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Alwimac

The meclanam of degradation of eposy-phenalc boqur coaled thin dectro-chrone-
coaledd ekl stew] (oo can meleri ) has oo dnvestigated i brine uing anovel oo bama tien
of expermmmnial chmques, A scamuing Kelvin probe (SKP) wa udal 1o map ekclrochemical
potemtlial distributions bensath the coating @l several s lages of expedun: 1 0.7 M (1% win)
M sl ution. An inleresling seg uenoe o even s W ehaerved, especially al deliacls @nd blisters
i the lacquer. These nesulls have been comelabsd with those obladned o parmlel by electno-
chemmeal mpalance spedtredcopy (EIS) scannmg scouslic micescopy (SAM) and oplical
mcredcepy. The SKPF el s showed coating delosts 1o be negative (mmodic) with respect 1@ the
surrounding anea m the mitial slags of exposune & 36 hh This wa Tollowed by a gradual shill
in the nelative potenidal 1o vales of the dedect and the surrounding coated nwial, with the
defincis beconnng the cathode and the comosien products Brmed 0 the ddecs becommg the
cathode reactant. The mduction of red sl o magnetie was conftrmed wsing the optical
mixrodcope. SAM revealed blstert, within which new modet wemne detacied by SKP.
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1. Tnvtroaduc tion

Gay [1] in 1949 and Mayne m 1950 [2] devised what is now a widely accepiod
maodel of corrosion at defects i organic coatings. Mayne’s model was that bare
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metal at defects act as anode sites and coated regions supporied corrosion by acting
as the cathode. He proved this by galvamcally coupling painted and unpainied sieel
coupons in seawater and demonsrating that the coated coupons were cathodic with
respect 1o the uncoated coupons, Stemamo and Bardal [3] recently carried ow a
similar experiment on coated and uncoated steel panels, coupled in seawater. They
stated that the cathodic curmem, in this sitwation, & emirely limited by the ioni
resistance of the coating.

In salt soltions, cathodic reduction of oxygen taking place at coated regions
ganerates alkali by formation of hydroxyl ionms (1 [4] or, in low oxygen conditions,
by hydrogen evolution {2).

H0 + 02 - de = 40H (1

IH0 + 26 = H: + 20H (2]

Schwenk H] describes two ways in which hydroxide ions can attack coatings. Firstly,
they can react directly with polar groups in the polymer, reduweing adhesion. In the
second, more commaonly observed case; alkali metal cations from the test solition
migrate 10 the dishonded region. They camy ionic current and combine with hy-
droey] joms genemied in (1), casing NaOH to accumulate at the metal surface.
Analysis of hlister Auid from coated mild steel samples exposed 1o natural seawater
was carried out by Mayne [5]; the Ruid was found have a pH = 12, Becase of the
build up af alkali, water tramsport throwgh the flm takes place, driven by osmosis,
which generates hlisters. Leng ot al. |5 have proposed an altemative mechanism in
which oxidative products generated in oxygen reduction, rather than alkali, attack
the coating.

Crossen et al. [T] observed smooth lateral cathodic dsbondmem of coatings from
a defect area during the early stages of immesion, which then switched 10 the For-
mation of blisters ahead of the now stationary dishbondment interface. The expla-
nation suggested Tor thisis that imtial residual stresses in the coating generate shear
stress at the interface sufficient 1o cawse total loss of adhesion. Afier longer im-
mersion times, water uptake in the polymer relaxes internal stresses, and there is
enough maidual adhesion o the subsitate in areas hetween blisters 1o hold the
coating in place,

Funke [#] describes a differemt case wherehy a blister forms beneath a plugged
pore. Oxygen diffuses 1o the edges of the blister through ihe imtact polymer but
axygen in the region heneath the pore & consumed by oxidation of primary corro-
sion products in the pore from Felll) to Fe{lll). This causes the area beneath the
pore to hecome anodie, with the edges cathodic due 1o differential aeration (Fig. la
¢l this view & supported by Geenen [9). Wiggle [10] and other workers [11] also
report that cormsion products formed at exposed areas of hare steel can suhse-
quently plug the defect and hinder diffusion of water and oxygen.

Om coated metals, corrosion initiates al defects in the coating or at sites of local
coating breakdown. In the present work local behaviowr around such defects has
heen studied as a function of time wing a scanning Kelvin probe (SEP)L, scanning
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acoustic microseopy (SAML optical microscopy and elkcotrochemical impedance
spactroscopy (ELS).

The SAM uses a focussed acoustic signal transmitted through an agqueous cou-
pling medivm. The acoustic waves can propa gmte within optically opague solids such
as organmic coatings and metals. Contrast arses from diferences in acowstic imped-
anoe {i.e. the product of acowstic velocity and density of the phases in the sample).
The mizcted echo signal is nitially viewed asan A-scan {intensity va time delay). It
is possible 10 identify the part of the signal corresponds 10 the wop of the coating, the
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coatingfmetal interface and reflections resulting from, for example, the interface of
the coating and a layer of water beneath the coating. An image can be formed from
any part of this echo signal by gating on the signal of interest and scanning the
tmnaducer above the sample. This, the presence of blisters and delamination at the
metal-coating imerface can be imaged, even in the early stages of coating degrada-
Liom.

The SKP uses a scanned vibrating gold tip to map the voha potential {or elec-
trochemical potential wlhen immersed) of metak. Such measuremens can be par-
Formed through organic coatings provided there is no Donnan or other potential
differenoe across the film. This allows potential measure menis of cormosion processes
occurring in blisters and delaminated areas as well as a1 defects. This technigue was
usad 1o study corrosion around a defect as a function of time to inform a mecha-
nistic description of the process, The work detailed hers shows that Tor lacguer
on ekcrochrome-coated steel (o chromivmdchromivum oxide treated sieel sheet,
waed in packaging), the observed behaviour was very different to that described
praviously.

2. Experimental

A ezat cured commercial @ poxy-phenaolic lacguer was roll-coated in one pass toa
thickness of 7 pm on 10 electro-chrome-coated sieel (ECCS) canning sirip and haat
cured For 10 min at 205 “C. Bheet was formed into DRD {dawn, e-down) cans (73
mm dismeter, 37 mm height) following curing. Sections {ca. 2 em®) were cut rom the
walls and hase of the can, as well as from unformed sheet, For exposure 10 tes so-
hution, A wire was soldered 1o each sample to Facilitate EIS and SKP measuremenis,
and the back, exposed wire and cin edges of the samples were masked using hot 4:1
hesswarfealophony mixiure,

The samples were immersed in maturally aerated $.17 M NaCl solution {or in
oz casa (] M citrie acid) a1t room tempemiure and examined periodically using
EIS, SKP, SAM and an optical microscope. EIS measurements were made at
regular imtervals wing an ACM Instruments GILL AC potentiostal with paint
buffer imterface. The cell wsed a thres-electrode arrangement, with a saturated
calomel reference electrode (SCE) and a platinised titanivm coumter elecirade.
Impedance was measured between 30 kHz and 0.1 Hz under potential control at
the rest potential, vsing an excitation amplitude of 20 mY, The resulis were fit-
ted to an eguivalem circwit wing Echem Software (ZasimpWin version 2.2). The
data were typically fitted to the eguivalent cincuit shown in Fig. 2a or 1o the
equivalent circuit shown in Fig. 2h if a Warburg impedance was observed at low
frequencies {characterised by a 43° line on the MNygquist plot). A Warburg imped-
ance response B due 1o difwion and is displayed as W, a constant phase element
with n = (0.5,

SAM images were taken wing a KEI WINSEAM 20instrument operating with a
1503 MHz acoustic krs wing distilled water as the coupling medivm. In this work,
the signal was gated 1o Forme an image of the coating/metal interface 2o that acou-
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Fig 1 {aj Twa tmme-constam aquivalen cicut, wesd for fiiting E1S dota, db ) tes @me-constan agun-
alem crcum with Warburg mpalane elemen

mulation of water ai this imerface could be observed. The operating princ ples are
outlined in more detail elsewhare [12].

The Kelvin probe wed was a KP Technology SKP, fited with a fat 500 pm gold
tip. Samples were mmoved lrom the test solution and blotted belore examination. A
humidity enclosure was used during the SKP scans (RH ~ B4 w0 ensure the
samples did not dry ot Tully and cawse problems ol charging. The insrumen was
operaled such thal a constani mean sample-tup separation of 21212 pm was
maintuined throughow, thus eliminating spacing-dependence emors obsened by
other workers [13]. The tip was &2 10 vibraie al ile resonant frequency ol 595 He
with an amplitude of 168 pm. Measurem ems were ken wsing a ample backing
volage, Fy, m the range 5000 mV. The SKP data were plotied wsing Microcal
Orign 7.0, A thomugh deseription of the instrument and explanation of the racking
system is given in [14].

1. Results

Fig. 3is a plot from impadance measurements of pore resistance, K, over time for
a sample of bequered ECCS immesed im serated MNaCl solution, It can be seen
that &, fell rapidly during the fira 5 h before stbilising a1 & value of ahout 10°
Dem’,
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Fig. 1 Mot dhowing K, over time for coated sumple in 195 Nad) sohnian,

Fig. 4. 8AM micrograph of coated ECCS sample after 45 h exposune to 8% Nadl solhnion.

Adter 48 h corrosion became visible on the surface of the sample and blisters were
observed using SAM (Fig. 4). Once corrosion had initiated, the SKP was used o
map the corrosion spot and surrounding area. Fig. § is a potential map acquired
after 55 h that shows, unexpeciedly, that the ceniml defect is cathodic {more posi-
tive) to the surrounding area. This result was surprising because cormsion producis
could bz seen in the pom. All maps are hased on 625 measumments and are pre-
sented interms of relative potentials with white the most negative and black the most
positive, with contour lines at 50 mV intervals.
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A second sample of lacquered TFS was prepared as bel'ore. In onder o initiane
corromion al g known site, a circular delect was made in U cene of tse sample with
a sealpel {1 mm in diameter), The delect and surrounding aren were investigated
using the SKP alter various tmes of exposure, Fig, da-d show potential maps of the
sample over dme., There does not appear 1o be a sudden discom nuity in potenial m
the edge af the coating, from which we deduce that the potentials measund are mol
alfected by any potential difference acros the coming. This sequence shows that the
defect was at first anodie, as expected, giving the lowest potemtial, However, the
defect was only anodie For a shon time (between 40 and 180 min). After 180 min,
the defect was undetactable 1o the SEP, but the scan taken after 52 h showed the
delzel emerging as a weak eathode site and Fig, 6d shows that 1his had become much
stronger after 94 I {as with the previous sample).

Imterpretation of these maps requires care. The most negative potential will not
correspond 1o the largest anodic currents (polarising an anode upwards increases
the current density), nor the most positive areas the largest cathodic current (by a
similar argument). The potential gradient at any point indicates the direction and
magnitude of the currem How across the surface (though it should be borne in
nrind that Stratmann [1&] has identified steep potential gradients in SKP profiles
as the limit of cathodic dishonding). Only by making assumptions about the
thickness of the electralyie layer beneath the lacquer and its msistivity (which may
not be uniform), can any quantitative conclusions be reached. We will show how
anodic and cathodic currents can be visualised from the SKP scans in a Turther

paper [17].
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Fig. Ta—e shows a series of SKP images of a corresion site in another sample with
corresponding optical micrographs and SAM images. This sample was from a sec-
tion that had undergone a degree of strain in the drawing proocess,
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The opical microgmph waken aler 24 b Fig, Tadii)) shows red rust had Tformed at
the delect, so corrosion had almady begun. The SAM image shows the presence of
blisters around the defoct. The SKP scan detects the defect and the surrounding

blisters s anodic regions,
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Tha SKP scan aler 48 h exposure (Fig. Thj shows the comosion site had bacome
cathodic. This switch was initiated, we believe, as a result of plagging of the defact by
corroadon producis, The hlister 1o the rght of the mital comosion sie had now
bocome anodic, This rew anode was observed more clearly in the optical micrograph
laken alier %6 h (Fig. 7o), where red msi was observed in the large hlisier, The
cathode site {the site of the orginal defas ) was by this stage larger and black in
colour, due, we beligve, 1o Narther red ucton of red rust 1o magnetile.
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The anodic blister continued 1o ] with med rust and was still observed alter 168 h
{Fig. 7d) the arginal defset site memainsd cathodic, After 212 k {Fig. 72), the optical
micrograph shows that much of the red rust observed in this blister was ako furning
black. This demaonstrates reduction of thes: corrosion products was now besinmng,
The SKP scan now measures cathodic potentials in this region too,

Fig. & shows the vanaton of pore resktance over exposure tme, gatherad from
EIS maults. The resistance Palls 1o a low value in an hour,
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A further sample of the same lacguer-subsirate system was exposad to MaCl
solution as before, This samplk had been subjected io severs non-uniform defor-
mation during forming of the can. This experiment aimed to investigate the effect of
removing comosion products after the anode-cathade switch had taken place by
exposure o citric acid. Cormosion imtated in a recion of high strain and was ob-
servied 3 h afier exposure.

The corrosion spot was anadic after 3 h exposure (Fig, $aj and at & k (Fig. 9b)
ihe optical microscope mage showed red rust at this site. The corresponding 3AM
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image shows the familiar presence of bisters surrounding the defoct, The SEP scan
shows that both the blisters and defeel were anodic with respect to surrounding
areas. A cathode site positioned o of view may have been driving the corrosion
process at this stage. The SAM images show that many hlisters had formed on the
sample and were no longer confimed 1o the area immediately surmounding the defect.
These blisters were aligned in the dmwing direction.
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Fg Timwtied)

After 168 h{Fig. %) cathiodic activity was still observed above the cormosion site,
The original anode had died away and was pow seen as a weak cathode area. The
optical image showed considemble under-flm cormsion around the mitial corrosion
site. This appeared 1o have bacome blocked by rst, and switched 1o be the cathode.
Ag 215 k{Fig. %d) the defoct area was mare sirongly cathodic; the original cathode
site above had died ow.

After 200 h the sample was transferred to 0.1 M citnic acid, as in previous work
116]. Citric acid forms complexes with iron corrosion prodects, a0 in the optical
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image taken st 230 b (Fg %) we abservad that the magnatite hensath the caating
had been removed. However, some cormosion prodects were still ssen in the delact
and the SKP scan shows the defect region has remained cathodic. After a Turiher 31
him cine acid (Fig. 90, the pore plug was parly emoved, and the defect had
bacome anodic again, as expacied.

The optical image tken afier 333 h(Fig. %g) shows the defact was, by this stage,
Tully unplugged, exposing bame metal The SKP scan shows the defioct was, as at the
beginning ol exposure, srongly anodic.

Rome EIS mesults Tor the sample, over time, are shown in Fig. 10, The N yquist plot
taken alter 5 hiFig. [0a) shows iwo wellseparated semi circles. The high lrequency
semi-circle comesponds o the coniribution of the pore resisance (R, ] and coatmg
capacitance [Ccl, and the low [requency portion shows the impedanoe response of
1he corrosion reaction laking place in the base of i he pore (a pamllel combination of
charge trumsler resistance (For) and double-layer capacitanoe [Cm ). When pore
plugging began 1o oocur, the low frequemcy semi-<circle was parily masked ow by
Warburg impedance {Fig. 10b—1aken alver 2 k). This shows that the corrosion
resction was hindered by mass transport o the corrosion site. Afier 170 h (Fig. 10c),
the ellect is more pronounced, with the whole ol the low Iequency semi-circle
mmsked ow by the Warburg lime.

Fig. 10d shows the Nygquist plot 50 alter the sam ple was immersed in citric acid;
1he Warburg impedance had dsappeared, showing 1he charge transfer reaction was
no longer aflecied by dilfusion.
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Fig. 9. Comeurrent SKP* (i), Opdaal (i) and 3AM i), results a1 various times of exposure %o 1% Madl
sohnion, folloned by (L1 M Giric acd saluborg (2)2 b [po optical image, s cormosion & not vedapprent],
(b} 60 b, ich 62 h, () 215k, e} 222 h donak 2 hinciircackd i} 369 b donak 49 h in ciinic acd, (g} 222 h
total; 183 h in citric acid.

4. Discussion

A mechanism for the observed prooesses is proposed as follows: Initially the ex-
posed metal at the defect was attacked and oxyzen mduction took place underneath
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Fig. 9 {owerimedy

the film ar cathode sites, in keeping with the generally accepted model Afer a
sufficient timee, the exposed area becomes covered by precipitanon of msoluble
corrosion products that are converted to FeOOH by reaction with oxygen in solu-
tion, this hindering acoess of oxygen 1o the bare metal The defect b plogeed. Afier
this, comact betwesn the nest and the metal surface initates reduction of the cor-
rasion products driven by anadic antack of any exposed regions of hare iron, as seen
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et

in the SEP resulis, We believe the redwction maction o be conversion of red nst o
magnetie [18], ez,

Fe** + 8Fe00H + % = 3Fe, 0, + 4H,0 i3
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Stratmann |1%] discovered that the potential at which maction {3) can occur & be-
iween O and —00 mV SHE, depending on Fe'* concentration and pH. This is n
kezping with values of beoween 2%} and —330 mY, measured during the test. The
calour change of the corrosion products abserved in the optical micrograplhs, from
red to black. & consktent with this model.
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Fag 9 oy

Hephurn [15] carried out low Imequency a¢ impedance measuremenls on epoxy
conied mild seel. She observed a Warburg im padance afier 3 penod of immersion in
soddium sulphate saluion, indicating diffusion comrol, bui when the spacimen was
tmnpsferred w0 0.0 M citric acid solation, which complesed the corrosion products
and unprlugesd the pores, the Warburg impadance had disappeared. Charge transfer
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i i
Fig. 9 ¢ comtimed)

of corresion reactions at the hase of pores now controlled the low fregquency m-
pedance and a semi-circk iz seen again.

Hepburn's fndings ame similar 1o our own EIS resulis shown in Fg. [da-c. The
impedance resporse in {¢) is however represented best by a mansmission line
madel. The physical model and eguivalent circwit & shown in Fig. 11 The low
freguency impedance response has comributions from charse transfer mactons

Page 11



M. Doherty, J.M. Sykes / Corrosion Science 46 (2004} 1265-128%

Fg 9 {awerimed)

1aking place all over the delaminated area as well as at the defect. The ransmission
line maode]l psed 1o it the data wsed fve dimmeol RC combimations, representing
conoentric regions around the defect. The mpedance cumves overlap on the
Myguist plot to give an accurate fit to the real data (Fig. 10), b o & difficult 1o
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Fig. 10 Nwquist plots at various exposure imes, (o} 5h, (b 20 h, jc} P70 b od) 30 h in 0.1 M cfnic acd.

oe

extract valwes for the circuit pammeters with any confidence. It should be noted
that this good M did not rely on the wse of CPEs to model non-ideal capacitance—
even for the coating.

Page 23



M. Doherty, J.M. Sykes / Corrosion Science 46 (2004} 1265-128%

30w10" -
28210 4

2010”4

--E.. 152107
N

1.0w10"
5.0wid"
oo
00 50w’ 10wi0" 1Ex1D" 20w’ 2 50’ 300" 35wl 4 Ox10" 4 Suil"
e} Z,..johms
B0wip®
&0t o

-
N! 40x10"

2 Gt
llulll-ﬂnn—lnnllillilll ay
aa i , ; l -I\—
oo 2o’ 4t i o
d) P

Fag. 10 com i ol
&, Con lursd e

1. For this system, when a cormsion sie becomes blocked with rust, new anodic sites
are lormed and the rust bacomes the cathode reaciani.
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Fig. LL. BEquivalent cincuil for tranemission lne model and corresponding phyvsical madel

2, Anunblocked pore surrounded by a delaminated region i best modelled using a
tranan ssion line and dom pot reguire corstant-plase elements,
3, The combination of SKP and SAM waed alongside conventional optical micros-

copy and EIS are extremely powerlul in analysing local behaviour in coating
breakdown,
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