Lol e =

Evaluation of Organic Coatings with
| Electrochemmal Impedance Spectroscopy
o n Part 3; Prutacuis for Testing Caatrngs with EIS

David Loveday, Pete Peterson, and Bob Rodgers—Gamry Instruments®

Ine Parts 1 and 27 of this Series, we disoussed the fechnology of appiiaeg elecerochamical
ipedinee spectscopry (EIS) o oganic coatiigs an a sietialfic substrate sueh s aircra i,
marite o ddusmial palustiatee coplings. Thiv areicle desordbes several experimental frto-
aly fe eiluaie these coatings with EIS. Tese aperienal prolocols diflfe primardy in e
rracess wsed tr atress e coaling and acoclerate the degradatimi of the coating,

There 1 vo stardard recipe for an KIS-Based eviduacion promant thal & gparavieed o
Wiz for ewety Solivg toeren: erironrent. This may come tn tme ovd, dead, i@ sl
for EIS evatuarinn of coarings i 1wler developirent ol ASTM and [5G However, ES can
b ervepdorved I g wariety of waps to evaluate virtually oo coaiing,

it may e wsefal (o think of BIS as @ sy sensitioe detector that provides a seapshar of
cinading slelus. However, a single D18 measiramem of ane vt coating fells you rothing.
To measare codting lledme or performance, the coating must be strassed I bring abog 1
Juilure. By making perindic RIS easuremnenis Juring the stress process. 4 rate of coaring
failiere con e estimunted and a series of coatings iy B tanind,

Ever though g tndlications Jiscuss the determination of the site-m-faifure of @ war-
iy this muay be ar warealiste gedl There dre e ey arhdilis el separate we from s
“Hady Conail, ™ mosd of wohich are rot related te EI8. A nare acluevairle sbjecive & T wee TIS
IR an experitartal proghim ihi 1esells Tnoa perfirmeance ranking of a seres of coarings fr
e i o spectfic envirorirent.

Thee arie of (g siress applied o the coating is, of course, very Guportarl @1 seweral os-
peces. The experimetital design w prowpl the fatlure of the coming nust (1) simalate the
sty enlifonmen! the coating will encoutter and (2] 00 ansl ol chagre e fdlure mech-
anissi. ¥

To wse EIS b0 evaluate a specifie reating syled), (1] ploce the coated sample I an envi-
reevrelr desigiad Lo geoelerate the degmdatime of e onatieg, (27 wedswe he IS ooves
ey e, and (33 ddeneife an Sidee” dhoo trecks cosling guality. the indey conld e the
Clrogttitges Capacibaice or the Pove Resittaticg, for examepls The index can be very sinmple or
mare compler and e WAl fook of siend caanples e this article. Urforrely, gl codlings
dle izt Juiil i the same way, s thete 2 a0 el Tndes Jor aesessing coating quality with
1.

Thiz complex narie of oL 1 o suTpHse (0 culings sclEntists. A foahing Spstent nay
consist of The metal substrate, sioface prefregteeent, O rrimes and ord ;v e S,
Basults ogn sty depernling om bepes of coatings, thickress, wusmber of Tavers, swface mrear-
ettt and the e of (e meiel auberade,

FIS and Atmospheric
Exposure Tests

EXPOSURE TESTS

For the purposes of this discussinn,
an “expomare 1osl” iiplies a testing pe-
niod equivalent tooa twpical standurdized
calioel or aunosphenc test. This may
b as showt as 15-30 dayx or as long as
several vears,

For the ullimate in coatings evalua-
Ho, almaspheric exposuie 15 sUll the
"godd standard.” Every ather test is an
atlernpt to simulate the resules of at-
mosphe e wels, Tl problenn wille al-

uosphieric tests, of course, i3 that they
recquire a lang, lowy Line, Nodiivg can
decelerate the deleterions effects of al-
mespheri eaposure, but EIS can ob-
serve the deteriaration ol e coating
Towngy Defore visual detects appear.

sdeastive L TS curve periodically
during the exposurne perfad. Place the
sample I contact with the electolyte in
an electrochemnical cell and nwsasore e
open-drouit potental (Eac] as a fune-
tian of lirme. The elecirolyvle can be cho
senn to simulate the parieular aimwos-
heric conditions of the exposure test.
Fun the 115 experiment wlw s saimn-
phe Liaw teached a steady state, sipnalad
by & stable value of Eoc, hdost comput-
erized EIS instrumenis can oeasires e
slabiility ol Boc. You can nm the expen-
et when the slalilily is beller than
0.1 mV/sec.

Immersion and Measurement of
Impedance Magnitude at 0.1 Hz

The mest steaishilorward use of BIS
to chavacterize coalings 15 Lo irrerse
e sauniple in an electrolyte and periond-
irally measure the impedance spectrum.
This approach is exemplificd by Gray
and Applemuan’ who developed a
method to determine e Daoier prodec-
1wy propenties of coatings. Samples
were tmersed Tn 5% NaCl solution,
sealed, and placed inan owen at 650
to accelerale sttuck. The panels were re-
moved from the oven at 1,4, 7, 14, and
28 days and the EIS anve was mun, [See
Vigwe 1]

Ihe liniting impedance at low fTe-
gquency is gqual to the sum af Pore
Resislanee [Bpore), the Polarization
Fesistanee [Rpp], and (he Soludon
Fesistance [ids]. Bp and #pon: are -
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Figure 1—EI% response of a pipeline coating in 5% MsCl at G5°L.

iFigure & (ram relerence 5.)

ing mcdel” {Figure
3in l'ant 2 of this

serieg ), Tail fonnd

]
that the tme-to-
L0160 Gt u“‘n\___v Lallure tracked the
L tate at which the
— e polatkcation resisi-
4 days = ance walue in the
- m model dropped
E O~o—0—o—o—0 = with time 1T he
~ a0 Kt W ' lip changed rap-
- Lhly inn taw [irsl
10483 M days of exposure,
the conlaiver
W0 hoher ! failed after thres
' months. Thoss
B T 12 T Tt 7 KT N < TTr Ty T T roulainess with a
Preguency {Hz} slowly changing

Hally auite Tigh aod wsially Qecicass:
with time as a result of the attack on
e coating and inidation of wnder-lilm
cormrsion. Hs is wsuably sers Taw and
cau Le ignored. The loyg of the Imped -
ance mcdilng at 900 T Lewas prated as
a function of imnersion time. The data
suppests (hat i b loe of e nped-
ance modulus is above 7 (impadanoe =
W07 olun-an’), then the coating was at
fewrding adequate corrmsion proteciion
3 the surface. Below this impedance,
the peoneglion was poon Aluwe a value
ot 7 {impedance = 10 ahm-cnah, the
proteciion ix good 1o excellent. These
tess woere conducled on Tk 1alora-
tory and field samples.

Long-Term Shelf-Life Tests

Inan carly publication,” Tail de-
tailed the mesults of extended shelf-life
lesls, A Large population ol inlernally
conted metal comTainers was aged in
"tpical” propretarny elecirolytes at nor-
mal slwage emperaluces (215 ar
7017 for longer than twn Fears.
Lmpredance mewsnrements were made at
perindic interals. The coatings kil inla
three classes. '

I the [iea class, the ELS response
ek pasentially thal ol a capucilor (see
Figare 34 of Part 2 of this series'). After
six mmomtls, e capacitance values were
vimuaily the same as when Qe exposoe
test was started. After 24 maonths, no
Ccorrosion or coaling delamination was
chseed wpon phesical examination al
the samples. The constancy of the coat-
ing capacilance hodicules e or oo wa-
ter uptuke Inthe fitst &b mwahs,

It the secuud class of coatings, the
L18 response dosely fllovess) the "coal-

www, cogtingstech. org

Bp lasted] ruere
than faa vears.

In the 1hind class of roatings, the ELS
respomse was also sitnilar do dal of w
"coatiag meodel.” Tinweever, another or-
ruit element, the Yarburyg Impredance
that models dilliwicon, was required o
[ig 1he data. [n this class, the fraction of
delaminated coating wis fouod (o wack
e Tate al which the coating capaci-
tanire, Crnating, changed over the lour-
momth test period,

EIS and Cabinet Tests

The most common estiong wechioue
Fuor coalings 3 espestre o a series of
rontnlled aggressive conditions in o
cabinet constructed or this porpase.
The comditicens include a variety of
chermistries as webl as exposure o T
radiation win] cvcles of welnessidnmess
annd heat/rald. ‘these cabinets have been
in common use for decades and al-
Ll L siodlahe almaspherdc or -
dhstrial conditions
that can be used Lo
degrade 1he coaring
im a realistic fashion.
Th el is 10 corre-
Tale calyinet tears

Analytical Series

urncdering cabivel wsty will fodlow e
general trend described o Fgure 3 of
Part 2 i this series? Ao EIS experiment
s comdiered on the specimens 0 the
cubinel on # repular basis. If the sam-
ples ate deteriorating rapidly, the B1S
curves shoubd be run dailv bor more
diralrle paims, a wevekly TIS evalualian
mav be sufficient.

See ol the rre propdlar calined
tests are ASIN B 117 Salt Spray A% L4
N 5E94 Coclic Sall Fow/ UV Expoasure.
and SAE (2234 labovatory Ceelic
Corrosion Test. The cabinet test stan-
dards specify 1he conditinns fon expan-
sure in the cabinet, but do not provide
testing methods ar pass-Lail crivena,
I'his 15 addressed in ASLA 12 LE3S,
“Twaluativ of Painted or Coaled
specimens dubjected io Corrasive
Environments.” All of these testing pro
towarls are qualitative i nature,
Coupling ElS with these standard cabi-
el Lesls canl prowidle # quanbilalive
measure of coating deterinration.

ASLM 1Y 1634 discusses both scribed
ard unscrilued] panels, A seribed panel is
generally used to simudare major dam-
wpe L Lhe coaring that exposes the sub-
atrate-coating inierface, The Toss af ad-
hewion is quanttated by measuring the
Tengih al "crevpage” of the paind [l
frem the scribe after air blome-off or
soraping, Adhesion may also be meas-
ured with a wape poll-oflwes) (AT 1T
3380, Tests on a soribed panel do ot
measne e hacrier properties ol e
coating; they measire the alility of the
coaling-sulvstrate to zelf repair when the
substale is esposed.

e Knife Adhesinn Tesl In ASTha 13
G677 tests the adhesion of the coating
o an unscrilesd sanple, usually alier a

Figure ?—Reversible hehavior of 3 coaling duzing Lhermal cyeling,
Open cirgles indigate heating, closed circles indicate cooling. {Figure
f from “oforence 8.

with acmal exposure s

Lests L powsdicl Lo

1-ailure. I is gener- 100 Kahem

allv accepted that

cubinel wsls provide 1002tk

o parative resulos =

and not absolule re- E

sl o LeazMeh
When nsed with -

rahinet tests, EIS acts 102 ks

s a guantitalive de-

tecior of coatings N

qualiry. The EIS -

1020 mHz
spase of 2 sample
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LM Bz 1500k
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Figure 3—Irreversible behavior of a coaling during thermal cycling,
Open circles ndicate heating, closed circles are cooling, (Figure 8

[l reference 9.3

JUA 0 Manm

ASTR D> 55U
Oyelie Sal Fogfy
Exposure of Lainted
Bietal differs [non

10,00 Mishis

B 7 i iheee key
factors: L3V expo-
sure, mre dilule
salt scdution, and
wetdry cvcles. The
intense LY radia-
tion ar 340 nm
plustochemical ly
deprades the coal-
mg and 15 a key fac-
Lor i simsulating
CX[IOELTE T exteror
conditions, The wel

B 2400 Msher
3
M
= 120 kohm]
128 it
1L i Lt e 16,08 re 10 e
Frequenicy [Hz}

comtrolled exposure of some st thers
s o fumelamentad dillerses hetween
milling the coating off wilh lape and
lifting the coating with a knife, and
s wtkers peeler the laller

An unsaibed paoel is used o test for

PUSHNE [AS TR T G0, sty {ASTo
Lr 714}, or adhesion (AT L 3359
theooph e coating, ot IY 610 and Db
P14 provdde a semi-quantitalive ranking
technigue mvelving the comparison of
the tesiead panel 1oa sovies of pholo-
graphs. Lhe quanttative numerncal re-
sulty fromy TIS a sevn as a major tech-
nical advancement in this area.

Since o o e ey advantapes of
k1% is the ability to simultaneoushy
uweasure he barmer pooperlies and the
rarrasiom propertics, soribed ponels are
rarely used with FI5 The saibe inflicts
physical damage o e paind Gl dngd
underlving substrate and contribuates to
powr epronducililivg?

ASIM B 117 Salt Spray is the oldest
slavdard caliver testand, enelore, the
test with the most history B 117 is used
Lo eyl bare melals and painted melals.
With regard to painted metals, history
hay not been kind to ASTA B 117 and
el EeTs accepl That B 7 dees ol
comrelate well with actual exposiue.
Neverlbeless, it is s1ill i conneon use,
prarticilarly for quality comtrod applica-
tions ar comparing different materials.
ARTM BT 7 nses a sall Tog of 5% Madl
tor accelerate the natural comosion
[PIHES S

Based ou comments from within the
industre, A58 B TIF 15 nod ennside e
o be a wselul echnigue for evaluating
coadngs and its use with B1S s ool ore-
ornmended.

24 February 2005

LD =S e and dry cvcles pro-

vide realistic condi-
Liernas [eor corcasion,
The test invnlves:

A& ane-weel (165 hr) exposure o-
cle of 4 hr UV a1 G072 aned 4-hr
candensalion a1 5070 followed
by

# A one week (106 L) Dy cvcle
ol L-he T {0003% Nact and
N.35% MNH_ S0, ) at ambienl tem-
peralime anel L-be dre-olf al 35000

# The cycles may b repeated it
agreed by the parties mvolved,

ASIr L GE, undike B 117, wias ole-
veluped specifically Tor enatings and is
geneTallv agreed to give more reallstic
reswlts. These resulis, owewer, are cam-
parative and not absolute. AT D
5834 s also retemed to as a Prolesion
Tesl, fram "Prolection by Adhesion.”

ASEM 12 3394 has enjoved wide ac-
ceptance by the coalings cammnily.
Bierwapen® reenm mends the use of 12
S5 with weekly EIS analysis 1o wack
thie slalus o 1he caaning,

‘T employ ELS as 0 quantitadve sen-
sop of coaling depraclalion during I
5594, remose the panel from the fog or-
cle, Immerse the paoel i oan eleciialy e
ol 0.05% “acl and 0.33% NH S0, al-
Yo the samiple to equilibrate for
A0 min, e ot the RIS cumee, 1o
ohtain the most consistent results,
the samples shouold be remoeed
Mec the cabinet af the same

47

the aumabile wanufacterers and their
vendors. The developmem invvalved
comparing several different test condi-
v o standard panels uatl had Deen
exposed to an urhan indostrial envivon-
menl Lot [ve vears, The test conditions
thal pave the best correlaian e ex-
posure tests were selected. Lhe condi-
Gy ol F23 39 were selevies] prinarily
to sirmuilate the effeces of road salts 1t is
mieresiing dhat 72334 does not employ
LI cxpioesLe.
(e 24-hr evcle af SA1L 27334 con-
sists of three stages:
¢ Tluuid Stage—507C and L%
relative huumidiny Tor & .
+  Sali application Stage—Ixip, fog
LT spray @ salt solotion [0.0%
FACT, 1% €200, DL075%)
MNaHUAD ) for 15 min,
* Doy Slage—00+ C and 50% rela-
tive huwnidiy Tar 17 T, A3 min.
The tvpical SAE T2334 test is con-
durted for 60 cpcles Tor coated samples.
The test allones for either manual or au-
LHalic spetation, Decause SAE T23341
was developed for a velatively specific,
sarmple, e 15 2 cormelation to actaal
eRpOsURE e B0 cycles of 5AL (27334
cormesponids to about five years of expo-
SLIN

ACCELERATED TESTS

Feen thomigh a calvinet 1estis Gaswer
than real-world exposure, it still tales a
Toong ine, Crne cwcle of ASTed I 5854
Tequires two weeks, One opde of 5aE
12334 tabes 2 laowrs uned e normual
test Tequires G0 cycles, o o monthsa!
Since nedluny is ever tast encugh, sev.
eral attennpas hawe been made o e
velop quicker tests for paints. These
sl l-lerm Lesls inbrod e e appres-
aive stress conditions to induce failure
in & shorter tinw, The vser of the aceel-
erated tests st be concerned thal (1]

Figure d—Equivalent rircuit used in the REAP proce-
durz. The Canstant.Phase Elemant 15 indicated by &5,

point in the cvcle. If possible, ou-
ordiate mulliple pancls so they
are mitside of the cabinet for the
garne amount ol e,

[AT 12334 Lahowalory O5rlic
Uomosion lest® was developed by
the antomotive and steel industey
specifically for surometive coat
inps and s widely used T Tadh
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the stress method does not change the
mechanism of failure and (2) the stress
method is sufficiently analogous to the
service conditions to be relevant. The
ultimate goal is a short test that pro-
duces a predictive result.

Thermal Cycling

Bierwagen® has investigated the ac-
celeration of coatings failure by high
temperature. An increase in temperature
will increase the rate of diffusion of the
electrolyte into the coating, reducing
the barrier properties of the coating and
possibly enhancing the chemical and
physical “aging effects” from attack by
the electrolyte.

The sample is immersed in the elec-
trolyte (0.05% NaCl and 0.35%
NH,S0,) from ASTM D 5894. An EIS
curve is obtained at room temperature,
35°, 559, 75°, and 85°C, then in the
same sequence back to room tempera-
ture. The EIS data is obtained at each
temperature after equilibrating for 20
min. A complete test procedure consists
of three temperature cycles, followed by
a three-day immersion, and a final EIS
scan. A complete test period requires
about one week. To obtain similar re-
sults with a Prohesion Test may require
4-12 weeks.

The behavior of the EIS curves dur-
ing the thermal excursions provides an
indication of coating quality and corro-
sion resistance. As the temperature is in-
creased, the total impedance at low fre-
quencies is reduced. When the sample
is cooled, the low frequency impedance
may (Figure 2), or may not (Figure 3),
return to its original value. The return of
the impedance at low frequency to its
initial value is an indication of good cor-
rosion resistance of the coated sample.

If the temperature range of the ther-
mal cycling test includes the glass tran-
sition temperature (Tg), it might be wise
to run two tests: one that remains be-
low T, and another that incorporates
the normal temperature limits.

Rapid Electrochemical
Assessment of Paint (REAP)

In 1996, Kendig and coworkers pub-
lished an electrochemical approach to a
24-hour determination of the time-to-
failure of an automotive coating on
mild steel.’® The Rapid Electrochemical
Assessment of Paint (REAP) protocol in-
corporates an impedance measurement

www.coatingstech.org

to determine the
barrier properties
of the coating and

Analytical Series

Figure 5a—Impedance response of an epoxy coating on steel to the
AC-DC-AC procedure. (Figure 3 from reference 12.)

a cathodic dis-
bonding procedure
to determine the

R M e Dy
damage caused by 10.00 Mot §° "
corrosion at the t

o a2

metal-paint inter-

h.

1000 Gk,
mﬁhh
100.0 Mohm

3000 Mobme i n noB 0000000000,

“n,

face. To our knowl- s ban

(

edge, the REAP test == 100.0 kahen 7L
3 )
is the only pub- e
lished procedure to 1ok
combine an EIS
1.000 kohm

measurement with

ipcasatat e e L et e e T T

Oy

a physical test for
paint adhesion.
The EIS meas-
urements were per-
formed in 0.5 M
NaCl. The imped-

ance was measured anm*
immediately after

immersion and ~15.00°
again after 24 hr.

Although a fre- e
quency sweep from
104 t0 0.1 Hz is
sufficient to charac-
terize the sample
initially, a lower
frequency of 0.01
Hz is needed for XK
the later scan. The

Phasa [7]
4
.

B
1000 wHz 1800 a%t:  1.000 Hz

1000tz 1000Hz
Frequency (Hz)

1.000kHz 10.00kHz 100.0 kHz

Figure 5b—Phase response of an epoxy coating on steel to the AC-
DC-AC procedure. (Figure 3 from reference 12.)

lower frequency is

necessary to define

the EIS curve after

the development of

a Pore Resistance

and a Polarization Resistance.

The equivalent circuit shown in
Figure 4 was used to model the system.
Notice that the authors chose to use a
Constant Phase Element (CPE) instead
of a capacitor to model the coating-
metal interface. A CPE has been de-
scribed as an “imperfect capacitor” and
is mathematically expressed as:

Zepe = (1/Y,)/ (jo)*
Y, is a constant, j = (-1)"*, o = 2=xf, and
o is a constant between 0 and 1. If o =
1, Y, is the capacitance. The use of the
CPE as an element in the equivalent cir-
cuit is left to the discretion of the user.
Use of a CPE can sometimes give a bet-
ter fit with a model. Even though the
CPE does not have a simple explana-
tion, it is relatively popular in the elec-
trochemical literature.

The cathodic disbonding experiment
is performed on a second identical sam-
ple. The sample is scribed through the

1000 mHz 100.0mHz 1.000 Hz

1000Hz  1000Hz 1.000kHz 10.00kHz  100.Qkt:

Frequency (Hz)

paint to expose the underlying metal.
The scribed sample is immersed in 0.5
M NaCl and a potential of -1050 mV is
applied for 24 hr. The primary reaction
is the reduction of oxygen.

O, +4e” + 2H,0 — 40H"~

The alkaline environment produced
by the cathodic reaction is particularly
detrimental to the adhesion of the coat-
ing to the metal. The coating is further
stressed by the oxidation of the metal
(usually iron) to the oxides, which have
a higher volume than the base metal.

After completion of the cathodic po-
larization, delamination of the coating
is measured by placing tape across the
scribe and pulling to remove the por-
tion of the coating that has disbonded.

The goal of the REAP technique is
ambitious, since the authors not only
had to define the parameters to predict
time-to-failure, they also had to define
time-to-failure itself, a not insignificant
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Figure 6—EIS respense of a free PYC plastizel ftim dunng immersion

in 3% HaCL. {Figure & lrom relerence 13.)

ing. Auwess (e dis-
Bonding as de-
scribed 1o D 0077,

150 Kok Mg

AC-D0-4C

The A0 AL
tewt ernploys LIS 1o
abiserer the comdi-
tiom af the coating
before and alier an
clecirocharmical dis-
bonding step ™7
Thie Lest wosises of
ihree steps: (1) an

0.2 bty thgine's 1303 Hy 2.7 kHa

Fragquansy {H)

tasl that, regardless of the definition, iz
CeTLin 4 allract coilics, ASTh B 117 saly
lc1, weas chasen as the accelerated test,
1ot 5o much for s successiul presdic-
donn ol Titelimes, bu because of i
wiidespread use in the coatings industry.
Lhe best cormelation was oblained by
wsing R, % waaler uplalke, and pull-
Tnacls {dwfdt) to estdmate time to failure.
Nute Lhat Feor amd By are idendical.

ITF = E30.1 + 115 log Bovr — 169,2 log
d=fdt - 4803 (rrater)

Tha: weaker upstatee was calowlared by
measuring the tnitial EIS specouin and
awain aller 24 b Coating capacitances
2] weere evaluated fronm the ELS meas-
UTeImeTnts.

Wolume raction of walser =
Log {C1fCTlag B0

Tl concep of comhining LIS ta
rcasiTe the barrer properties and
more convenlional plivsical wechnigues
L evaluale adhesion is attvaccive to
many researchers. The consensas seems

o b aad Barvier praperies and adhe-

sion are hoth important, but very dil-
terent. Siuee adlwsion s a lunction of
chiemical, electrochemical, and phes
cal properties, FIS may ol always
serve Lo evaluate adhesion, I addition
1 the tape pull back tewt, adlwsion can
be fested will ASTM T GEFT {lnife
Adhesion ‘lest). It can also be usebd to
combine cutliodic dishonding with
lesls such as 1 66770 10 the case of D
6677, cut the coating with e koife,
thern apply a potential of about - 1 wolt
v SCE to encourage caihodic disbornd-
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EIS curve 1s run O
eslallish the inidal
condition of Lhe
contig (2] 1the
sample is cathodi
cully pularized to generate an ulkaline
enwironment and sbmulale delamina-
tion; and (3] an 108 curve s run to as-
seesd (he condition of the coating afier
delamination. Steps 2 and 3 may he re-
pealed W apply additional stress (o e
sample if desired [Figere 5.

LUK HE 1 Tk

‘Lhe cathadic polential (a negative
pukertial s iermed “rathodic” because
i1 prompes a eduction reaclion) gener-
ates hvdropen and hdroxide ions at the
surface of the metal beneath the comat-
mg.

[Iy+e »H, 4+ (H-

The adheston of the coating is con-
promised by the alkaliow environment
and delamination is finther encouraged
Iy 1he pressure of the bydrogen Beneath
the coating,.

Furr [vesh, ingact coatings, it is neces-
saty to apply a pronounce] nepative
potenitial [[rowm -2 0 =3 wolts) to in
duge a atress. Based on the inlerpreia-
tion of the struciure of a paint film on
4 milallic substrate, the cathodic polar-
ization step must atluck the coating by
apening poes, allowing access o e
tretal surface. From the T3S response ta
this applivd stress, that is exactly what
is happening as noted by the remductian
in the Hmdlig impedance at low fTe
uency,

The AC-TZ-ALL test can be con-
Anrted an g paint panel i a Gepical
theee elecimde elecirochemical cell. [t
has alse heen successtully employed on
routine samples or on samples outside
ool the Jalxoravney by wsing the BIS in-
stnment in “two-elecieode mode” and

conmacting the samiple using a copper
disk, e [her paper moistened with the
apnropmiate elecmlyte,

STUDIES OF FREE
PAINT FILMS

The effec of the paint fihm can be
separated Fom elfects ol the ezl sul-
stoale o the metal-paing imerfan: by
sundving the free paint filma. The frew
films can be produced by applying 1o
wlass, plastic, or smaodh meral and care
fully removing. [he free films are
mownted inan electrochemical cell thar
allowis an electirolyte 10 ke placed on ei-
ther side ot the flm. The EIS curve s
generaled using o “foar-lerminal” or
“fomr-electrode” measuwrenent, in which
a reterence electrode amed wi Dl #lee-
vreade {fusnally platinum} are placed on
either side of the iInembrane,

Permeation ol e coaling with Tons
crwaler can he precisely studied with
free filois.'* 11 The changes i dmypmed-
e al g feee Tl aller immersion ace
similar to the changes nhserved in coat-
ings applied W sobsirales, bul they oc-
cut faster The LIS respanse typically
displavs a deease in Impedance s
ALl Lk ase in CApACTLANGe 8% wWaTeT Pen-
errates the film [see Fgure 6.

PRACTICAL ISSUES

EIS and Coating Thickness

A mewoner to ELS mnay have con-
ceriy pegard g e inasinm coating
thickness that com be measied. The
thickness of tlw coaling is nol the issue
the impedance of the coating is the fig-
ure of merit. Thickness is immmaterial
For esawple. a two-inch Glled pody-
meric coating on the high-strength steel
boall o] ann ocedi-pang wessel can T
evaluated using ES. The impedamce is
about 10°7 ohms-cn, whicl i very
Tiigh. T EIS mieasurement was assisted
by using a 12 in? sample.

Pracision of EIS Measurements

Tor b o fidence T a woiennife
MeAsLTemnent, it is inportant io under-
stand the acouracy and precision ol the
measnremen | The acouracy and preci-
siom of mnodern kIS Instnunentation is
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typically 1% for impedances el
1 and 10 megaohms al Tequencies he-
tween 10 Wl apd 100 Kilz. ot organic
coatings with impedances higlwrlian
10 Mohms [ 107 atuns], the user shonld
confiom that tw 7% instment 3% capa-
ble cal prerier aperation in s Lped-
atwe Tegion by munning an Lipen Lead
Caeve. [See Parl | of this Series.)

The sreatest sawne of emor 15 s
yalialion in coating thickness. This wari-
ation can oceur an the surface of an in
dividual sanple and from sample-1o-
sample and can be rewtarkally high.
I'hese issues are disossed for coated
aerceo] containers by Tade - When, deal-
ing with sample variabilivy, i1 is hest 1o
merease Ui number of smople replica-
L. Tait recomumends eiphil weplicaies
foor coated zamuples,

Cable Length

In 1he field, the sample can be a long
distance from the TTS instroment. This
iy pacicularhy 1rue for towers, sirccall, or
wateroraft. This reguices the use of long
cables thutl, ecause of the additional
capraciianee they add wo the systenn, can
eause sevious problewns with naise pick-
up. Cable lengih should be kept as
sher as possible. In e event (hal ox-
tended cables ane requived, seel the ad
vice al (the manofactorer and, i possi-
Iyle, purchase the cables froam the
manubaclu rer i spite of thiz putential
proflem, FIS measuemenls have been
successfilly reriotmed onoan aitcratt io
an aperaling hangar with S0-£L (25 i)
cables on airoall coalings with imnped-
anoes as igh as 10" ohlns,

FUTURE DIRECTIONS

EI% §s a nniqiue measuremenl 1ool o
that it provides a Juanlifalive lest an
the complele coaling systern [metal sub-
strake and coating). We expect thal the
steady prolileralion of LIS into the coat

www. caaiingstech, org

ings community will lead tooa greater
understaing of the breadth of appli-
calians 1o Farinus coalings. Within gen
eral classes of coulings, it is likely thal
failure mechanisms will be classified
ard rontinized.

‘The need [ inore rapid resalts will
drive Uw caniinied developnwnt of ac-
celerated tests. To lucorporale delaming

tion imto tewtins procedures, the combi- -

nation of T1% and adhesion wesling will
profbly be exploied, As BIS gaims ac
ceptability by coalings tesearchers, tere
will be g need for multichape] instr-
ments for greater sumple throughput al
lemwmer cosl I cabinet tests remain popu-
lar, thete will be a demarl [or anto-
miated LS measurernents during the ex-
pusune pericd.
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