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INTRODUCTION

valuation of coaling performance is j_m]pﬂrt;:‘mt te

buth coabing developers and end usees who need to

sereenavailable coatings for thelr applicatioms. The
best test of Lhe corrosion perlormance of a coabing is ambi-
ent, service conditions, Unfortunately, the coating degra-
dalion under these conditions Tnust be very slow for amy
eoatingot praclical interest. Acceleraled exposuresand S or
laboralory Lesting are commonly used teevaluale coatings
inarcasohable time frame, However, thewscolaccelerated
Lests paises thedssue of validity of the testl—do the coatings
ormaterialsdegrade inthe laborvalory with thesamemecha-
mismy ag hey do in the ficld? An additional issuc is
quantifteation uf the carly stages of degradalion. Visoal
inspectiom is the most common means of evaluating a
coating’s performance. Such evalualien is omly semni-
gquantitative and requires signilicant coating degradalion
and substrate corrosion, which can take a relalively long
lime [or good coatings, Thus, thereisanced lora meansto
detectumd quanlify the early stagesof coating degradation
torallonw for Lhe unth'r evalualion and screening of coal-
ings.

Electrochemicalimpedancespectroscopy (BI5) has been
used todetoct coaling degradationin Gelaboratony T Very
goud correlalion has been shown between short-term FIS
datoandlong-term coating perbormanee in seawaler, deimn-
onslrating the technique’s predictive capabilities, Tradi-
lionally, LIS measurements have required immersing the
specimen (0T an area of the specimen) into an electrolvie.
Suchimmersion at bestis inconventent and fione consum-
ing and can result In artifaciual damagge to the specimen
cvenfor shortimmoersion Limes.

Avecently developed in-situ corrosion sensor allows IS
neasrements o be acguined under ambient or tostcondi-
tiomsand canbe used topredicl coating performancebefore
any visual deterioration.™ One particularly usefld ability
of the sensor is W oblain the exact same measurements
wder different conditions, such as beach exposune and
different laboratory acceleraled lesting exposure, This al-
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An‘t fH-siti COPYOSIOR sensoy was used to obfain
electrochentical impedance spectroscopy (EIS) mea-
surcwtents vn corled panels under a variety of
accelerated faboratory test conditions as well as
aathient exposure at a Florida beach. Three studies
are teported. The first compared the sensor (EIS)
mewsuremen{s takert in a salt fog chamber to those
pbtuined using a clamp-on cell and the conven-
tional remote electrode/immersion approach. For
contings with minimutl edge defects, the two methods
e equivaleit vesults. For coatings with edge de-

fects, thesensorivas able todetect the defects provided

the surface was wet, as in the salt fog chamber. In
conttrast, the comwentional approach was unable to
Aetect defects unless tiey were within the confines of
the clamp-or cefl. Tn the second case, sensor measure-
wients were ysed to compare coating degradation
during salt fog, acycliccorrosion test, humidity, and
ismrersion fo fhal securring at a Florida beach. The
eyclic corrosion fest showed an excellent correla-
tion with beach exposure while the salt fog and
otlier test shoteed very little correlation, suggesting
that the eyclic testis more valid for discriminating
coating performance for seacoast exposure. The
sensor also mﬁimtfxi that the test could be short-
ened g up (o 400% without significantly reducing
the validify of the test. In the final example, a series
of privers and appligues were evaluated using the
eyclic covrosion test. The sensor EIS results al-
loteed  discrimination between the materials sets
even thouglh there was little or no visual difference
befween the specintens.
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lows a correlation of the different exposures to determine
which laboratory tests host duplicale field exposure, Al-
lhough such comparizons have been previously roported
using visual ohscrvations, welght loss measurcIents,
analisis of corTosion products, or othersemiquantitativeor
late-stage measurentends,'! P direct compraTisons ofdifier-
ent exposure conditions using a quanlifiable measure of
eoaling degradation from the very carly slages hasee mod
been possible. The ability of thein-silu sensor Lo obtalnF15
measurements under {hese different conditions has per-
mitted such a correlation,

Two versionsof the sensor are available and were used
in theinvestigatioms reported beve, The firstisa permancenit
sensor electrode thatis applicd to the coabing stirface. An
elecleical lead is then commeeled o the electrode. This
version is parficulardy usctul for monitoring, inaccessible
arcas o taking repeated measu remenls in an acceleraled
test chamber, The secomd is ahand-held sensor probe that
i pressed against lhe coating surface when measucements
areacquired. This version s useful {orinspectinganumber
of speiimens or structures in service lhat do not have a
permanent sensor applied. For both versions, clectrical
connection to the substrate completes the electric clreuit.

| hree studies are reported here, The first involves a
comparizon of EIS results obtained using the permnanent
sensor and tradilional damp-on eell measurements of
painted pancls exposed fasalt fog, Thesecond invelves a
compatison of differenl accclerated laboratory tosts with
beach expostire in Florida, The final sludy demonstrates
the usefulness of lhe sensor in naterials screoming,
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EXPERIMENTAL

I compare E1S measuremenls taken with lhe permanent
consot with thuse laken with conventiomal flal cell technal-
oay, a series of 2024 aluminum panels with acrospace
srade primers were tested in salt tog exposure (ASTV B
117). Sensor measuremenls wore taken while the panels
woreinlhe testehamber by snaking the lead wiresinidside
of thechamber for cunnection trthe Gamry PC polentiostal,
The sensor lead was connected to the counter and reference
slectrode connections of the potentioslal, The worling
alectrode connection was attached fo the substrate. The
frequency was typically swept irom 0.1 to 10 Hx.

The comventional ETS measuremerds wore taken by re-
mering especimens from the chamber, attachinga clamp-
o cell, filling it with 3% NaCl solution, inserling counler
and reference (standard calomel eleclrod o SO eleckrodes,
and acquiring dalausing thesame potenliostatand param-
eters used for the sensors, The measurements weve begmin
a Fowe Tingtes Followring setup; bocause the s pecimen was
already in equilibrium with the sall [og environment, no
equilibration lime was necessary. The coll was then conp-
tied and removed; the specimen was rinsed, and then
returmed 1o the sall fogr charber, Tatal time of Immiersion
cxposure was less than 30 min.

For compatison of the differemt accelerated laboratory
bests and feld exposure, a varicly of coatingswere pre pared
on 2219 alurminium using a spantaneons pelymerizalion
process. 670 In this process, the panel 3 inumersed ina
monomer solution. The panel s vorface promotes polymer-
jzalion of the monomer with the result aflcr drying bemiga
thin, profective coatimg with [ow defects. Conventional
coatings wese also used for comparison. Atotalof over 100
coatings were evaluated, These exhibited a wide range ol
performance, asdusited fo comparisons of diffevent cwpo-
siee conditions,

Four accelerated oxposure lests were used with (he
spontancons polyimesized coatings, althowugh not every
coating was subjected 10 cach test. The four exposure fusts
were: sall fog orspray (ASTM B11F), cycliccortosion fest,
humidily exposure (ASTM T 2247), and waterim mersion
{ASTMTET0)



The standard and most commen accelerated test is sall
Spray, w hichisoftenspecified butrarely corresponds well
toservice degradatiom. The salt fog exposure was 2000 hr.

The ollicr prindpalmiposieeisbazed ontheTord cvclic
corrosion lest Lhal was developed for evaluation of the
perforation resistavweof painted steel; the testdevelopment
and procedures have been reporled elsewhere, ™% Clher
autometivecompanieshavesimilar ey dictests, differing in
detail of exposure comditions. Uheexposure poriod was T
cveles {each business day comresponds to one cycle.) We
maodificed the best Lo reflecl the coastal conditions at the
Kennedy Space Center (K5 immersiomin artificial sewa-
waler wlwse prTisreduced tod by adding HC to simulate
the acid precipitation caused by rockel molorexhausi (15
min), ambicnt deving {Lhe, 25 miny20%, homidity at 50°C
{22 hrY, and ambient exposure to LY or artificial solar
radiation (weekends and holidays).

High humidity (100% RH, 50°C, 30 days) and immer-
sion (3&8°C, 168 hr] exposures were alsn used for some
otz TTinwever, these tests worenot vory discriminat-
inge: e they woerecasy for the coatings (o pass and were no
used for all coalings.

Tield exposure was conducted at the Kennedy Space
Center's beach corrosion sile, Panels were mounted on
racks inclined al approximately 30°, The racks faced the
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ocean, approximately M maway from the high tide line of
the Atlantic (oean.

Inaseparaie lesi. a series of appliqueés and primers wore
evaluated as part of g waterials seresning process, Stecl
substrates were used . The appliqué specimens were only
subjorted o e cyelic corrosion lest, Here I TS50 wasuned
lo loweer the pH and represented acid precipitatiom trom
stack gases.

For the latter twio sludics, lhehand-held veesion of the
corrosion scnsor was used, I was pressed against the
coating surface usinga drop of ultrasemiccouplant, which
temdstoimprove the siymal-to-noiseratioof Lhe data, For the
salt fug and cvclic corrosion tests, dalawere generallyiaken
oYLy l'.wowu:elxs [or the humidity test, data were wenerally
takenevery week, for immersiom, every s malda\'\. For the:
beach #ite, data wers taken atthree- o four-m L‘uuth nterals,
Specimens woere removed frem the lesl chambers for BIS
measurements, In the case of the cyclic corromion test,
meastrements were taken during the dry ey cle. Forsomeof
the pritner fapplique spec mens, easuTomen s wors ke
with this schedule; for others, measuremenls were only
taken before and afler the complete exposure test.

Drata were generally avalvied using the groomoetric mean
of the Towest fregquemey decadeof points, This region ol Lhe
impedancespectrum {Bode magnilude plol)isvery senst-
live locoaling degradalionand canvary by sew eral urders
of magnitude. her an alyses in vu]vmsg; Phase angles or
equivalent circuit modeling have proven usetul in Uth["r
systerns, such as composites or adhesive bonds, 2 bul did
nol provide signilicanlly more information than the sicnple
lowe-[requency impedance for ihese coatings studies,

RESULTS AND DISCUSSION

Fach coatimg exhibited degradalion as reflecied in the
impedance speclrLLr:n measured by the in-situ corrosion
sensors. This s mosteasily indicated by the low frequency
impedance that can derTense by sever al orders of magni-
bude during expasurme. Accor dm&_]!,-, this pararmeter was
chosen tofrack coating porformanee. Figare 1 show sthata
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Table 1=—Coreldilon Maotdx for Different Comosion Tasts

Salt Fog Cyele TET Cycle 25 Cyola 50 Cycla 75 Cycle 100 Humichy — Ivnession K5O

Al Foey v 1
Cwzle 1ET IO 0 ) 1
Cavle 25 0 O 5 0,55 1
Cwzlo 80 a1 (.35 0 A&
Twzle 75 .00, 0055 073 Q.La2 0014 1
Cryclo 100 .. b 067 -0, 3 0,30357 0.7 1
Hurn by .. e LD 0.2 =00 .27 -0.09 0.8 1
I rncrsion o =0040 021 MRt 03 —1E6 -028 2.40 N

2 e . -C.OE8 .45% 78 0.5 0.8 J.57 -013 -3z

very grood coating remains capacitive innature (slope of -1
nthislogimpedance s, log frequency Bodeplot) with high
impedanee atlow frequendes, In conlrasl, a poor coating
exbibits a sharp decrease inimpedance atlow frequenciecs.
Dretailed analysisof lhe spectral shape (not discussed here)
indicates corrasion occurring under fhe coatmg.

By using the low frequency impedance, the petfonmance
of the coutings was tracked and comparisons were made
between different coatings and between differentexposies
condilions, As anexumple, the low frequency impoedonoes
of the two coatingsin Fiyere arc givenin Fioure2, Asamale
of thumb, the low frequency impedance of a gnod coaling
will e 10°Q or higher; that of a poor coating will be 10F 02
o lerrer. The impedance of the good coafmg romains abowve
107 £2 throughout the exposure period. Thal ef the poer
coating ismuch lower al the beginning, quickly decreases
tor 107 £3, and conlinues Lo decrease over the course of the
fost.

A5 part of the validation of lhe in-situ sensor, dixect
comparisany woere made [or panels exposed to sall fog
comditions using the sensor and conventional clamp-on
cellapproaches. Finerr 3shows oxamples of twoprimers—
one Lhalis uniform and defect-free and one thal has several
edge defects. ElSmeasurcmenls obtained onthe fivst speci-
men are ossen flally bdendical forthe in-sito serser aud the
clamp-omcellindicating that thetwo spectra taken with the
tworapproaches are equivalent. The differences seen for the:
secand specimen con be cxplained based on Lhe arca of
inspection of the bvomethods, With the clamp-oncell, the
ElSmeasurements rellect onthe ares of thespeamen under
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the cell where the electrolyte is in direct conlact with the
coating. Torthis specimen, the primeris sood in Lhe middle
of the panel. With the in-sttu sensor, the inspection area
depends on he welness of the surface. lecause thi mea-
sircimnents were taken inside the salt fog chambor, he
surface is wetand thereexists a conduclive palhway [rom
thesensor electrode to the edge defects (and ultimately to
the subetralte). Thus, he sensor is ableto momitor the entire
Lace of the specimen and detect the edge defecls,

Otherexpoerimentshave shown lhatwhen the surtace is
dry, the sensor inspection area s much stmaller snd ocal-
ized near the electeode. In comtrast, on a wet surface, e
sensor wis able to detect a coating dedecl up lo 4.5 melers
away. 'hus, the inspoction area of the sensor canbe con-
trulled by controfling (he degree and extent of wetness of the
slruchure,

By comparing ElSmeasuremen ts ol nominally identical
speames in different acceleraled laboratory tests and
ambicnl Florida beach exposure, degradation of Ehe coat-
ings under those conditions canbe compared to determine
which laboratory tests best reflect service condilions, As
described in the Experimental seclion, this was performed
for a variety of coalings ihat exhibited a wide range of
perlormance,

Aocommaon [inding for almost all of the coatings tosked
was that they did well in high bumidity and walerimmer-
sion. Because these tests were nol vory disceiminating, they
wete discontinued and nol used [or all coatings. The salt
Forr oonud cyclic corrosion lest, an the other hand, allowed a
dislinction between highly protective coalings and poor
coatings,

The final low frequency impedance [or aseries of coat-
mgs following Florida benach exposure, salt fog testing,
and cyclic cortrosion fesling is given in Figioe 4. The
cralings are ordered inincreasing impoedance folloving
the cyclic corrasiondest. It is clear from the figure that the
salt forg values are randomly placed and hal there iz liltle
correlation between the two sels ol values. Although there
i some soatter wilh the beach results, there is a clear
gengral trend that Ihe beach valuesineronse with inoreas-
ing Ford values.

This correlation is moreyuantitativel v scen in lhemalrix
of Table 1, which shonwes the population correlation coefii-
clents# for the different oxposwe condilions, Included are
errrelations with thehumidity and immersion tests, as well
as imtermediate cyelic corvosion test Tesults. The mamber
associated with the values (e.g., cycle 233 is the mumber of
cyelesom which the measurements wore taken {interpola-
tioms werensedilmeasurementswerenol lakenon agiven



day). For cydle 107, the data represent the number of cveles
for the low-frequency impedance Lo decrease to 107 0,
Previously, that parameter was shown to coreelake wilh
corroded arca al Lthe end of the test (100 cycles) of panels
wilh differond automolive rotbings.

The mostnolable finding in Table 1 is that the sall fogtest
shows almost nocorrelation with the beach rosults, thatis,
coatingperformances from the bwoexposures arein depen-
dentof cach other. A similar random relationship is seen
betwreen the beach results and those of humidity and
TMMersionexposures. Incomrast, anexcel lond correlation
isseen between ihebeachexposure and the cvcliceorrasion
test. Both the complele eydic corrosion lest resulls and
intermediate resulls at 73 cycles md &0 cveles show a
slrong relalionship with KSC resulls, A slizhily less, bt
still very gowd, correlations abserred using the ime [or the
mmpedance to decrease Lo 1F Q criterion,

The finding thatthe salt fo 2 test does not correl stewell
Lo any ambientor field exposure conditions is O e,
Many other groups have reporied the same conclusion.
" In general, cyclic lests give improved perlormance
rankings compared o the slatic sal| top tesl—materials
that dlo well in the cyclic comovion tests lend ko do wel]
under {ield conditions, Howover, the previonrs sludies
have primarily used weight koss or visual appearance: to
compare the differentexposiires. Such moensures ane only
seriguan-litative and canrequiresignificant cnating deg-
tadation, espectally in he case ol goud, undamaged coat-
ings. The corrosion sensar results prosented hore allon: for
aquantitative comparizon of the early stages of degrada-
licm,

Amorecompletecorrelation sludy of all eyelicoorrsion
test resuits (not just the ones with KSC EXPOSLLE Ul
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Accelerated Tsst Conditions Using an In-Situ Carrosion Sensor

which I'ignre d and Tuble 1 are derived) shows that increas-
ingly pood correlation with final resulls ix scen aftoy ~{if)
eycles, butthat 40 eydes and below do not previde cnough
malerial degradation loallow coatin gevaluation(F e,
Suchdaiasuggest that the testeould beshartencd from e
statrdard 100 cycles by ~40% with Jittle loss in comfidenge
i Hhe results,

I a subsequenl evaluation of primers and appliguds,
the cyclic corrosion testwas wsed formalerials sCreening.
A series of theee film appliqués and six primers, phus no
peimer{designated as Primer &7 were testod. & few comli-
nativms weremonitored al approximately [wo-week inter
vals during the exposure, ETS mcasurements of all pancls
were taken before md after the completeex PosuTe poriod.
The change {decrease) in the low [tequency impedance
measurements for all applieué/ primer combinalions is
givenin Fignve 6, Althnugﬁ there waslitile viswal difference
Petween the differon specimens following the test, the 15
neasurcments clearly showed a disceiminalion to ident ty
the most proteclive combination, Primers #1 and #2 wore
maore proteclive thanany of theolherprimers while appligue
il wassignilicantlybetter than the other fwo agpliquds, In
[act, the combinalions of prifmers #1 or 42 wilh appliqué#1
exhibiled no decreaseinlow frequency impedamce overthe
comrse of the accelerated exposure und are predicled to give
the best performance in sorvice,

CONCLUSIONS

The in-situ corrosion sensor oblains equivalenl 515 mea-
surements 1o those obtained by the conventional remate
electrodes/ immersiom approach. A distinel ad vanlage of
the sensor approach to the conventional approach is that
ElSmeasurements canbe taken undernonimmicrsed con-
dilions, including salt fog, humidity, and laboratny or
field ambient conditions. This flewibility allows the carly
stages ol coating degradalion to be monitored and allows
compatison of different exposure conditions, Coaling=and
matcrialssets canbe screened and selecled based on guan-
Hlalive BIS results inslead of waiting for visnalindicaions
ol severe coating degradalion and substrate corrosion, In
the study reported here, the cveliccorrosion testeorrelated
very well with Florida beach exposure while Hhe salt fungr,
hurridity, and immezsion tvslssE{m-'mi very e correla-
Ron, Turthermore, by tracking coating degradation from
the earty stages, the data suggest that the 1Mb-cyele corro-
siontestoould beshortod by up to40%, wi theutatfecling the
validily of the resubis.
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