxotetrahydro-1,3-thiazole (5-IPBDT)
5-(3 -thenylidene)-2,4-dioxotetrahydro-1,3-thiazole (5-TDT)

5-(3 4 -dimetoxybenzylidene)-2,4-dioxotetrahydro-1,3-thiazole (5-MBDT)

All experiments were done at open atmosphere and room temperature. Due to the low solubility of
the tested thiazole derivatives, inhibitors were first dissolved into 20 ml of ethanol and then diluted
to the desired concentration. All inhibitors were tested at a concentration of 0.01 mmol.dm™. This
concentration was found to be the optimal concentration for copper corrosion inhibition.



SECM measurements:

The Scanning Electrochemical Microscope used was a model of Sensolytics Base SECM (Bochum-
Germany). The SECM instrument was operated with a commercial 25 pum gold tip as the probe, a
Ag/AgCl/KCI (saturated) reference electrode and a platinum counter electrode. All potential values
are referred to the Ag/AgCI/KCl (saturated) reference electrode.

The substrate material was copper. Wet grinding on silicon carbide abrasive papers (220-4000 grit)
was used as surface preparation prior to each measurement. The copper samples were ultrasonically
cleaned and rinsed with ethanol. Finally the samples were dried in argon flow. The sample was left
at its open circuit potential during the measurements. Ferrocene-methanol (hydroxymethylferrocene
- FeMeOH) was used as redox-mediator.

The following materials were used as received: 5-IPBDT, sodium sulphate (Na;SO, - Aldrich),
hydroxymethylferrocene (FeMeOH — ABCRGmbH&Co KG).
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EQCM Measurements:

An electrochemical quartz crystal nanobalance Model EQCN-700 (Elchema, Potsdam, NY) with 10
MHz AT-cut quartz resonators was used in this study. The EQCN technique allowed us for
simultaneous monitoring of voltamperometric and resonance frequency versus potential
characteristics. For thin rigid films, the interfacial mass changes are related to the changes in
oscillation frequency of the EQCN through the Sauerbrey equation:

The quartz crystal applied for our investigations had gold layers deposited at both sides (thickness
150-nm) over a thin layer of Cr (thickness 15-nm, for adhesion purpose). Copper layers were
galvanostatically electrodeposited on one face of the crystal, facing the solution, at room
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temperature. The deposition bath contained 0.5M CuSOQO4, 0.5M H,SO4, and 1M C,HsOH in doubly
distilled water. The cell reference and counter electrodes were SCE and a Pt wire, respectively.

The active geometrical surface area of the working Au electrode, (radius = 2.55 mm), was 0.2 cm®.
It was deposited on a 13.7 mm diameter, 10 MHz AT-cut quartz resonator wafer. The resonator
crystals were sealed to the side of a glass vessel. The working electrode was polarized using a Pt
sheet, area = 6.5 cm?, counter electrode and its potential measured versus saturated (KCI) calomel
electrode (SCE).

The results were obtained in a simultaneous recording of i—E and Af-FE, or m—E curves. During all
three intervals, frequency, mass changes and surface potential changes were monitored. Data
collected were analyzed and stored using specially developed software. In other electrochemical
measurements, polarization measurements were performed on the freshly deposited Cu surfaces.
Potential was scanned from —350 to +150 mV in both a forward and backward scans.

Crystal

G
L.
o

n
L=

|'I‘-




RESULTS AND DISCUSSION
EIS results

Figure 1 shows a typical electrochemical impedance spectroscopy plots (Nyquist and Bode plots) of
copper electrode in 0.IM Na;SO; electrolyte without and with the addition of tested inhibitors.
Figure 1a shows the depicted polarization resistance values in comparison to the blank aggressive
solution. The R;, values were obtained by calculating the semicircle intersection with the real part of
the amplitude. It is clear that IPBDT produced the highest R, value, which is an indication of the
formation of a protective film that hindered corrosion.

The inhibition efficiency (n%) was determined using the following formula:

N (%) =(1-R,™/R . 100 (1)

where R ,°and R ,"™" represent the electrode polarization resistance in the absence and presence of
the inhibitor in the electrolyte, respectively.

Polarization resistances and inhibition efficiency results are given in Table 1. The inhibitor 5-
IPBDT produced the lowest corrosion current density thus the highest inhibition efficiency against
Cu corrosion (N = 93%). This can be explaining by the presence of N and S in the molecule
structure and the longer chain serves as a protecting shield on the copper electrode surface.

Table 1. Polarization Resistance (R;) and Inhibition efficiency (n)
values for the tested Thiazole derivatives

Inhibitor IPBDT BDT TDT MBDT
R, (k ohm) 115 15 9.3 7.3
Inhibitor
Efficiency % 93 86 80 71

Figure 1b shows the Bode plot for the tested thiazole derivatives. Phase shift versus the log of the
frequency gives an indication of the behavior of the protective film formed on the electrode surface
due to the inhibitor adsorption. It can be seen from this figure that the process taking place at the
electrode surface has one relaxation time constant. The location of the relaxation time constant did
not change much from one inhibitor but the phase shift value increased with IPBDT having the
highest value at the peak location. This is an indication that the adsorption of all inhibitors on the
electrode surface follows the same pattern but with different intensities [21].

In a further study a model must be constructed to simulate the processes taking place.
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SECM results:
Cu in 0.1 M Na,SOy solution + 5-IPBDT:

Scanning Electrochemical Microscopy (SECM) was applied to study the IPBDT inhibitor layer
formation on copper surface. Approach curves of the SECM tip towards the copper surface were
measured in-situ in IPBDT and redox-mediator containing Na,SOj, electrolyte with a commercial 25
pm Au electrode. The study was carried out for 3 hour, following the layer formation process.

The measurement of the approach curves were done in-situ at open circuit potential in a solution of
0.67 mM FeMeOH and 0.1 M Na,SO4+ 0.01 mM IPBDT + 0.67 mM FeMeOH.

The base approach curves were performed first in mediator solution (inhibitor and also sodium
sulphate free solutions) in order to find the distance where we are close enough to the surface. The
next approach curves were done in the inhibitor, sodium sulphate and electrochemical-mediator
containing aqueous solutions without changing the tip position in horizontal plane. The formation of
inhibitor layer was monitored in-situ by approach curves performed at different times, see Figure 2.

SECM approching curves for 5-IPBDT
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SECM approching curves for 5-IPBDT
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Figure 2 a, b. The approach curves measured in-situ at the copper substrate in
IPBDT-containing electrolyte with a commercial 25 pm Au electrode.
Electrolyte solution: 0.1 M Na,SO4+ 0.01 mM IPBDT + 0.67 mM FeMeOH.
As a solution without inhibitor 0.67 mM FeMeOH solution was used.

Tip potential: +0.5 V Ag/AgCI/KCl (saturated) reference electrode.
Figure 2 b is the same as in 2 a, with smaller scale of the X axis.

The activity of the metal has been changed by the formation of the inhibitor layer. Both positive and
negative feed-back (conducting and insulating surface) was obtained during the experiment. The
conductive behavior of uncovered copper changed to an insulating surface due to the inhibitor layer
formation.

The progresses of inhibitor layer formation in time was proved by the change of the shape of
approach curves and by the decrease of the normalized current value measured at a distance of
maximum approach (Figure 3).



SECM for 5-IPBDT
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Figure 3. Change in time of the normalized current values measured
at the closest distance (0.08 um) of the tip from the surface

EQCM results:

Effect of corrosion inhibitors on Cu corrosion breakdown potential

The corrosion breakdown potential (Ey) is one of the most valuable parameters in providing the
means for a quick and reliable comparison of the efficiency of various potential corrosion inhibitors.
The breakdown potential is not a static parameter and is normally determined under dynamic
conditions, usually using a linear potential scan voltammetry. This technique gives us an indication
on the onset of anodic current, however, it is not possible to distinguish between the actual metal
dissolution or metal oxide (or salt) scale build-up. Therefore, we applied the EQCM technique and
monitored simultaneously the apparent mass variation and current change as a function of potential
which was scanned in the anodic direction.

Inhibitors containing solutions were applied and results (i-E, Am-E) were registered after the
measuring system stabilized, i.e. there is no change in visco-elastic properties at the interface during
measurement. The potential scan rate of cyclic voltammetric measurements was 1 mV/s. The
potentials were swept as follows: E; =-500 mV, E, = 100 mV, E; =0 mV and E4 = E;=-500 mV
vs. SCE.

10



For Cuin the blank 0.1 M NaSOy solution:

Current Density (mA/cm?)
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For Cuin 0.1 M Na,SO, solution + 5-BDT:

BDT Scanrate =1 mV
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For Cuin 0.1 M Na,SO, solution + 5-TDT:

TDT Scan rate 1 mV/s
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To summarize the EQCM results for a comparison reasons we present the following figures:
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Figure 4. Linear potential scan voltammetric (4a) and piezogravimetric (4b) characteristics of a
fresh thiazole films on a Cu-EQCM electrode in 0.1 M Na,SO4 + 0.01mmol/dm? of the thiazole
derivatives solution, recorded at a scan rate =1 mV s,
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Figure 4 shows voltammetric (Fig. 4a) and piezogravimetric (Fig. 4b) characteristics of fresh Cu-
EQCM electrode surfaces in 0.1 M Na,SO4 + 0.01 mmol.dm™ of the thiazole derivatives solution,
recorded at a scan rate = 1 mV s™'. The electrode potential was scanned starting from E=—200 mV,
to -300 mV, to 100 mV and back to —-300 mV, vs. SCE. It is seen that the anodic current begins to
flow after passing E= - 36 mV in the case of the blank solution. The addition of the thiazole
derivatives shifted the break potential to more positive values (E,= +8 for IPBDT, +20 for BDT,
+25 for MBDT and —16 for TDT) as shown in Table 2. Among the tested thiazoles derivatives, 5-
IPBDT produced the highest positive shift of the breaking potential.

Table 2. Characteristics of the Cu electrode immersed in 0.1 M Na,SOq4
with the addition of different thiazole derivatives at a concentration of 0.01mmol.dm™.

E, AE Am imax

Inhibitor (mV) mV) (ug) (mA /cmz)
0.1 mol.dm™ Na,SO, -36 0 -18.5 3.27
0.01 mmol.dm™ 5-IPBDT +8 44 -6.75 1.40
0.01 mmol.dm™ 5-BDT +20 56 -11.7 2.15
0.01 mmol.dm™ 5-MBDT +25 61 -11.1 241
0.01 mmol.dm™ 5-TDT -16 20 -14.1 2.25

A simultaneous mass decrease is observed on m—E characteristic signifying that the copper
dissolution is the predominant process above the breakdown potential. The copper dissolution
continues up to the anodic reversal potential E=400 mV. On the return cathodic going scan, further
dissolution is observed until £=30 mV and then is followed by a large mass increase concomitant
with cathodic current flow. From the latter two observations, it can be concluded that the backward
process is the electro-deposition of dissolved copper from the vicinity of the electrode surface. It can
also be seen from Fig. 4 that the mass does not return to the initial level but to a higher level by ca.
0.15 pg. This mass imbalance may be due to several effects:
= the growth of copper (II) oxide and oxysalts which have a low electric conductance and are
not completely reduced in the cathodic potential scan;
* increase in the surface roughness factor caused by the copper dissolution/redeposition
processes and inclusion of water in the surface pores; and,
= formation of an inhibiting film (CuBTA) which in this case may also contain Cu(l)
compounds such as CuCl and Cu,O.
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CONCLUSIONS

The inhibition effectiveness of thiazole derivatives was studied. For this purpose electrochemical
(EIS and SECM) and electro-gravimetrical measurements were performed.

EQCM results showed linear potential scan voltammetric and piezogravimetric characteristics of a
fresh thiazole films on a Cu electrode in 0.1 M Na,SO4 + 0.01mmol dm™ of the thiazole derivatives
solution, recorded at a scan rate =1 mV sl

SECM results showed some promising results concerning the formation of the inhibitor protective
layer in time.

The applied techniques showed that 5-IPBDT, among the tested thiazole derivatives, produced
excellent protection against copper corrosion in acidic Na;SOj solution. The effective protection of
S5-IPBDT can be related to the presence of a longer chain and also the presence of the isopropyl

group. Presence of other thiazole derivatives also hindered the copper corrosion.
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