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Monitoring ageing of organic coating and electrochemical characterization

In corrosive environments

Jeong—Hun Hyun

Department of Industrial Chemistry, Graduate school,

Pukyong National University

Abstract

Protective coatings play an important role in the protection of metallic
structures against corrosive environment. The main function of anticorrosive
coating is to prevent corrosive agents, such as water or oxygen and ion
from contacting the underlying metal substrate. Therefore, study of ageing
of organic coating and anti-corrosion properties is very important for prevention
of metal structures.

In the study, ageing process and protective properties of organic coating
were studied using EIS (Electrochemical Impedance Spectroscopy), AFM
(Atomic Force Microscope) and DSC (Differential Scanning Calorimetry) in
the representative corrosive environments. Also the correlation among
protective property and change of roughness and Ty of organic coatings
was studied. The used specimens were produced two different coating
systems. First coating system was coated two epoxy coating of BPA -TYPE
and second coating system was composed of epoxy coating and Polyurethane
coating. In order to ageing of coating layer, accelerated tests (NORSOK M501,
Prohesion, Hygrothermal stress test) were applied to all specimens. Then, the

specimens were measured electrochemical properties, roughness of surface

= Vil -



and Ty according to designed period.

The results of experiment showed that the impedance of epoxy system
steadily decreased with change of surface roughness and T, In the urethane
system, the impedance hardly decreased but the correlation trend of change
of roughness and Ty was similar to epoxy system. So, it was found that
the correlations among the results of EIS, AFM and DSC were evidence in

the evaluation of degradation and protective property of organic coating.
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Water acts as a solvent >
for reactions : roducing blist

on and desorption of
produce alternatit
sive and te

5

2491 W7E =3ke] 3 FEjoltt
AL A(UV)el o8 §71%ue] w38 WAUEZS A Initiation(Z1A]),

Propagation(%42]), Termination(£72)2] @A &2 o] Fojzt},



a) Initiation o .
Initiation may occur at either the

C+hy —C> Polymer (P) itself or at some other
cC?— Reaction 1 Unstable coating component (C).
b) Propagation

c'+0,— COO Reaction 2 Propagation will inevitably involve

COO* + PH —» COOH+ P° Resction 3 the polymer as free radicals abstract
hydrogen atoms from structure.

COOH+ hy — CO’+ ‘OH Reaction 4

PH+CO' — COH+P? Reaction 5 o .

‘ , ] For any reaction involving C there
PH+‘OH — H,0+P Reaction 6 can be a corresponding reaction
pP’+0; — POO’ Reaction 7 involving P.

¢) Termination (Cross-linking R eactions)

P’+P' —P-P Reaction 8 Termination reactions leading to
PO’ + PO’ —» P-O0P + 0, Readi Cross-linking involve polymer.
; Residual free radicals from other
P*+P0O0" — P-00-P Reaction10  gpecies may also terminate growing
P+ PO’ —» P-O-P R chains without cross-linking.
d) Chain Scission
o C”)
-CH,-C-CH,- — -CH,-C-CH, + ‘CH;- Reaction 12 Chain scission reaction may also
(I3H3 OCCUr.

Fig. 3. The degradation of polymeric coatings by UV radiation.
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Table 1. Effects of UV Light-Induced Degradation in Coating Films

Aesthetics

Mechanical

Color change

Change in flexibility

Increases transmission

Delamination from Substrate or intercoat
Loss of film thickness.

Fading of color Change in elongation at break
Yellowing Change in hardness
Chalking Change in abrasion resistance
Loss of gloss Change in coefficient of friction
Hazing Change in internal stress
Performance Chemical
Oxidati
Alligatoring e OI?
: Hydrolysis
Checking !
_— Generation of polar surface
Ci:llzig Increased surface hydrophilicity

Change in solubility

Increased wettability of surface

Change in crosslink density, Tg and

free volume

1)

o]z 8 LM (UV)el 4713t =9
olyz} =4 ol hydroxyl group®]

Jof et abk W o] B BAIx

& sHA 01,

_10_
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(c)

Electric
potential

Iy

Fig. 4. Equivalent circuit and currents response.

(a) Charge transfer control.

(b) Anode reaction : Chare transfer control.
Cathode reaction : Diffusion.

(c) Currents response to applied alternating
current potential.
Resistance : © = 0°
Condenser : © = -90°
Coil : © = +90°
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Pl 5737 AHE 5 C.= Coating capacitance, Cy= B2l ¥ Coating
I F2 A" Qo] e H7]o]F % capacitance, R A3 @ ¢ Ohmic
resistance, Ry =99 micro-pore resistance, Rqi= =9 AW o]A] <]
Charge transfer resistance®|t}. ©] & 7}3] 29| resistance®} capacitance
o Wil e =d e =] Hdajdo] HFsle HxE 24T

T 9lar o]5 B3 =] porositys o= = vk thA] e St E

et

T Ut YRR 7 SUEER AR ouE pdetA dwstd thedt

D Coating capacitance. Ce.

Coating capacitance= 52 24 (19)% o] Fojzir],

€= e A /M (19)

c

2 99l dielectric constanto] il goi= ZFolA e permittivity (8.86 X

™

ek capacitance®F-H =9 F4AE FAste 7P bde MRS

obelel 4 203 2.

X,=log (C./ C,)/1og80 (20)
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R,/R,=NA,/A (23)
NA: / A =99 porosityE UEH = Aoz A7+e 4 Qi)
@ Double layer capacitance, Cy
Aol WA I ukew A el H]

H7)0)% = capacitancex %3



Ay=Cy/ Cd(} (24)
C’u& specific double layer capacitance® om|alE Ao @ AlH o 7=
EAE A 2 2A9] capacitanceE YENE Aom S T
A AP g Fobd =ae) utgdde 78 & gl

@ Charge transfer resistance, R

Z=re] W45 monitordtE 7HE A B3R 2tV E ol Ree dibH o R

A,=RY /R, (25)

AN oz 249 B4 A AdelelA B7te ghe olgsta SAEe o
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a=R,+(1/R,)/(1/R:+w>Cy) (26)
b=wC,/(1/R2+w>C3)

(a—R,—R,/2)* +b* =(R,/2) 27)

o A2 WA Fol Ra/2, TAHOl (Rs + R/2)%1 2] WA olz o}
ol EAY Radt Ca(7] 253)2 HWE3| 2o SHAT RIT 2= 24T

due SHERE A Adwgel uds

plotdel A &HAF RF Ao TAoA " Fig. 7(a)¥ 2o

A

A A3+ Nyquist

9] Al AL (time constant) 2H-E| Cald7] 253)S 7+ 4 Atk
Bode plot AolA = F A T34 SHAAE 5 9K R, I A}
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(as 'b)

Cartesian co-ordinates (Nyquist plot)
Impedance Z=a-jb
Resistive component a=rcos 6

r " Reactive component b=rsin &

Polar co-ordinates (Bode plot)

Modulus of impedance r=/2Z/[= Jal bt
Y Phase angle O=tan! (-b/a)
a

Fig. 6. Definition of impedance relationships in both Cartesian

coordinates (a, b) and polar coordinates (r, ©).
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High frequency : 2"’ —0, Z'—R,

Low frequency : Z’ —»0, Z'—R;+R,

w=7", . =1URC,]

Imaginary impedance, 2’ ()

.

: R, 1 RP 1

Real impedance, 2’ (£2)
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Frequency, f (Hz)

Fig. 7. The simple electrochemical system (a) Nyquist plot

and (b) Bode plot
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Fo4 B 2D
(Frequency Response Analyzer, FRA)
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1 1
' =X '
1 1 I
V[ 2 2o v Im
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1 / i 1
. ) S(t)sinw t '
1 1
1 X
' sinw t i Re
1 1
\ T —_ —_ _—__—_———____J - r----i-_-_—_—_—_—__ 1
x (0

& | 33

aE0Y

(system)

Im : B U EAS §f = 2 2 (imaginary part) Re : ¥ Il @ A o A 22 (real part)
x(t) : & & 4 Z (perturbating signal) S(t): ™ x| S & 4 (cell response signal)

Fig. 8. Schematic of frequency response analyzer
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Fig. 9. The arrangement of experiment equipment for electrochemical

impedance spectroscopy
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Fig. 10. Evolution of Nyquist plot, Bode plot and equivalent circuit

as a function of painted steel degradation.
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2.4 DSC (Differential Scanning Calorimetry)
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Pt sensors

Te=]

SAMPLE

Te=l]

REFEREMNCE
MAW —_t  MWWW———
MWWy MWWy

Individual heaters

Fig. 11. Sample & Reference scheme
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Temperature———

Fig. 12. Thermogram of DSC
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2.5 AFM (Atomic Force Microscope)
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Fig. 13. Atomic force microscopy scheme
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3. 249 ¥H

3.1 A=A A=

Hoodtol A AlgE Al HAL 150 x 70 x 25(mm)e] HR A#doz =%
ol &zte] &x = Grit Blasting A glsto] W2 E=FolA Q5+
AR %% 7)F(375~6571m)e ZEE AP xS AHS B

A ol EAE AAG Foll 7 =G AAel WAlE A =gE

o AMEE =E2E @A A R G AP "ol o] &H = o FA,

Table 2. Sample preparation.

AlgdA A =z
2 A] 150 x 70 x 2.5(mm) HR 73
A9 Grit Blasting Sa 2.5
=3 9y Auto air Spray
A3 =4 2 weeks at room temperature
EAAL Epoxy system Urethane system
A 1= Epoxy 75um Urethane 75um
Layer -
Zﬂ 2% Epoxy 50um Urethane 50um
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3.2 NORSOK M501 Test

NORSOK M501& w=2Z¢]o]e] NTS(Norwegian Technology Standards
Institution)7} 71&sk S Fx2=9 =4 A3 27102 FHA 9 Coating
system A7l 1 HAo] gt} I = =Z NORSOK M501 Cyclic Test
Fr7l=uto] kA g} 2 7pEg A S| FREJS WE EAS

b wsh APEOR Fig MolA Bz vhel o] =i 39AZ PAH

WA ASTM G5H3(Standard Practice for Operating Light and Water-Ex
posure Apparatus Fluorescent UV-Condensation Type for Exposure of
Nonmetallic Materials)oll we} 80AI%F &<t FEEHS HA} UVEAL
7V X 18]l ASTM Bl17(Test Method of Salt Spray(Fog)
Testing)oll W& AFiEF Aol 72AIE & JAEHM o] 16417+
Fenzrt FY¥Eg. A" 717ke 219 168417FS 1Cycle® A AT

% 25Cycle(42004] 3H)& 2k REEsto] M3 Aol FEEH Fo 40
utz} A& H o] Corrosion Creep, Blistering, Chalking, Rusting, Adhesion

st A=E FrbshAl ©oH19l 2 A3 A= NORSOK M 501 Cyclic
Test7} A== ok F JIAPIAHE o] &3l mute] WA EA U
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ASTM G353 QUV Test (80hr)
« 4hrs (60T)- UV
s 4hrs (S0T) — Condensation

ASTM B117 Salt Spray

Test (72hr)
= Continuous Salt fog at 35T

Air drying (16hrs)
& Impedance =&
at room temperaiure

Fig. 14. Schematic of NORSOK M 501 Cyclic Test Process.
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3.3 Prohesion Test

Prohesion Test= < =72] industrial maintenance coating applications&
2 7]FEo] AFEHY Salt spray testEUlF A1 # A o]

=2 Ao 54k o] Prohesion Test® f7]Edro] &= o<}
e 52 840 FREHGS WE EAbst=dH A e Al
wet/dry cycle2 5o f71%=ure] Wi 5o

B A= F - GF HAH o] WHEsto] 2HESTH20-211.

t} 2 Fig. 16 ¥ A4 AF8¥ Prohesion Test AW 24 A3 =7

Hog ke

i

ol salt fog7} o}yl

rlu

E)Egosure C&ldition
@ Electrolyte solution : 0.05% sodium chloride & 0.35%
ammonium sulfate
@ Solution Acidity : pH between 5.0 and 5.4
- T
Prohe319n Cycle
D Step 1 : Salt fog at 25C for 1 hour
@ Step 2 : Dry-Off at 35C for 1 hour

Fig. 15. Prohesion Test Equipment.
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3.4 Hygrothermal Stress Test
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Fig. 16. Temperature & Humidity Chamber for Hygrothermal Stress.
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Fig. 17. Testing Condition for Hygrothermal Stress.
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Counter electrode® AH&-3h= 235 W2lo] A& =t SAg o~ gk
Z} Fapgre] dirol] gk Yyl o] A o] =5 FA8kE Bode Ploto =
Yetlom =uto] A8 Wali= Capacitance®] 9 9¢l 10kHze Fy4=
AM Yetll= d3dx gl ol SAHAT. 28 SA4E dIdx gl
Capacitance #tS &3l =49re] Water—uptake 2 Solubility 22] 32 Conductivity
o] AgAS =ESIYTE the Table. 3914 Az dis] A3 YeRY
At

Table 3. 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 5/decade
Frequency range 100kHz ~ 10mHz
Amplitude AC 50mV
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Fig. 18. The topography change of epoxy system under accelerated tests.
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NORSOK M501 Prohesion Hygrstgl;::mal
3000.0 nm
1500.0 nm
12) = -
P m -
16 ,-0»‘ ’ ‘ 0.0 nm
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