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INTRODUCTION

Iganic coatings protect metals against corosion
by various mechanismis,” which can be summa-

rized as follows: (a} suppression of the anodic
and /ur cathodic reaction, (b) the introdyiclion of a high
electrical resistance into the circudt of the corrosion cell,
and (¢} a barrier to aggressive spocies (oxymen, watern
and o),

Measuremenl of ionic resistance by the polarization
method has been used successfuily for many vears as a
melhod to characterize paints and varnishes,2# Brietly,
good performance is recognized if a high de. resfstance
is observed when the coating s exposed to an elee-
tredyte solution, In these studies, it was stated that coat-
ngs frequently contain areas of low ionic resistance
named D-type areas and areas of high ionic reststance
named I-type areas. The predominance of sither kind of
these areay determines the lotal fonic resistance of a
coaling.

Today, electrachemical impedance speclmsoopy (BIS)
Is prelerred to evalvale the perlormance of OTEANIC coat-
ings because it allows for a more cemiplete chatacteriza-
tion. For instance, the uplake of ions info the cioratings
has been related to the increase in d.c. resistance of the
coatings ™ while the uptake of water has boen reluted
to the increasing capacitance of the coatings, 21 Alsa,
EI3 hay been used to estimate the degree of delamina-
lipn 143

According to Szauet, ' coalings can be classified into
four grimps, The first group is made up of lhose coal-
ings that act fike dielectrics and barrier materials,
Tatlure of these materials fo prolect the substrate arizes
trom the penclration of conductive scdutions intn the
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Wafer Permeation, water absorption, d.e re-
sistance, amd electrochemical impedance spee-
troscopy (EIS) measuvemients were performed on
films of epoxy-polyamide used as binder in paing
formdations. Barvier propertics were Sourd to be
Righly dependent upon the thickness of fitms. In
thick films, water permeation measurements re-
vealed the presence of pathweys attributed to
frozen holes, Hhrough which the flow is not ROD-
erned by diffusion. In thin films, the presence of
pinholes was detected by d.c, vesistance and EIS
MEEAS L FERIERTS.

caating by diffusion. 1he second group of coalings in-
thudes [hose possessing conductive pathways, .which
usually alleny immediate contact between ekl and
electrolyte solution, Commerctal pants usually produce
coatings with pores and Hssures tha originated daring
the evaporation of solvents and almospheric exposure,
All of these discontinuilies have to be cansidersd as po-
tential comductive paths when in contact with an elec-
Levlyte solution. The thitd group includes those VETY
porons, lssured, or werlbconductlng coatings, including
thase of advanced degradation, where the capacitive of-
foct of the coating may be disregarded. The [ourth
group is constituted by some hydrocarbon-based oils
and protective coalings, whose hydeophobic nature, ax
well as lack of pores and tissures, gives them the char-
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acteristic of diclectric and barrier materials, even it ap-
plied in thin layers. When these coatings are eoposed o
an electrolyte solufion they perform as s batrier [or a
relatively lung time, but when this feature is lost they
become penelraled quite rapidly.

A comprehensive review of degradation processes of
paint films and the Tesultant carrosion processes at the
interface fim-subslrale is given by Nguven ¢t al.l” From
results found in the literature, they propaosed a unified
model, whete the degradation of defect-free organic
coatings 3% initiated by conductive pathway formation
and provoked by water allack (e.g., hwdrolysis and dis-
solution} al hydrophilic regions that contain low-molee-
ular weight/ low-crosslin ked materials. Such regions
take up a large amount of water, leading to the forma-
tion and opening of pathways (hrough the coating.
Following this step, degradation advances by Lransport
of water, oxygen, and ioms through the fommed p:‘llh-
warys, from the environoent to the metal surface. These
authors also suggested that superposilion of several
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thin layers of films should give rise to a highly imper-
meable coaling due lo the covering of pathways of a
iven layer by the sulmequent laver, i, here would ba
an increase n the toruosity of transmer paﬂnﬂays n
the coalings.

In view of that discussion, the purpose of this work i3
to Farther investigake the present knowledge about the
pecformance of organic coalings, from a combined
study nf water transpoct, d.o, resistanoe mcasuTemenis,
arid FIS moasarements catried outin upoxy-pni}-'m'nide
varnish fikms. The offect of thickness on lhe behavior of
these materials is investigated from the point of view ol
a multilavered model, where a vingle fikmn of high bhick-
ness would bo cquivalent to one consliluled by e su-
perposilion of several Lhin {ilms.

EXPERIMENTAL

Maoterials

The epoxy Tesin studied was the diglyddyl ether of
bisphenol A, as we verified by the FTIR spoctra of the
material received [rom Tinlas Renner 5.4, Cure was
carried out by the additiom of an eguivalent weigh{' ol
a pulyamide cure agent {Versamid 11581 The system
was diluted lo 70% wiw in a mixlure 171 of
xvlene isophurone in order to obtain & varnish with a
visuosity adequate ETH'!LIE;"I to be applied by an exten-
siom bar,

sample Prepartion

brep films used in studies of transport properties
and d.c. Tesistance measurements were prepared by
casting Lhe epoxy-polyamide varnish with a variable
extension bar onto glass plates, Attached filims used in
di resistance and ELS measurements were prepared
by casting the varnish ontoe nongalvanized carbomn stoel
plales, which were previously sandblasted. Afler cast-
ing, the films were cured at ronmn ternpertature n &
closed chamber for four days and then further cured
for 24 hr in an oven at 80°C. An almost complete
crosslinking of the malerial was ablained with this rig-
orous treatment, as we varified from solvent extraction
measurements. Iree films were detached from the
glass plates after ymmetsion in dislilled water for
about three dayvs, dricd belween fwo sheels of ab-
sorbent paper and then kept on a desiceator contain-
ing silica gel.

Watar Permeation

Walcr permealion was performed with the weighed-
cell technique, in which the filon 15 vsed to cap an open
aluminum cup, thus functioming as a partition clement
between the interior and exlerior of the cup. In “woet
cup experiments,” pure waler or CaCl, soluilon with a
known activily is pul into the cup and the resulting sed
{cup, waler/ solulion, and film) is placed upside down
ina chamber wnder dey atmimphery, which is achiewvesd



by placing a pot containing a strong desiceant (P,00)
inside the chamber, Under these conditions, a water ac-
iivity difference (or cquivalently, a waler vapor pres-
s dﬂfereﬂn:r:] B eslablished belween the insids and
oulside of the cup, so thai waler is forced o permeale
the film, from inside to oulside. By periodically weigh-
ing the cop, the loss of mass s obtained over img,
which allows for he determination of water (low
theough the film. In “dry cup experiments,” desiccant
0 is put into the cup, which, after being capped
with the film, is placed upright in a chamber whose hue-
mtdity is contmlh-d by placing a pol containing pure
water or CaCl, solulion with a known activily, Under
these conditions, water is forced to pormeate the Hlm
from outside Lo inside. In this cave, water flow throubh
the film is measured by following the mass gain over
timg,

Waoter Saiplion

Water sorption was measured by soaking discs of
[ilms with 37 mum diamclers in puee water or NaCl so-
lutioms with variable activities over a period of 4 week.
Although & day is sufficient [or the films to take up a
waximm quantity of waler as was verified fttom previ-
ous tests, we kept them immersed [or @ week In oeder to
wash ot impuritics ke entrapped solvents ioside the
filmns, After thal, ihe films were dricd belween two filler
papers, weighed, and lhen dried in an oven at 80°C for
24 hr By weighing the films again, the waler uptake:
conld be calevlaled as g 100 g of dey filn, Turther dry-
ing, for another 24 hr did not produce any change in the
'[-"-E]E;F“ll wf the filrms.

D.C. Resistance

1D.C. resistance was measwred by the polarization
method. Free [ilms were “sandwiched” betwoen lwo
halves of a cell, birth of which were [lled with NaCl ao-
tation, A platimrmn wire introduced into cach compuart-
menl of the coll was used to make elechical cortact with
the salution, A petential of (L6 volts was applied to the
electrodes and the resislance was obtained by measur-
ing the cureent.

Electrochemical Impedance Spachoscopy

EIS measwcment was performed on the attached
[ilios. PV oylinders willi 21 mom inlernal diamoders and
30 mm lengths wore bound wilth adhesive onto the
pured [ilms This sel comstituled the measurement cell,
wilh the steel plate acting as a working electrode, A
platinarn strip was used as a counter electrode and a
calomel clectrede was used as a relerence clectrode. The
cells wicre filled wilh an MNaCl solution [rom W and
then EIS measurements were performed over fme, A
polentivstat/ galvanostal [rom BEC&C Instrumenls and
a frequoncy  response  analvzer  from Solactoom
Instruments were used. Before cach EIS measurement,
the resl potenbal was measured and the value found
was used av an imposed signal amplilude. ' he signal
[revjuency range choesen was 1 MHz lo 100 mHz, but in
many cases the measurement was interrupled before
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the end because the resprmse signal was prone to greal
error al Iow frequency.

RESULTS AND DISCUSSION

Permeaation

Ligtire 1 shirws a plot of mass Qow apainsl the inverse of
the thickness of the film. The upper curve represents da-
ta from cxperiments performed under internal to exter-
nal waler activity difference {i.e., the difference betwoeen
the water activily inside the cup and waler activity out-
side the: cup), &4, equal lo unity. The lower curves rep—
resent dala from’ CRperiments pcrIormt-d under A,
(1.3, Open symbols represent dala from dry cup vxpvn—
ments, closed symbals represent data from wet TR €%
petiments, Il can be scon that when ar =1 the same
curve is obtaimed for dry and wel cup EXP{_I‘IH'LE‘HE\‘ vt
when Aq = 1.5 the curve for the dry cup u:xpenmmt is
below the curve far the wel cup experiment. | he expla-
nation for this result is given next,

Cenerally, the measured mass flow (T lof a hqmd
penetrating through polymer films is the sum of two
flaws: the Fickian (or diffusive) flow {171 and the viscous
flow {J;*). The first, dependent upon the film thickness,
mrmspondcs to the artivatcd penetrating tranwport
through the polymer matrix and the second, independ-
ent of the film thickness, to transport through Lrozen
hules. We call frozen holes the froe volume associated
with e discontinuows dishibulion of microvoids in a
mol-like liquid (or glass) after solvent evaporation. In the
case of crosslinked pnlvmers like: epoxy resing, the holes
can also be microregions of low crosslinking density. We
assumne that these holes are sufliciently large enough to
promote capillary penetrating, condensatlion, and so the
viscous tlow should be conleolled only by the penclrat-
ing evaporalion at the outgoing sweface of the film.
Mormally, it s reasonable to expect the namber of mi-
crowoids to rapidly decrease with incrensing film thick-
ness, but, depending on the solvent r:rv-:lpl:'lr:;"t’ri{m rate, in
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many instances these voids could be created as 4 conse-
quence of solvent relenbion

Or Lhe other hand, in the case of thin films (general-
ly Yess than 20 pm Fhickness), these holes can be de-
scribed ax pinholes, whicl are constituted by rough de-
fects in films like bubbles, pores, and fissuces that could
be produced by the deficent application of films, me-
chrmical / thermal slresses, and presence of solid impuni-
ties. Also, pamt formulalions whose pigments are poor-
Iy wetled by the resin can lead lo debonding at the
interface, which will preduce pores in painl flms
Miscovic et al.' referred Lo these defects as macrapares,
and showed that they are responsible for clecholyle
penetration through films of epoxy resin. By exposure
of films to 3% sodium chleride, they found thal, al-
though the quantity of eleclrolyte inxside macropores
can be only one-tenth of that inside the polymer net,
iomic comduction through the fitm depends only on con-
duclion through macropores. Linoissier ef al !? from
measurements of water diffusion in polystyrene fikns,
found @ nor-Cickian behaviorn, characterized by a fast
lransport with no time lag, They crediled this rapid
non-Fickian transport to the presence of delects in the
bulk of this malerial, as they verificd by transnussion
clectron microscopy.

Al he present, we believe that in thin films, pinholes
and frowen holes can cocxist, so that lhe measurement of
lTansport properties in these films can lead to parame-
ters not characteristic of the polymer itsell, but of pa-
rameters resulting From the transport through rough de-
forts, which are charackeristic to the processing. Homoe,
if ome wishes to obtain intrinsic properlics of the poly-
mer, measurements should be carried out in thick films,

LM e T e T T —
E"#-'-‘—-Q_...._._l._ e — ] | m LEIFE LM
10 !_ .__’__v. - —— - ....-I & L4l
"E i . * 1 & L=81pam
E n‘lf‘ 1l ¢ wrmeem |
s 9 I'| S ¥ L2328 pm
m 1 =
L 1|:rf "._‘ 1-_______-___ i ] =4
I ; I\ ———— . .
17§ ‘\' 1
e _— ]
H:l i B 1 i | e e Il A
il gt
e g 1 =
i = — ]
B e
5 19 ra,/" 1
" Al &
G R - *
[ o
4 . S —']
1 ;
I 1
10 I 1
1n' i i i i i i i i i
9.0 92 00 o 0@ 10 1,2 4 B 16 24
&, metallly
L

Figqure d—Somme golo presented it Fguee 3 [
Cut with concanration as e indeoendent
viaroble, The product of resisfance and con-
it vty of MorCi snlufion iz aizo ncluded,

az Journal of Coatings Technelagy

where defects are expected to be almost completely
eliminated.

[f Tick's [irst law is obeved, when the filo hickness
iends to wfinidy, the I vaiue should extrapolate o ze-
0. Butif the s polymer matrix that contains a fraclion of
frircen holes, the Ti+ value, extrapolated Lo infinite [im
thickness, 15 nal zero and would corvespond 1o the flow
{hrotgh these frozen holes. Defining this flow as 1o

" A
=l i1}

&

where |, A and A are the penetrating evaporalion rate
at the experimental temperalure, the area corrcspon-
ding to the fraction of froeen holes, and the geemetric
arca of permeation, respectively. At this paint it i im-
porlanl lo indicate thal once the gel in the liquid is
furmed, affer solvent evaporation, Lhe frozen microveids
are distributed throughout the bulk sample, and s0 A
can be considered independent of film thickness.
Let us consider the following cquation:s:

| i by (2}
oAl
I --pi- \L' 3)

where equalion {2] and equalion (3} define the oopen-
mental penetrating flow and Fick's fusl law, Tespective-
lﬁ and Fi. AV, L. arc lhe mean permeability costficient,
the internal to vxternal penclrating vapor pressure dif-
forence (e, APy = P, — T ) and the thickness of the
sample, Tespectively, It is possible to wrile the diffusive
flow U7], since 17 corresponds to the transport through
frozen holes and i independent of the film thickness,
making ;=17

Thercfore:
a_ev o Py AP ”
Il A b L i4)
ur tewwriling coquation (4
ap, L )
-[i"x-.-. _Iim - I:Ii {-:):I

Thercfore, if there is a compunent of viscous flow,
then we chserve from eoquation {4) that a plot of I ys,
1/L1ike that shown in Figrre 1, when extrapolated unti]
181, =11, will intercepl the ordinate axis at a point that
ounrespomds Lo I" . Following this procedure, we obtain
in Figure 1 the values of 1. corresponding to the three
curves shown, When ag, = 1, the same value, 0418
mg/h ' an?, was obtained, for both wet and dry cup
experimoents. This result shows that when Az =1, the
water comdensed inside the frocen holes, in an extent
that iz equivalent for both dry and wel cup experiments.
such that the sane fraclion of holes is condribabing to
viscous flow,

wWhen Ag =105, howeven two different values of I
were obtained {or wel and dry cup methods, Besides,
e values (008 me b .om™ and 0.004 mgh-'em = ob-
tained, respectively, [or wel cup and dry cup, are small-



er than one-halt of that obtained when Ag = 1. I'hiy
means that, when water activiby is loss than OnE' lthere 1y
le=s L’L].‘.Illlaﬂf condensalion inside the holes, and hence,
the viseous fliny companent s smaller, In addition,
when the aqueous soiution is in direct conlact with thf'
Blm, as is lhe case in the wet cup method, a higher val-
e of Te is obtained when compared to that obtained in
the dry cup method, because of higher capillary con-
demsation in the former.

Now, using the water evaporation rale value,
F(30°C) = 1163 mg.h Yem * (from measuremenls in a
clip wilhout {ilm), the geomelric area of permeation,
Ay =907 cm?, and the value of viscous flow, [ = 0.018
mgh o il was possible 1o determine from equalion
(1) the arca corrcspondmg o the fraction of frozen
holes, A =0.014 cm? 1L is important to observe that this
arca, which cortesponds to about 1.15% of geomelric
arca of permeation, although small, is responsible for a
sipnificant fraction of mass Dow wough the films, as
can be soen Dom Figuee 1 The component of viscols
flow I becomes more signilicant as the film thickness
increases.

From the previows disoussion, it becomes clear that
o needs to discount from experimenlal Howr the value
corresponding to viscous flow, in order to correcily ap-
ply Tick's first law to permeation through films. .'-zgu?’e' 2
shows a master rurve obtained after subtracting the vis-
cous flow T from the measured Now and alier correct-
ing for the differsnce in water activities, Data from
Hgme 1 are represented as LI against Ap /L in
Fignre 2. With o good approedmalion, the points fall in-
lo a single line, This is whal one would expect [rom a
system that nbeys Fick’s first law, desaribed by ELll.mtlr:ln
(3}. The slope gives a permeahility coofficiont of 21412
zylommmHz !, The independence of the penmeabil-
J.L‘E' coclficient on ihe weater acliv ity, which s revealed by
the single slope, shows that the water does not affect the
film. Such a result i not unexpocted sinoe the Rlms
were highly crosslinked alter the haed thermal reat-
menl, namely 80°C for 24 he, as could be eslimated Ty
solvent extraction experiments desoribed In the Samples
FPreparation section.

D.C. Rasistance

Drata tromn d.eo resistance messurements dre n-_'pt‘n‘ted
in Figure 3 as a plob ot B.A against thickness of film. K is
the measwred resistance and A s the area of [hn ex-
posed Lo solution, about 5.9 cm® Tach curve corre-
sponds to g easurement ]_'IETfHTTI'I.l-"d at a given MNaCl
comcentration, which is indicated in the graph.

DL resislance measuremends performed wnder dry
conditions were also included to obtain the intrinsic re-
sistance of the material, It can be seen that intrinsic ve-
sistance does not change apprecably within the Tange
of thicknesses studied. Hence, the change in resislance
with lhickness presented by other curves is caused by
the differences n iomic mobility thrugh the films.

n general, the resistances increased with thickness

unkil a maximum of aboul 100-180 pun and hen de-
creased unexpectedly. The nitial increase in resistance
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L1 Figure S Wirkor absorotion against wolkerac- |
fharly, Flms willy IFickness aroundd 70 pm,

was comsed by a teduction in the fraction of pinholes
wilh increasing Lhickness of the Olns, a5 was discussed
in the prereding section. The decrease in measured . ro-
sistance for thicker flms could be cavsed by a reduclion
in the degree of crosslinling of lhe [ilms, as a result of
solvent retention. Inorder to verify this supposition, we
made solvent extraction measuements. Us‘ing acebome
as solvent, the mass extracted from flms with 23, 45, 74,
and 267 jum was respeclively 2.5, 2.5, 3.4, and 7.4 g/ 100
of dey film. As can be seen, thicker films have a higher
fraction of soluble material, which means they arc J.I:‘SS
crosslinked. As a consequence of being less crosslinked,
thicker films can have a higher fraction of froeen holes,
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which, a5 we have seon, allow for capillary condensa-
tion of water. Ions of sedium and chloride could thenbe
transparled through these holes, prodacing conductive
palhevays i the films,

In another experiment. we mcasieed sorplion ol
pure waler in films with 23, 45, 74, and 2687 pm. The up-
take of water was respeclively 2.2, 3.1, 3.5, and 5.4 /100
g of dry film. As we van see, thicker films absorh more
water as a result of being less crosslinked. On the olher
hand, hinner, more crosslinked filins absorb less water
Bul have a low Jonic resistance because of their high
fraction of pinholes. Finally, in the range 100-180 pm the
epaxy films probably present the oplunum balance be-
tween high arnsslinking and low fraction of pinholes.

Figure 4 prosenls the same oxperimental data as
shown in igree 3 but with NaCl concenlralion as the in-
dependent vatiable. ‘The thickness of tilms is indicated
in the legend. The product of the flm resistance and
conductivity @ of lhe NaCl sulution was also plotted. As
can be seerl, lhe resistance, in genceral, decreases with
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comcontration, This bebawvior was termed by Mayne et
al*® as conduction type direcl (D) because Lhe resist-
ance of the film follows thal of external solution, The fall
in the resistance willy the concentration is high for thin-
ner films because of their high [ractiom of pinhales,
which are filled up with solution, creating conduclive
pathways through the films. Tn this case, conductivity
depends on elecirolyte comeentration inside thewe path—
ways, which is expected to follow that of extormal soln-
ticwn.

The total area of these pinholes can be cslimaled
from the plot of B.o ¥, concentration in Figure 4, ac-
cording lo the procedure nsed by Riivolo-Filho and
da Cosla® One can conyider the palymer film soaked in
NaCl solutiom as a conductivity cell, whase elecirodes
are separated by a distance | and have an area equiva-
lenl Lo ihat oeeapied by pinhicles, &, 'l his hypothetical
cell will have a coll conslant given by Ro =L 4, In
Fizure 3, by extrapolating R valucs [or high concentra-
tion regions, where they are nearly constant, one oh-
lains the hypothetical cell constant LY A, which can be
used to estimale the area of pinholes from the thickness
of the film, The caleulated values are given in Table 1.7t
can be seen that these arcas are mach too small when
compared to geometric areas of the films, about 5.2 cm?.
Nevertheless, in Lhe case of 26 and 40 pm {ilms, even
that small [raction ares of pinheles is sufficient enough
le produce & promoumced decrease in resiskance with
concentration, as can be seen in Fgure 4. This resulf is in
line with thal oblained by Miscovic ol al,, '™ described in
the Pormeation Results section,

On the olher hand, the arca of palbiways caleulated
for the remaining, thicker films is excessively small and
is expected to be unrealistic. In fact, pinheles in tese
thick films arc expecled to be absenl, as we have dis-
mussed in permeation experiments, so that innic trans-
parl through them can take place only through frozen
halea. Although water can condense inside these [rozen
hsles, iomic concchlration and iomic maobility at these
sitey are probably much hnwer than that in the external
solulion. In this case, the values of A, calculaked by the
conductivity cell model are underestimated. Indeed, as
we have seen, the cslimated value for A fram perme-
ation experiments is (L0114 am? or L4 = 10% pm?, which s
much higher than those czloulated by the conductvity
coll model. Wu et al 2+ using a wire beam cleclrode,
measuved Irmic Tesivtance at nomoerous localized areas
{1 mm in diameter) theooghout varnish films, finding
areas with high resistance {10"-10% ohms) and areas
with low pesistance (108-10% ohuns). From these measure-
menls, they estimated the peramtage of high resistance
and low resistance areas of the film. For a phenolic var-
nish they found 75% of low resistance areas; for an
alkyd warnish, #MG of lovw resistance arca; and [or a
polyurethane varnish, 58% of low resislance area. When
companing these elevated percenlages of low resistances
areas, with that of enly (1.13% [or the A areas found in
the prosenl article, it seems that & | areas are not related
wr the low resistance arcas found by Wu et al. Al this
poin, it s important 1o olwerve that W el al, studied
very Lhin films, aboul 16 wn in thickness, while in the
prosent article filims that are considerably thicker were



studicd. Hence, it is reasonable to think that the mor-
phology of the films in the two works are distinel from
cach other,

Trenm this resuld, we can presume that ionic lranspoert
inn thick il of this cpoxy resin is highly hindered, al-
though water transport com occwr and is easily de-
tectable. This suggests that these [iins have permense-
lectivity, lhat iy, Lhey allow water but not ion uptake,
probably due 1o the presence of fixed charge n the
binder matyix. Therciore, the film with 179 um, which
shows the highest vesistance, prosents a shphl lendency
to corduwction type indirect (I), ie. ity resistanoe ran
couttler to that of external selution, as can be seen in
Figure 4. According ko Mayvne et al,” * the increase in re-
sistance with concentration of clectrolyte is caused by a
riduclion n the water content of films due to s decrcase
inwater activily in extcrnal sohation. Figure 5 shows the
results of water soTplion measwrcments, whore the wa-
ter uplake ix plolled against aclivity of water in the so-
lulion of immwersion. The range of aclivities covered s
the same as that vsed in d.e resislance measurcments. It
can b seen that waler uptake dearly decreases with a
decrease in waler activity {herease it WNaill concentra-
lion} in the exlermal solution, comfivming the aloremen-
tiomed stalement. The sorption experimenls were per-
formed in films with thicknesses arand 70 um.

Electiochemical Impedance Spectroscopy

Figure 6 shows e Nyguisl representation of the da-
ta oblained from a film 60 po i thickness. 'This is the
lypical behavior which is expected [rom a melal-coat-
ing-elecirolyte systemn, In the tiesl hours of exposore to
solitorn, the coating has been slightly penelrated s that
it presents. predominanlly, a capacitive behavior,
Therefory, the plot corresponding lo four hours of expuo-
sure is almost Encar After 28 I of exposwre, the plot
takes a semicircular shape becaose the uplake of volu-
lion into pinholes creates conductive pathwavs
ltheoaghout he film, so that the syslem behaves like an
associalion of capacilors and zesistors. Figure 7 shows an
ceniivalent circuil aften used do represonl 4 metal-coal-
ing-electrolyte solotion system *= R . is the coating re-
sistanice and C.ix the coating capacitance. Using an ap-
propriale software lo fit the dala to this model, R and
C could be calculated ay a function of cxposure time, A
plot of (K. A and C. wvs. exposure iime is shown in
Flynre %, As cau be secn, nitially, inthe firsk 30 he, the re-
gistemee diminishes almost three decades, correspon-
ding lo the walcr imbibition period. However, atter
about 144 hr of exposune, the resistance increases again
because reactions starl al the interface metal-polyiner.
{m the olher hand, coating capacitance incrcases as a re-
sult of soflubon uptake unll an equilibrium vaine is
reached. Similar behavior was observed for a filmn with
33 .

On the other hand, Nygquist represcntation of flms
with 98 and 138 pm remained almost livear when they
were exposed fo solulion, showing only a slight e
cremse inslopw, even after two months of CXPasUTE. This
is in accordance with de pesistance measurements,

Eveluating Barrier Properties of Crganic Coatings
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whore (L was shown that in this range of thicknesses the
filimns present maximuom ionic eesistance (see Figure 3},
Henee, in this range of thicknesses permeation of ions
through [fms is highly hindered becsuse pinholes are
seaTeely present, as one can sec (rom the results In Table
L. In Figure 9, B, and C for [ms with 98 pm were ob-
lained as a function of exposare fime, using the model
shown in Figrre 7. The uptake of a small amount of so-
lution is neted from the slight decrease in d.o. resistance
and slight increase in capacilance. Similar behavior was
observed tor a film with 138 pm.

I'he R.A values oblabed from due, (free films) and a.c,
{attached films) messuroments are similar when the
saume thicknesses are compared.

CONCLUSIONS

Resulls revealed a high dependence of barrier proper-
lics of epoxy-polyamide vaenish filins on thelr thick-
ness. Thinner films have a significant fraction of pin-
holes, which are rosponsible for he failure in Lhe barrier
properties of the material, Films velalively  thicker,
namely MWO-TH pm in thickrness, when attached to a
sieel plate are highly impermeable o ioms and do oot
fail in the course of fvo menths of lesting. Nonetheless,
pathways inn the form of frozen holes are still present in
thicker tilms, as we verificd [vom permeation experi-
ments. | hese [rozen holes can be Filled with waler, but
fort mobkilily and o concentrabion at these siles are
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probably too small, and so the lonic resistance is high.

'he equivalent circuit proposed allows one to obtain
R.A values sirsilar to the values oblained [rom d.c. inde-
pendent measures. This fact shows that the electro-
chemical impedance spectroscapy can be usced b char-
aclerize the ionic tramsport through lhe aftached
pobymeric fm. The same model of equivalent civeuit al-
lowss us to explain the aging phenomena.

From a multifayered maodel it was possible to obtain
a Fickian compenent of the waler Lransport and the
myan permeability cocHicenl, by 5ub5’rractin1§ the non-
Fickian componenl of the transport from the experi-
mental value,

ACKNOWLEDGMENTS

The authors wish to thank CPq Lor their financial sup-
port of this project and LAC-COPCL for their technical
SLppoTt.

References

U~J Bollusd, T, Wicewbang, L., and Latenisivn, B3, [ Adiben 5o, 25,

THI97 (14914,
(21 Muoyne, TR, Ivars, Jast Adeinds Fiishimy, 41, 127 (T4
0 Winsella, L. wed 3ayne, TFOL, He Doty L1, L3 [19E9).
(41 Mapne, TEO. and Seantlebury, T, Br Polye. [ 2, 240 (190
i3 ayme, LEO, med SemBdbary 100 B el 1 5257 (1971
t6) Moo, TEOL and Vills, D) T 0d & Colerr Chemists” Assoe, 38,

36 Journal of Coatings Technology

114)
18]

20)

i2l)

135 [19%5).

Yerndncles TPrini, B and Carll, H.,"[pn’x}r Coal lar Fihme

Merabrane Proveriies el Tilm Derericration,” JoUikal OF

[C0a s ThooLooy, 49, Wo, 630, 62 £19771.

Centi, TT, Thaeo, 5., Perndnciees -Trind, B, 2nd Maots, ACL O

Ee Catoiie Clenezte’ Aasoe, 61, 73 11978].

Maswiani, ¥, Crousier | I, and Larzeri, &, Careos, 5o, 54, 1680

(19931

Deflontan, ¥, Pedeizzl, L, and Bonora, B, Corros. 301, 35, 1687

(19961

Popor, 1M, Alwohaibl, Mo, and While, RE, § Elocirciea.

Soe. 14N, D47 (THE)

Van Wesling, ELBL, Forrad, G, and de Wil JHW, Cers.

Sef., 36, 057 (1094,

Wan Wealing, ELKL, Foerram, GM, and de Wil LHW. Camins,

Sef., 36, 970 [ 094)

MeCloney, 5.4, Popava, S, Poporw B, a0 White, BB, [
terbrochien o, 139, 1350 {1992).

wan Jder Weije, L H.. van Weating, EEAL, awd de Wik, TEW.,

Covrun. Boi, J6, 043 (101411,

Sranen, 1, g, Org. Conf., 10, TR7 (1862),

Menyen, T, Tobbard, LB, and Turamerdbeim, LA “L.mified

Model [op e Degradation of £rganis Cootings vo Stecl ina

Meutral Tlecoshyte,” Jon Boas OF TR TROH000, 8, oo

BR3, 15 11505,

Bdiniac-Stankeric, W, Dreec, DM, and Teodomoyic, 4.

Covips, So, 37, 241 119950,

Limwirsiar, T, (Gailland, F. Fomend, ., and Feller, LF, Appl.

Coiner Foi, 66, BA5 (153,

Rovalo-Fitha, A, amd da Costa, TS5, “lehavior of Some

Anticoieosive Dpoxy-Tolvamide Prioers Troe of Toead and

Chranate and in the Frescuce of Chlotide long,” Juske s o

Coariis TUCHR LT, 8, Mo BT, 67 (183,

Chi-lan-Wh, Riesjun Whow, and Yomg-um an, fag, {_').'g. Logl., 25,

270 [1H5h,



	evaluation pg29
	evaluation pg30
	evaluation pg31
	evaluation pg32
	evaluation pg33
	evaluation pg34
	evaluation pg35
	evaluation pg36

