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Evaluation of Nontoxic Polymer Coatings with Potential
Biofoul Release Properties Using EIS
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The corrosion resistance of steel panels coated with pentasiloxanes has been evaluated by electrochemical impedance spectroscopy
(EIS) during exposure to 0.5 N NaCl. Two fluorinated and a nonfluorinated pentasiloxane have been prepared to develop nontoxic
polymer coatings with improved biofoul release properties. Depending on the terminal epoxy group type, two different cross-
linking/cure chemistries were utilized. The first type of cross-linking reaction involved room-temperature UV cure with a photo-

acid catalyst and the second cross-linking reaction was phenol-catalyzed thermal cross-linking, witiaminoalkanes
[NH,-(CH,),-NH,]. The EIS data suggest that the nonfluorinated pentasiloxane provided better corrosion protection than the two
fluorinated pentasiloxanes and that room-temperature UV cure with a photoacid catalyst provides better corrosion protection than
phenol-catalyzed thermal cross-linking.
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On a ship’s hull biofouling, which is the attachment of marine solvent-cleaned steel coupofi®w-carbon, cold-rolled steel, 0.8
organisms on marine vessels and structures, leads to an increase 76 X 127 mm with dull matte finisiP. N. Gardner C9]. The
the hydrodynamic drag and therefore to increased power requireprimer was allowed to dry for 24 h at room temperature and the
ments and/or reduced speed. Presently used ablative coatings thsample was then placed in a 100°C oven for 1 h. The various liquid
contain biocides such as cupric oxide or organo-tin compounds argolutions were each coated over the primer layer at 0.13 mm thick-
nonselective and considered to have a negative environmental imaess with a drawdown bar. Liquid layers of each A, B, and C and a
pact. photoacid catalyst0.5 wt % were UV-cured for 5 min. Liquid
The aim of this project is to develop nontoxic, environmentally layers of each A6, A8, A12, C6, C8, and C12 and phenol catéyst
friendly polymer coatings that minimize biofouling and protect steel wt %) were cured overnight at 100°C.
from corrosion. Because siloxanes and fluorosilicones have been Impedance spectra were obtained at —0.6 V because a stable
shown to be effective nontoxic foul release materials, siloxanes that_, could not be determined due to the high ohmic resistance of the
contain pendant perfluoroalkyl groups have been prepared and theoatings. The amplitude of the applied ac signal was 20 mV. The
corrosion protection properties of films that were UV-cured with spectra have been recorded as a function of exposure time to 0.5 N
photoacid catalyst have been studied using electrochemical impedNaCl in the frequency range of 100 kH 5 mHz. A saturated
ance spectroscongIS).l Similar fluorinated siloxanes have also calomel electrod¢SCE and a type 316 stainless sheet were used as
been converted to solid films by thermal cure with reference and counter electrode, respectively. The exposed area of
a, w-diaminoalkane$. the coated steel samples was 5°cAGamry PCI4/300 potentiostat
The corrosion behavior of the coated steel samples has beeand Gamry EIS300 software were used for the impedance measure-
evaluated during exposure to 0.5 N NaCl as a function of exposurenents. The spectra were analyzed using the COATFIT module of the
time using EIS, which, when properly applied, can be a nondestrucANALEIS softwaré or the open boundary finite length diffusion
tive technique that allows monitoring of changes in the coating (OFLD) model®
properties and corrosion rates of the substrate at locations where the
coating has delaminated. The impedance spectra were analyzed us-
ing appropriate equivalent circuit§Cs.%® The resulting fit param-
eters can be related to the properties of the coating and the metal
surface and their changes with exposure time to a corrosive solution. Samples with UV-cured coatings A and B were exposed for 70
days and the sample with coating C was exposed for 35 days. Figure
1 shows the impedance spectra for these samples after 7, 21, and 35
) days exposure. In the spectra for sample A the frequency depen-
Experimental dence of the phase angle at the lowest frequencies indicates that the
Two fluorinated pentasiloxanga, whereR; = CH,CH,CF;, and spectra agree ywth the OFLD modeélig. 2) that descrlpes processes
B, whereR; = CH,CH,(CF,)sCF3] and a nonfluorinated pentasilox- N Which diffusion occurs in a porous Iay%m the EC in Fig. 2.C,
ane (C, where R= CHy) have been prepared as previously 'S the coating capacitanc®, is the polarization resistance, and
reportedl.'z Depending on the terminal epoxy group type, two dif- OFLD is ’the term t.hat.models the diffusion impedance that in
ferent cross-linking/cure chemistries were utilized. The first type of BOUkamp’s notation is given by

Results and Discussion

crosslinking reaction involved room-temperature UV cure with a Zorip = [tanhB(jw)Y2]/Yq(jo) 2

photoacid catalyst‘A”, “B”, “C” ). The second cross-linking reac-

tion was the phenol-catalyzed thermal cross-linking of A or C with whereB = d/(D)¥? and Y, =[o(2)Y3* [1]
a,w-diaminoalkanes[NH,-(CH,),-NH,, where n =6 (“A6" or

“C6"), 8 (“A8” or “C8” ), or 12 (“A12" or “C12")].2 In Eq. 1B is the diffusion parameter with diffusion lengthand

Coated steel coupons for corrosion testing were prepared as foldiffusion coefficientD ando is the Warburg coefficient. For poly-
lows. A liquid epoxy-amine prime{3M Scotch-Weld EC-1945 B/A mer coatingd is assumed to be equal to the coating thickness.
was cast uniformly with a drawdown bar at 0.05 mm thickness onto ~ The impedance spectra for the fluorinated samples A and B and
for the nonfluorinated sample C showed different changes with ex-
posure time. The spectra for sample A agreed with the OFLD model
El ) . ) and there was a significant decrease of the impedance values at low
ectrochemical Society Active Member. X . A .
** Electrochemical Society Fellow. frequencies with time. The spectra for sample B agreed with the
2 E-mail: mansfeld@usc.edu one-time-constantOTC) model and showed only small changes



Journal of The Electrochemical Societys2 (7) B236-B243(2005 B237

12 2
1 - 1
10 - 10 -
—~ 9+ _ 9
£ 4 £ L]
< 4 ) _
& 77 & 77
g °] g °
- 5 - 54
4 4-
3 3
2 2 T T T T T T T T
-3
_90,
..80_
g 707 o
o 60 &
Z =
[ 50 ©
= >
= -40 — <
o o
g 30 )
L] o
< g
o -20 a
-10 -
0 0 T T T T T T T T
3 3 2 4 0 1 2 3 4 5 8
Log f (Hz)
12
11
10 -
— 9
E —
I
& 77
O
g ]
] 5
4,
37
2 T T T T T T T ]
©
o
oy
[ )
=
[ 3]
=l
=
o
[
w
=}
ey
o
0 T T 7 T T T T T

Log f (Hz)

Figure 1. Impedance spectra of samples A, B, and C for 7, 21, and 35 days exposure to 0.5 N NaCl.
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OFLD

Figure 2. The OFLD model.

considerable shrinking of the coating had occurred during curing.
Sample A, with the thinnest coating, had the highest value§.of
(Fig. 39 and the lowest values @&, (Fig. 3b. C. increased with
time while R, decreased with time, indicating water uptake and
coating degradation. Sample C, with the thickest coating, had the
highest values oR,,. For sample B essentially no changesigfand
R, with time were observed. The Warburg coefficienfor sample
A decreased with time and the fit parameter B increased with time as
the delaminated area increage(cﬂ:ig. 30. Based on the results
shown in Fig. 3 it can be concluded that the coating C and to some
extent also coating B provided excellent corrosion protection for
steel exposed to 0.5 N NaCl.

Figures 4 and 5 show the impedance spectra for samples A, A6,
A8, and A12(Fig. 4), as well as C, C6, C8, and C1Eig. 5), for 7,
21, and 35 days of exposure to 0.5 N NaCl. The spectra for these
samples agree with the coating motfe(Fig. 6) that describes the

during exposure, which can be seen more clearly in the frequencyroperties of the polymer coating layer and the corrosion reactions

dependence of the phase an@fg. 1). The spectra for sample C

occurring on the steel surface at delaminated ar€ass shown in

showed capacitive behavior and did not change much with time forFig. 7a as a function of time for samples A6, A8, A12, C6, C8, and

35 days. Figure 3 showS; andR, as a function of time for samples

C12. Samples A12 and C12 had the lowest iniliglvalues because

A, B, and C. Initial cured dry thickness values of the coatings mea-their coatings were thicker than the other coatitfgg. 7a. The C,
sured with a micrometer are also shown in Fig. 3. It can be seen thayalues for these two coatings did not change much with exposure
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Figure 3. (@) Time dependence df, for coating types A, B, C{b) time
dependence oR, for A, B, C; and(c) time dependence of Warburg coeffi-
ciento and fit parameter B for A.

time. For samples A8, C6, and G& increased continuously with
time, while for sample A&, first increased and then decrea;

is the pore resistance due to the formation of ionically conducting
paths in the coating. Its changes can be related with degradation of
the coating as discussed bel '\ﬁ/Figure 7b shows the time depen-
dence ofR,, values for the same set of coatings. For samples A12
and C12 which had the higheRy, values, no significant changes of
Ry as a function of time were observed. For samples A8, C6, and
C8 a significant decrease IR,, values was found, while the de-
crease for sample A6 was not as pronoundggis the polarization
resistance of the delaminated area at the polymer/coating interface at
which corrosion occurs, an@y is the corresponding capacitance.
The time dependence @y and R, is shown in Fig. 7c and d,
respectively. The changes 6f; with time were quite small for all
samples, except for sample A12 for which large fluctuation€ pf
were observedFig. 79. For R, at longer exposure times samples
A8 and A12 had similar values which were lower than Ryevalues

for the other group of samples, including A6, C6, C8, and C12,
which had very similar values at the end of the test.

The changes o€y, R, andR,, with exposure time can be re-
lated to the area of the steel surface at which corrosion occurs. The
delamination ratid\ can be defined a& = Ay/A;, whereA; is the
delaminated area and; is the total exposed aré®. As coating
porosity increases andy increasesR, and R, decrease whil€y
increases Ry, R, and Cy are related withAy according to the
following equation

Roo = Roo/Aq
with R3, = pd (ohm cnf) 2]
R = Ro/Aq (3]
Cai = CaiAd (4]
Ce = (eeold)(A = Ag) = CYUA = Ag) (5]

In Eq. 2, wherep is the coating resistivity and is the coating
thickness, it has been assumed thaemains constant with expo-
sure time. However, as shown belowvdecreases with time to an
extent that depends on coating formulation. Therefore Eq. 2 can be
rewritten as

Roo = pd/AA [6]

It has been suggested that the extent of delamination can be
determined qualitatively from the experimental values of the break-
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Figure 4. Impedance spectra of samples A, A6, A8, and Al12, for 7, 21, and 35 days exposure to 0.5 N NaCl.
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Figure 5. Impedance spectra of samples C, C6, C8, and C12 for 7, 21, and 35 days exposure to 0.5 N NaCl.
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A

Figure 6. EC for coating model.

point frequencyfy,, which is defined as the frequency at which the
phase angleb equals —45° in the high-frequency regidfi’ The
location of f,, is shown in Fig. 8a. The breakpoint frequenfgyis
related toA andp according to the following relationships assuming
A > Af

fo = (2mRyCo)™ = foAdlA = FiAlp

with fp = %‘rrsao [7]

frequencies for these two samples showed a similar initial increase
but did not change much with time after about 200 h.

In addition tofy,, the minimum of the phase ange,,, and its
frequencyf i, can be used to qualitatively evaluate the delamination
process of the coatings and to determineAtsnd p values® The
Bode plot in Fig. 8a indicates the locations®f,;, and f,;,, which
can be related ta andp as follows

fmin = kiAY?/p  where k; = (2md)™(CICH) ™" [8]

tan q)min = kZA_lIZ where I(2 = 2(C3/C3|)1/2 [9]
fo/fmin = ksAY?  where k3 = (C3/C2)"? [10]
fo/(frmin)” = kap  where k, = 2mdCq [11]

The theoretical plots in Fig. 8b show thf and f,;, move to
higher frequencies as coating degradation increases, Whjlg
changes to less negative values. Figure 8c shows the dependence of
oy fmine @Nd® i, ON AL

Experimental values ob,, andf,,, are shown as a function of
time in Fig. 10b and c. For the more protective coatings A12 and
C12®d,,i, had values close to —30°, which did not change much with
time, while for the other four samples it changed from about -40 to
—-50° for longer exposure time@ig. 10b. For f.,, more or less
constant values were found at low frequencies for A12 and
C12,while for A6f,,, had shifted to higher frequencies but did not
change much with time. For the other three sampjgsincreased

The f, values for samples A and B are given in Fig. 9 as a continuously with time(Fig. 109. While the impedance spectra in
function of exposure time. There is a significant difference betweenFig. 4 and 5 in general agree with model in Fig. 6, some inconsis-
the f, values of samples A and B during the whole exposure time.tencies are noted. For example, in Fig. Dk, became more nega-

While for sample Bf,, remained constant at very low frequencies, it

tive with exposure time for all samples except A12 and C12, which

increased continuously for sample A, indicating increased coatingaccording to Eq. 9 and Fig. 8c implies that coating damage de-

degradation. Figure 10a shows the time dependencd,, dfor

creased with time for these samples, assumingkhdid not change

samples A12 and C12, which were the only two samples for whichwith time. f,,, increased with time for samples A8, C6, and C8,
& had decreased below —45° at high frequencies. The breakpoinsuggesting that coating damage increased with tifig. 80.
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Figure 7. (a) Time dependence dE; (b) time dependence @k, (c) time dependence dfy; and(d) time dependence dR,.
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Figure 10. (a) Time dependence df, for A12 and C12{b) time dependence
The experimental values & andp determined according to Eq. ?f ‘irgn’fg /I\&ZAB'?%:%E*E‘; CCGiZC& C12; angt) time dependence dfyp,
9 and 8, respectively, are plotted as a function of time in Fig. 11a'°" A% A% and £, Lo, L1z
and b, respectively. For these calculatio@§ = 20 nwF/cn? was

used andC? was taken as th€, value fort = 0. The observed
A-values in the range 0.002-0.005% for all samples except sampl

éarger during exposure to 0.5 N NaCl. The almost constant high
values ofp between 100 and 1000kcm for samples A12 and C12

sample A6p was lower by about a factor of ten but did not change
much with time. For samples A8, C6, and @8decreased continu-
ously to values close to 1k cm (Fig. 11h.

100
M In order to check the validity of the coating model and the as-
10 sumptions made in Eq. 2-11, theoretical valuesRgf were calcu-
//r lated using Eq. 6 with the experimental valukgFig. 118 andp
) 1 W A (Fig. 11b and compared with the experimental values in Fig. 7b.
= I'e —oB Excellent agreement between these two groups of data was observed
€ 01 Eﬁ/ except for sample C12 at the highest value®gfin the first 2 days
ES s oe—6— o ___ of exposure(Fig. 12).
0.01 -
0.001 , ‘ ,
0 500 1000 1500 2000 Conclusions
Time (h) Sample C, which was a nonfluorinated pentasiloxane, provided

Figure 9. Time dependence df, for A and B.

the best corrosion protection among all coatings on the steel cou-
pons evaluated here. Its impedance showed capacitive behavior at
all frequencies and there were no significant changeR,aind C,
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Figure 12. Comparison of calculated and experimental valueRgf
m —+—A8 The calculated coating resistivity was the highest for these two types
£ —8-A8 of samples. The delamination ratlowas very small for all samples
£ 40 ——A12 and did not change much with time. A somewhat surprising result is
é —o—C6 the finding that the calculated values/ffvere somewhat higher for
a ——C8 Al12 and C12 than for the other samples.
1 T B0, 00—l —%—C12 The results obtained in this study demonstrate that coating type
and coating preparation can play an important role in corrosion pro-
0.1 : : : : tection of steel in corrosive media. The biofoul release properties of
0 200 400 600 800 1000 the coatings evaluated here are being investigated at present in a
Time (h) different task of this project.
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Figure 11. Time dependence d@8) the delamination ratid and(b) specific
coating resistivityp.
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