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Evaluation of the anticorrosive properties of the multi-layer paint

system by embedded sensor

Jun-young Kim

Department of Industrial Chemistry, Graduate school,

Pukyong National University

Abstract

In this work we used the embedded sensor as an electrode to
quantify the anticorrosive properties of the individual single-layer in
the multi-layer coating system.

Primer(inorganic zinc-rich), intermediate coat(epoxy), top
coat(polyurethane, polysiloxane) were tested on their electrochemical
characteristics "“with EIS. For EIS measurements,;=thin gold foils were
fixed between two.coating- layers. ‘To «compare the measurement by
sensor with a typical method, every single layer coating or with aating
system was tested. Artificial sea watere layer co test and continuous
neutralting or with est were conducted to find out deteriorations or with
aating system during 40 days. In addition, corrosion potentials of
zinc-rich primer were measured to figure out whether the steel was
cathodically protected.

The first results presented in this paper show that the total

impedance value depends on the coating layer indicating the highest

_Vi_



value among its coating system. Moreover, using sensor could make it

possible to measure the evolution of primer conditions.

Keyword: Embedded sensor, EIS, Corrosion potential, Au foil
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Moisture Absorption
Low Moisture Transmission = — Static and in Equilibrinm
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T Steel I
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Steel Surface
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Fig.1. An impervious coating

Moisture Absorption into Film
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Fig. 3. Schematic illustration of (a) corrosion process (b)

cathodic protection process at immersion condition



Condition of steel at different potentiais (1 volt=1000 mV)

Fig.4. Corrosion of steel at different potentials(l volt=1000mV)
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D Coating capacitance. C.
theel A (19)3 2ol Foldth

Coating capacitancev

C.= eeyA/d (19)

c

e E=19] dielectric constant®] i go= R & oA 2] permittivity (8.86 X

= el WA, dEl db FAE UEhiT. g

10 F/Cm)elx, A
EUhe HAg ghol 374014, et o) Eo] Ffrel HA W G
Frhte Gt Evd-te 2o FiE T £ e ARl dHn

webA  capacitance = H-E] T4

obelel 4 0% 2.

X = log (C,/ C,) /log80 (20)

@ Coating resistance, R,
R,y= Aafde] Fijo thst Ayz2 A7]= pore resistance® HE A

o,
off
ol

o bt Aehdssl mupe] Aol Z)QlEh wheba A wHel FH]l

poret} capillary channel?} #A|¥+= Ao = 2] (21)2 e

R = d/kNA (21)
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R,=d/kA (22)

71 A =AW AAE deke Aoz 4 QDI @2 ek A (23)

R;/R,= NA;/A (23)
NA: / A =99 porosity St Bl ol &2 A7 4 Qi)

@ Double layer capacitance, Cy

A= Cdl/ C(?z (24)
C’4& specific double layer capacitance® &n|dlE Ao=m ZAH o 2=
A e 249 capacitanceE UEIYE Aom =A

oS 5
S fAE Ca T woe] eude 73 5 vk

@ Charge transfer resistance, R
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A 57H3 == Fig. 5(a)¢t ol AstolsA3d Ryt Ca(d7] 2%
)9 HE3 R SN R AE2 A FuE FAHH o] 57
3|2 dydx 54 B4 EAZAARE AHEHE T AES HEE o
AFS wol admittance & A 3] HRo o7 F admittanceE -3
O o9 A& HANA T AF F AAJIAT L~ s Tt WA A

3 Rae®t CaRHE do]x = admittance?] S T3t o] Z(w)ol o

gto] 2 vy o5 HER dZEE RS AW dYds 2= 99
UeRd 2 (18)=2 el
Aol A18E A% FERIHT FES 2206)0 a FEI} b REOE
vhrol elste @D 2ol thekd & 9l

a=Ry+(1/R,)/(1/R;4+ v*C,) (26)

b=wC,/(1/R2+2C2)
(a—R,=R,/2)*+b° = (R,/2) 27)

o] 22 WA Fo] Ra/2, 40 (Bs + Re/2)R] el WA 4oluz Ao}

plotdol A &HA3g RE Ao FAdA Wolx Fig. 8(a)¥ ol
Ukl o] dHef 2 Jebdth whebA Nyquist plotiel A A3dto) s A3 R.9F
SHAY R x5 AW gho] Ha vhd o] Hu EsFE YEUE H
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-90° WFow oA "k wekA Fig. 8(b) ok Zo] AFak FEoA
2 gke §AAY R, % A5 BAY RoFol Ha nFas

d w= dAAI s gho] SHAAY Regkeol AT

(as 'b) 2 . %
Cartesian co-ordinates (Nyquist plot)
Impedance Z=a-jb
Resistive component a=rcos 0
s Reactive component b=rsin &
b

Polar co-ordinates (Bode plot)

Meodulus of impedance r=/7 /=4 a2 +h?

Phase angle O=tan! (-b/a)

Fig. 7. Definition of impedance relationships in both Cartesian

coordinates (a, b) and polar coordinates (r, 8).
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Frequency, f (Hz)

Fig. 8. The simple electrochemical system (a) Nyquist plot
and (b) Bode plot
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(Frequency Response Analyzer, FRA)
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— X[

i = )
(generator)

coswt

S(t)sinw t
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&l S (perturbating signal)

Fig. 9. Schematic of frequency response analyzer
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max

AV = xq4 =9

Fig. 10. The arrangement of experiment equipment for

electrochemical

impedance spectroscopy
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Fig. 11. Evolution of Nyquist plot, Bode plot and equivalent circuit

as a function of painted steel degradation.
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3.1 AdHE A&

’l

=

AFHL 150x70 271, 06' CR Z43& AHgstda, oddd g4 & &
sand blasting© 2 SSPC-SP5¢] X WA TS AA A tHTable 1). A AL
Air-spray gune ©]&3}9] ethyl silicate®} zinc dust(Z)E €§3ste] L& &
et Zb system WE epoxv(E) F &, polyurethane(U)-polysiloxnae(S)Al A
& & =As A (ot Z%, EF, U, SSolgt £7, Table 2). Z+ F9

wue gedd dFARY ARANE Adm, Ao dnd =9

Lo
25
=)

o

ke
=

o 2mme] Yol2 wel AFdE Au foils FHIHZ gt & =
T AAME silver paste®} epoxy adhesiveE Ab-&3 % A Al Z oh(Fig. 12). WA

AXE o] §F SAA s dubdl A SRS vuE A Z E U S &=

ANddEs AFea, AM7E 28 F5 R A4S Agds AFsd. 4

OlN'
>

93, 7E AFANNEEFe SE2 Hgaol ismoz a9

(Table 3).
Table 1 Specimens preparation.
Specimens 150x70, 0.6' CR
Surface treatment Sand blasting (SSPC SP5)
Applications Air-spray
Curing time 1 week (at 25C)
Sensors Au foil (1+£0.2¢m)
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Table 2 The coating specification.

Specification Coating type DET (ym)
Primer Inorganic-zinc rich(Z) 50+5
Intermediate coat Epoxy(E) 50+£5
Polyurethane(U) 3015
Top coat -
Polysiloxane(S) 305

Au foil

Fig. 12. Schematic of embedding sensor

Table 3 Specimen types for EIS measurement.

System Coating type DET
Non-sensor sensor

1coat Z,E U S - 50+5

2coat - ZE, EU, ES 80+5

3coat - ZEU, ZES 130+5
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3.2 7H& 43
321 @FEFAIE

ASTM B 117(Standard Practice for Operating Salt Spray (Fog) Apparatus)

o #Fate] AFEFAES APt dFEFAT LS AFd7] FAA ==
=
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re
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i
o
il
iipe
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ro
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jaiciA
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A5 &= salt fog & 9S05

o & d7oM e 40 ] deeiAld e A @ sk th(Fig. 13).

Z,
e
ab)

@
ofo
50y
s
o

=
5

o
)

)

=
rfo
k1
rir
o
O1
(@)
fru
Ho
N
i

322 AFHAAE

ASTM D 870(Standard Practice for Testing Water Resistance of Coatings
st REAHoR o] BEEAMFHeR &90g 0T JATHFE AL
W R olege] 3

115_
Agtel BT Ak B AFIANE F 409 el AFFAANDL At

t}(Fig. 14).
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Fig. 13. 9% %A ¥ chamber

Fig. 14. |3 A A& bath
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33 ARYILEE R NI= AAFA

ARG Table 4, 5). AFEFA G A58 A48) AQol] w7 59

Table 4 Measurement conditions.

Electrochemical impedance spectroscopy
Solatron FRA1260

S Dielectric_interface 1296
Measurement points 5/decade
Frequency range 100kHz ~ 10mHz
Applied amplitude AC 50mV
Open-=circuit voltage measurement
Rest time 30min
Limit dER/dt lmV/h
dtR 1point/0.5s

Table 5 Measurement configurations.

Configuration Counter electrode Working electrode
1st(pimer) Sensorl Steel
2nd(intermediate coat) Sensor2 Sensorl
3rd(top coat) Graphite Sensor?2
Whole Graphite Steel
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Impedance magnitude, Q-cm

Fig.

10

10" 3
o ] —=&— Epoxy
10 3 —&— Urethane
—A— Siloxane
10° 5
10’—;
10°
10° 3
10° 3
10°
107 10" 10" 10" 10° 10’ 10 10
Frequency, Hz

15. Bode modulus plot of the initial EIS data of epoxy, urethane,

siloxane coatings.
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Impedance magnitude, Q-cm

10

10 3
o ] —=&— Epoxy
10 E —&— Urethane
—A— Siloxane
10° 3
10’—-
10° 3
10° 3
10° 4
103 T ITIIIIII T IIIIITT T Ll IIIIIII Ll Ll lllllll L llllll] T T fllnll T T T TTrrr
10° 10" 10’ 10’ 10’ 10’ 10 10°
Frequency, Hz
q Y,

. 16. Bode modulus plot of the EIS data of epoxy, urethane, siloxane

coatings as a function of 40 days immersion.
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Fig. 17. Bode modulus plot of the initial EIS data of epoxy coating in

single, multi-layer system.
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Impedance magnitude, Q-cm
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18. Bode modulus plot of the EIS data of epoxy coating in single,

multi-layer system as a function of 40 days immersion.
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Fig. 19. Bode modulus plot of the initial EIS data of urethane coating

in single, multi-layer system.
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Fig. 20. Bode modulus.plot-of the EIS data-of epoxy coating in single,

multi-layer system as a function of 40 days immersion.
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Fig. 21. Bode modulus plot of the initial EIS data of siloxane coating

in single, multi-layer system.
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Fig. 22. Bode modulus plot of the EIS data of siloxane coating in

single, multi-layer system as a function of 40 days immersion.
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Fig. 23. Bode modulus plot of the EIS data of the individual layer in

the ZEU system as a function of 40 days immersion.
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Fig. 24. Bode modulus plot of the EIS data of the individual layer in

the ZEU system as a function of 40 days salt spray.
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Fig. 25. Bode modulus plot of the EIS data of the individual layer in

the EU system as a function of 40 days immersion.
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Fig. 26. Bode modulus plot of the EIS data of the individual layer in

the ES system as a function of 40 days immersion.
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Fig. 27. Bode modulus plot of the EIS data of the individual layer in

the ZEU system as a function of 40 days immersion.
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Fig. 28. Bode modulus plot of the EIS data of the individual layer in

the ZES system as a function of 40 days immersion.
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Fig. 29. Bode modulus plot of the EIS data of the individual layer in

the EU system as a function of 40 days salt spray.
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Fig. 30. Bode modulus plot of the EIS data of the individual layer in

the ES system as a function of 40 days salt spray.
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Fig. 31. Bode modulus plot of the EIS data of the individual layer in

the ZEU system as a function of 40 days salt spray.
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Fig. 32. Bode modulus plot of the EIS data of the individual layer in

the ZES system as a function of 40 days salt spray.
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33. Evolution of the corrosion potential E..r with immersion time

for the zinc layer in single, multi-layer systems.
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Fig. 34. Evolution of the corrosion potential Ecorr With immersion, salt

spray time for the zinc layer in the ZE system.
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