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Study of corrosion protection property with re-coating interval of

epoxy resin by UV exposure

KIM SE HWAN

Department of Industrial Chemistry, Graduate school,

Pukyong National University

Abstract

Study of corrosion protection property with re—coating interval of
unpigmented epoxy resin by UV exposure has been investigated.
Re-coating interval “was controlled by UV exposure that is one of the
significant aging factors. Crosslinked amine=cured. epoxy coating
exposed UV environments; using QUV accelerated weathering tester is
to make UV conditions. Samples after UV exposure were measured by
transmission fourier transform infrared spectroscopy—attenuated total
reflectance spectroscopy (FT/IR-ATR), and samples were applicated
second coating using same epoxy resin. The effects of UV exposure
on corrosion protection properties were examined by salt spray test.
Aging samples were evaluated by pull-off adhesion test, creepage from

scribe test, electrochemical impedance spectroscopy (EIS) test.

Vil



In this study, it is important to find a correlation between adhesion of

first and second coating.

Keyword: UV exposure, re-coating interval, electrochemical impedance

spectroscopy (EIS)
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1. Physicochemical Barrier
Water, Oxygen, lons

Organic coating

2. Electrochemical mechanism u Adhesum HIECH U

Inhibition, Sacrificial action

I__o_____o____B__:
| M M M|
i e O e e e (e e 2f

B

Metal substrate

Fig. 1. Schematic illustration of the corrosion resistance

mechanism by organic coatings.
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Table 2. The parameter affecting the organic coatings properties.
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Fig. 2. Curing Mechanism of Polyaddition Reaction.
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Table 3. Application of Bisphenol A type Epoxy resin according to
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<Hydroxyl group reactions>
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Fig. 3. Phetodegradation processes of epoxy resin.
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| Z| 2=(Z )2+ (Zz )12
O — tan 1[—4](13)'
Z
Z = | Z| cos®(16)

Z = 12Z| sin®7)

t«— Time or Phase Shift (£&=0")

r——\

Current

2

3 2

T (time)

Voltage

V="V i, Sinot,

_.\/\/\/\/\/_._ (i (.
Resister

LE
I=I,... sinot

Fig. 4. In case of resistor, Graphs of instantaneous voltage and
current vs. time t (above) rotor diagram ; current and

(below)voltage in phase
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Time or Phase Shift (&=90")

Woltage
2%

>
h “ ><13)w,2 o
Curreht’
e

V=TV ax SiNOL

| | Capacitor

I=1,, .. sin(ot+90)

Fig. 5. In case of capacitor, graphs of instantaneous voltage and
current vs: time t (above) Rotor diagram;

current leads voltage by 90° (below)
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2.5.2.1 #4749 713 =

Hg aed $AAY $AEE A EAY ReS Cu(R7 253)
o waszd $94% R 492 AW NZE Fig 6@ 2o

Ve $7b itk Tela Fig 6(b)E SFwkgel sake] whelshs 4

Fig. 6(a)9] S7Is 2] mAFE(dukdg oz 10mVolshHel wFALS

=
Fig. 6(c)sh o] Q/MAZS 1 =/ g9l Aol Cyol EAstr] uof
1be A FAFERY e A 2 A QAL SHAFe

A3, Fig. 4(c) F2)E 7 A 7SEs 2 o

o

Electrode | Solution

Ww

High frequency
| current

(a) (o)

EO _____
Current
E
Electric i
potential

fo ©

Fig. 6. Equivalent circuit, and current response.
(a) Charge transfer control
(b) Anode reaction : Charge transfer control
Cathode reaction : Diffusion

(c) Current response to applied alternating current potential.
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7}3l 2+ Fig. 7% 2t}

— R, [ Electrolyte
| CC - 25
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S /
. ..“,.-.\}‘h B " s @-’j
Fig. 7. Schematic Tﬂu.str@of Elila _.}hqu it of a coated metal.

9o 5732 AHE T Ca= Coating capacitance, Cy2 2] ® Coating
I F% A" Qo] H7]o]FF capacitance, R A3 &2 Ohmic
resistance, R, =99 micro-pore resistance, R, =49 Aol 9]
Charge transfer resistance®|t}. ©] & 7}3] 29| resistance®} capacitance
o Wil e =E el =] Hajdo] HFste £ 24T
F 9la o]E Zal =9 porosity® A= £t A T 513 =

g TSR AREY o] mel AFHor FURT P 5S B
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poret} capillary channel?} #AH = Ao 2 2 (20)= ERATE

R, = d/kNA.20)

o714 k¥ Aaf|de drro]lil N& channel®] Fo]7 A& channel®]
@A diE channel?] ZolE YellE Aoz muhFA et o) Ada) 2 e
e olgeol A (21)¢} o] & 4 Q)

R, =d/kA@1)

o714 AE EFH AAES @t AoR 2 (2008 2D gstd A (22)

Ry/R, = NA,[A(22)

NA. / A= =19 porosity=-HJ e e Aos A7he 5= it}
@ Double layer capacitance, Cy

A 7]0]%FZ capacitances A3 Ao =% A WA wra]H A H] g

L] poregs F3 k=W WAE g A G HlA FAIZE £ 9l7]
W HA Aqs Cyoll 9&l 2 (23) 2 F-H T Ut

A, = Cy/ CH(23)
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C’y e specific double layer capacitance® on|dtE Z o2 ZAAH O R =
EAE R e A7 9 capacitanceE UEIE Ao =A

%_
S AR Cu% T o) une 73 5 ok

O

@ Charge transfer resistance, R
R.+= charge transfer resistancet}il®= 3&}™, Eu9}3a}

1=}
9
=2 W42 monitorsts 24 A FF sevlEjelth. Re dwHow

A4, = RY/R, (24

Vs S Al i F42 BE gk (100 KHz)o A A5
B (10 mHz)9) B3 s Fakg Goola] ool 1 Aie F=2

Nyquist (complex plane) plot¥} bode plot F+ 7}# FHej& et 2
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S 9o AN A5 AR gonm 7L 0ov wehq v
Agrre] grom veue Fuse wae g A% @ 4w
Nyquist plotde x% $lo] #3l7A k. %47 syt AdH 5z

of Wb WEE Qe Foi oEgRe FAsh FH7]
Eougs gone

Nyquist plote] x=o 4% A
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TAEY. ¢l 57829 dIdA 54 A Ay EAAHE dHEAE F
AESE HEE AZ49dS do admittance, & A JFo| Foz F
admittance& 78 U3 o|9. A& HelA F AL F AALAA 2~ 3k
S et WA A3 Ryt CqEH-E Aol A= admittanced] &
1 1 .
= w(C(25)
Zw) = Ro T
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Rcr B o R Cy (27)
1+ 0% Rop? Cut 1+ 0% R 4% C Lt
CT dl CT dl

ol

s 4ENe A5 PR

Girol AFE 4209 2ol e

14 RRS H@8) atR} bREOR
i8]
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AT,

N

a=R,+(1/R,)/(1/R>+w’C,)(28)
b=wC;/(1/R*+w?C2)

(a—R,—R,/2)* +b* =(R,/2)*(29)
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o] A2 WkAFe] R/2, T4°l (RE#* Rey/2)Q! €1 BA Aoz A3}
o] T A Rast CalH7] 25 3)e HESZ &MA3 Rt AE= 2%
g FHo S RE JHAE ASGHEY] dvd2 24 A= Nyquist
plot’dol Al & HA 3 Rewra ol sl Al @ ol Fig. 9(a)et 7ol Rk
Qo dej =2 e} wdfal Nyquist plotiol A Aslo] 543 R.&F &
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7 Fos Gl N Fag o EAEA Ca(R7] 2559 o8] -90°
2 A5as A webA Fig 9b)e} el AFAERNA 1A
W g $4% R, 3} A5l EAF Raol M3 nF34E U o

AAA D gho] o4 Roghe] k.

s

(@, -b) Cartesian co-ordinates (Nyquist plot)
Impedance Z=a-jb
Resistive component a=rcos &
r 9 Reactive component b=rsin &

Polar co-ordinates (Bode plot)

Modulus of impedance T= /Z /= N aZ +h?

Phase angle & =tan! (h/a)

Fig. 8./ The definition of impedance relationships' in both Nyquist

plot (cartesian co-ordinate) and Bode plot (polar co-ordinates).

(a)

High frequency : 727" —» 0, r—w R

Low frequency : Z°° —» 10, 5 —=R R,

| A iR C, |

Imaginary impedance, 7" (Q)

v,

1
- ) = e R,

Real impedance, =7 (£2)
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(b)

Loz | Z |
— O O°

Impedance magnitude, ()
Phase angle, & ()

Freguency. fF{(Hz)

Fig. 9. The simple electrochemical system.

(a) Nyquist plot and (b) Bode-plot
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1A olu) Asgo R E ) Hhe 7)E Axsh umste] [1%Fu W 91

2ol & 43t} sk FRAZE A 7|t 2 HE Y HH&& 7]F& AEef vl

i

Fol Zn] 9§ zols Sk ¢, FRAZE #7]8h8t A~ 23

O

AAE = Fol ofyel, A-S /FHH AAEALS 7H A7188 Ay H o]~
(interface, potentiostat/galvanostat)e} $H7] +4 % 7]1%= st} Fig. 112> FRAS}H
A71skst g H ol A7F A FAE dYEA FAH AAE YEYIT. o

=
A7 oA Bl A5 A3E (perturbating signal) x(t)7F A A (cell)ol] 7}Fal# A

o pHbE WS AT e A S 1Y S ZA A7) E RholE o] A A
Zvzy &4 91 (in phase) Aw¥ & 9/ (out of phase) H+o=Z YFolA

=94 [21, 22]

h M BES = A1 |
(Frequency Response Analyzer , FRA)

FT S 1~ " N P TS e ~ L R~ 1

: S(H)coswt :

1 1

1 >

. S
1 — oA  Im
; ms= gk 1

: (generator) coswt :

! % S(®sinwt !

1 1

1 g k.

. o> X o
. sinwt ' Re
1 1

1 1

Ho|=sr

AISCHE
(system)

Im: UIAA2| == 2 2(imaginary part) Re: LU A2| &=~ 2= (real part)
x (V) : A= &1 S(perturbating signal) S@) : TIX| SE &1 S (cell response signal)

Fig. 10. Schematic of frequency response analyzer.
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Fig. 12. Evolution of Nyquist plot and equivalent circuit as a function
of the degradation of a coated steel.
(a) capacitive behaviour (b) one semi-circle

(c) two semi-circles  (d) 45" to real impedance axis
2.6 H¥F S g% A= 7HEx3 B
2.6.1 q71F9 AGH ZAFH QUV A @3 #A
Table 4% 20094 1098 20108 9Y7HA FabA ol 2Abd B %4

& AMdA zAL16]S HEFAAT. Q-pannelAte] QUV A&7 &5 AHE-8f

71—

93 A}gE WxEE= UVBEA o YR ZAFELS 600W/m?e] th. 20094 10
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AHE 20109 397HH, 67093ke] t1F e AelA EA L 1,959,190
(KJ/m*) o2 o] & 7hEw=sta 7] 7)o oA &
]_

o2 FkskH oF 907

ARFERE 213

s

ol

A} A3 o] YA = wuto| 714 ).

Table 4. Integrated solar radiation energy (2009.1072010.9).

2009.10~12 ~2010.03 ~2010.06 2010.07~09
(3month) (6month) (9month) (12month)
SORENL
996.17 1,959,190 3,624,410 5,128,480
(KJ/m2)

. 1,959,190 K.J/m?
600 W/m?® %3.6

~ 907 A Zk
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3. 4% WH

3.1 Al

3.1.1 Epoxy $XA

2393 Sigmacover 456

hya

Ae Fxeo TR =24 HHL2 Fig. 139 &

a

hardner®} vj€sl it
Algk vpe} 2T

i ¥
CQZ/CHCHZ{O—@Cl@OCHZ?HCHZ]»(}©(|:—@OCH2CQ—/CH2
o CH; OH E CH3 o

n=0 ; 85%, n=1 ; 15%-EEW=190", Viscosity"= 11000 - 15000 cps

Fig. 13. The molecular structure of DGEBA.

32 AEH A

BoAGo A AFE"E AEHLS 150 x 70 x 3(mm)e daAgdAdHoe =z
= Aol &zt @4 % grit blasting A #lste] T =AM oA

He A4 2 71@75~65.7im) e =5 FA4H7 v, 2539 AlF
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Table 5. Sample preparation.

AaE AR
Application Air-spray
Specimens 150 x 70 x 3tmm) CR steel
Curing time 1 week (at 25C)

Surface treatment Grit blasting (SSPC SP10)

coating thickness 200£10mm(1coat and 2coat)

3.3 Experiment flow chart

A& o] AurAel flow chartE Fig. 14 YeR Qo).

43



[ Formulation ]
L 2

First coating application

¥
[ QUV test(UV environment) ]

'E >

Second coating application

¥

[ Salt spray test ] Adhesion
¥ % test
EIS

Fig. 14.-experiment flow chart:

34 7tE =3 A Y

3.4.1 QUV test

=

ASTM GIn4E #xste] UV Z23H7 stolA =9re] w3} Agty}
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Fig. 15. Equipment of ultraviolet exposure test.

3.4.2 Salt spray test
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Fig. 16. Equipment of salt spray test.
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3.5 FT-IR(Spectrophotometer)
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3.5.1 Attenuated Total Reflectance Spectroscopy(ATR)
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Fig. 17. Condition for a single internal reflection.
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Table 7. Measurement condition of Electrochemical Impedance Spectroscopy.

Electrochemical measurement Solartron FRA 1260
equipment Dielectric interface 1296
Measurement solution 0.5N- NaCl
Measurement area 13.9Cm?
Measurement point 3/decade
Frequency range 100kHz ~ 10mHz
Amplitude AC 50mV
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Fig. 18. The organization of Electrochemical Impedance Spectroscopy.
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Fig. 19. The process of Pull-off adhesion test.

3.8 Creepage analysis
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Fig 20. corrosion creepage analysis.
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measurement for Epoxy coating as a function UV radiation.

d
el
wir
K]
W
B

Fel ¢

al

H

4.6 o) Z A

o

o
Ny

o

il

to

a7 . weA

27}

22 AF9 (0.01Hz)ol4¢] A dujax

S

22, 23, 24, 25, 26, 27, 28] WEIHA L 0.01Hzol A2l <

ool el o Z A

-
=

Fig. 29¢] utebisich. ALl d AL A 7k

=13
=

1 mass loss[26]7}

9]

o} o] zle] A o] ZALE o] chain  scission®] ¢

o] wre}

7L FobA| a7t

P

‘EO
™

—
fite)

52



Impedance Magnitude (Ohms)

10"

E = Initial
B !\‘ - Salt 360hrs
10 lir_ = ; —a&— Salt T20hrs
: —w— Salt 1440hrs|
10° E
10° :—
107 b
10° =
10° E
10‘ B L 1 L 1
10 10~ 10° 1o 10°

Frequency(Hz)

10°

Fig. 22. Bode modulus plot of the EIS data of iitial~epoxy coating.
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Fig. 23. Bode modulus plot of the EIS data of U8 epoxy coating.
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Fig. 24. Bode ‘modulus plot of the EIS data of U24 epoxy coating.
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Fig. 25. Bode modulus plot of the EIS data of U72 epoxy coating.
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Fig. 26. Bode-modulus plot of the EIS data of Ul44 epoxy coating.

Impedance Magnitude (Ohms)

10" g
E —=— Initial
[ e Salt 360hrs
T E —a— Salt 720hrs
E w»— Salt 1440hrs|
10* Hi‘-ﬁ__-—-
100 . g
£ -}

S S e e S e S i

10° | \t\'
107 E
10' L L L L 1

10 107" 107 10’ 107

Frequency (Hz)

10°

Fig. 27. Bode modulus plot of the EIS data of U384 epoxy coating.
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Fig. 28. Bode modulus plot-of the EIS data of U600 +=-epoxy coating.
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Table 8. Adhesion strength of coatings after salt spray test for initial.

standard us u24 uv72 U144 u3s4 U600
sample 1| 13.67 11.14 11.69 9.10 8.88 8.24 6.72
sample 2| 15.99 11.79 10.90 10.51 9.55 7.75 6.53
sample 3| 14.21 10.99 12.77 9.99 7.91 7.55 5.86
sample 4| 12.12 13.01 10.59 7.53 9.88 7.98 6.08
sample 5| 1547 1212 9.87 9.69 8.33 9.11 6.66
average | 14.29 11.81 11.16 9.36 8.91 8.13 6.37

Table 9. Adhesion strength of coatings after

salt spray test for 360hrs.

standard | -~ U8 u24 ur2 U144 uss4 U600

sample 1| [9.96 9.22 9.34 8.24 7.68 3.49 3.55

sample 2| |11.26 8.94 9.10 9.56 7.55 5.28 5.09

sample 3| 10.24 9.23 8.88 8.21 7.19 474 4.02

sample 4| 9.68 9.13 9.27 8.97 8.32 4.89 441

sample 5| 1042 10.87 9.32 8.36 8.20 5.78 4.25

average | 10.31 9.48 9.18 8.67 79 4.34 4.26

Table 10. Adhesion strength of coatings after

salt spray test for 720hrs.

standard| U8 u24 ur2 U144 u3s4 U600

sample 1| 9.18 7.39 7.26 8.01 7.10 3.66 1.55

sample 2| 9.87 8.14 7.86 8.59 7.14 4.46 177

sample 3| 10.12 8.07 7.84 7.32 6.54 3.02 1.23

sample 4| 9.05 8.85 797 6.75 7.29 4.22 2.32

sample 5| 10.23 9.64 7.50 7.61 7.59 3.82 1.54

average | 9.69 8.42 7.69 '7.66 7.13 3.84 1.68
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Table 11. Adhesion strength of coatings after

salt spray test for 1440hrs.

standard Us Uz4 u72 U144 Uu3g4 U600
sample 1| 9.14 8.53 7.66 7.77 6.58 4.15 1.27
sample 2| 9.32 8.52 8.01 8.16 5.15 3.11 1.57
sample 3| 10.83 7.84 8.12 6.29 5.59 1.63 1.69
sample 4| 9.02 9.01 6.99 6.33 6.47 1.94 1.14
sample 5| 9.74 7.88 6.24 5.81 5.35 3.89 2.08
average 9.61 8.36 7.40 6.87 5.83 2.94 1.55
15
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Fig. 30. Adhesion test(pull off) results.

59




4.4 Corrosion creepage from scribe 23}
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Fig. 31. Corrosion creepage from scribe results.
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