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Physical ageing mechanism of organic coatings by

hygrothermal cycling

Min-Hong Kim

Department of Industrial Chemistry, Graduate school

Pukyong National University

Abstract

Organic coatings play a good physical and chemical stability in
the protection of metallic structure against corrosion environment
and guarantee long—term service life.

Out—-door exposure test can obtain the most reliable data in order
to observe of the organic coating ageing process and service life
prediction, but this real test is required considerably long time.
This study shows that the acceleration test can monitor the
physical ageing of organic coating according to reasonable and
excellent reproduction method.

The organic coatings have a reversible ability to the hygrothermal

- vii =



stress. On the other hand, a continued cycle, the recovery effect
decreases due to the cause a physical ageing.

The co-relationships among the results of decrease modulus of
EIS(Electrochemical Impedance Spectroscopy), cross-linking density
and Tg(DSC), contraction and thermal expansion coefficient(TMA)
in the evaluation of physical ageing at the acceleration were also
examined and it was found that practical in situ measurements can

be performed by EIS, DSC and TMA.

Keywords: EIS; organic coating capacitance; Hygrothermal cycle

test, DSC, TMA
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Fig. 1 Schematic illustration of the corrosion resistance mechanism

by organic coatings.
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2.3.4 Electrochemical impedance spectroscopy(EIS)e] +A

BIS®| T4 Fig. 73 o] F95ea4x, 24 4 9 dolHg

AN AR w0l

& &3 2595
2 o FRA: %
& . .
+ Frequency Response Analyzer ¢,
N ‘.
¢
NE &H3:

NEE=9 2IEA
HalE 2H=-C0 L5
I5 24
[ B RERRRRRRRRRRRRRRRRRRRRRRREN]

Electrochemical Cell Display

Fig. 7 The organization of Electrochemical Impedance spectroscopy(EIS)

_26_



EIS¢] =4 ¥+ FRA(Frequency Response Analyzer)S %3 S}

Fol R AT AN F ST AR AFF 9 Aol

A8 QuEs Zq4e A EA 4FAGE F4RaR
]_

9] Abel=F A (sinusoidal curve)J B e of7] AZE 7

rir
rN

ol

171848 29 B A4 tel A¢ Bt A dHE 4L A%
A

—|~
ol
R

7188t Al~le] dF e Ay S (response)S FA st IE3 94

2} o] (phase shift) & FA e th= Aolth. o 7] 2l & (excitation signal)® +

of wat &Y AW (single sine technique)¥ tH5 AW (multi sine

technique) &2 Yol Ed, F2 9d AWl olgxxu 9t} Fu

Azgel A48 adsE el ohe, 4UF A/FHY A5 AR

A 7]3}8 <l €] 9 o] ~(interface, potentiostat/galvanostat)e} &7 F+A 57| =

_27_



I\

Skoh. Fig. 82 FRAS #7188 A ol~7 A4 FAE d9ds S4
AAE Ydetdoh R {FEAy7dq A Bl A% Al S (perturbating signal) X
(o] HA(cel)oll 7FaiA™ 1o FukdE wkg AMIFTE AF S A

Sty =AM EH 72 WwolEolAA 77t Fd AAH(n phase) &I & 9

A(out of phase) AR o0& UFolx g} [12]

_28_



Fl= s 241
(Frequency Response Analyzer , FRA)

1
: S(t)coswt :
1
- X J\ L,
1 | 1
S ETEYP] : Im
: (generator) coswt :
1 T/ e i
! /A S(tsinwt !
1 1
: Qe > >< —> —|—>I
X sinwt | Re
1
e B :
Xt

zo|sie

LR

(system)

Im: U HAQ| 5l 2E(imaginary part) Re: 2HEHAQ| Als 2F(real part)
X(t) : = 41 S (perturbating signal) S(t) : ©X| S 4l S (cell response signal)

Fig. 8 Schematic of frequency response analyzer

_29_




X0 s -
N Unins Unar DU l«— FRA
1 1
1 1
| Y |
{mE =TI
I — - ]
1| 247 ML OIHMHIOIA | ZHEF
1 ML
\ 4 ! |
: 29 ol : Sz(t)
T == Z,(w) :%
S [S®
St : 8=
& . S(D): ®e
515 i = FMt=o A
HX@2 pIES NEM2 le— X._‘D|2F‘%* OJE'i U—'”O|ﬁ Umin b2l 2 Aat
? ? ? (Potentiostat) Unax = FIH0] 202t
m ==MAaA=
' b AU = zn4 201

Fig. 9 The arrangement of experiment equipment for electrochemical

impedance spectroscopy

_30_




236 T2 =3lo] & 57329 wFYHH2 diagram [7)

Nr

F(Rp, #7]o0]

%

(O, =7l A

of =e/ArelA

p=1
[¢)

5 2(7,)

—

o

il

Bode plote} Nyquist plot® =2 e L

=1
=

g

s

FAE 7] w2l

A2t s

o]
=

7Z+o] Bode plote F 3¢}

b oA AR, A Fuh ol A 5L a2 7]

ok
2

1:\_,
-

il

)

NE=3-11]

Aol 7t b

20 =

=
L

7F

o
A

]

A

K
<
o
ey

—

0

NIl

‘_IrH

—

-

#A

kil

NME 47

3

O

%

o}

Nyquist plot2 &2 F

Al E =

= 3%

)

6N
HH
i
M
T

vze)

o

i
A

N

_31_



Zi
[os ohmr:scmzl
L &

|
5]

Zresl
[10% ohm cm?]

0 o il il LA 1
1071072 107 100 10' 10 10} 10t
Frequency
[Hz]

Fig. 10 Evolution of the impedance spectrum

_32_




o
12 =99 7%, Bode plotoll A &

%A 8

hyA
ar

Fig. 1001 A

T X A
{ A jr J—
TR W ﬂw R b E
T e Col g
I ks o N I oV
Bowow N K oy
=R o:m = ® = 50 o o <
s : - ~ P o P =
© zT- o Ho | \#/ L3 K E:u ,:ﬂ
Yy Jooow be
¢ T T Tw 2 A
5 " ) = H i W_l X0 o —~ —
IS T D % T : P
9 3 T S 3 -
TS 2 Sy R ) {+
T s Rl R0 2 G
v ETE T T TS
‘A| ¥ = ! w. Jl Jal il 2 Ef H N
= 2T E o~ m_. Mg B
2 o - 4 o . 3 . : ‘Dl
T R A A T
T ez izt T Tk
R e TR T g
. o
Z o o ~ wh ar N 8 N
A = TET R s
s« 0 - =W YoRF tE g
R B % :
_ i) bo ,_umo ) To oy X0 Lf o)
g K ow R~ B oo ~ mm v
—_— T B z
NoAR g 3 I Mﬂ TR ot = 2
of ~ S o o 3 o S
o mm & w om O Mr. "~ A
. ul
| ofp . S H 9 T 9 x N X 4 "
T x T & M R = =
° oh g X Fog = g :
SEETRE N s w2 £ %
ST~ | AR U B R
Sy

_33_



104 i , " 1 n 1 L
10° 10t 1wt w1t w0t 10? ; 1 2 3

Frequency Znal
[Hz] [108 ohm cm?]

Coating —=

Meta] —»

Fig. 11 Impedance spectrum and equivalent circuit for organic

coated metal without apparent degradation

_34_



|o'é— i
- m’;r L
g F
— g
Iig 108 B -
F
Sk L
10t
E L
10° L q O T VRS T L
0 107 1t 1wt 1w ¢ 10 10t 10° 0 5 19 15 20
Frequency Zreal
[Hz] [10° ohm em?]

Fig. 12 Impedance spectrum and equivalent circuit for organic

coated metal, with corrosion occurring under the blisters

_35_



Jo

2.3.7 49

o

Aol wAshs Aow Busda gu [13]

Excellent

Good

Aging

begins

Poor

10

Coating impedance, Log Z(Q+cm?) at 0.1Hz

Fig. 13 The key for interpretation of the impedance data

wr

2.4 9 urE A ¥ (Hygrothermal cycle test)S

Ao

59

=4 2A] Alolo] Aol A osmotic blistering, &= 4g]

_36_



il
o

T
OO

)
=

ox

¢

o

\_.mo

7K
i
=
3

pa—

el

4

N2

1

¥ (free volume® 3% cross-linking density 2]

o

Jo

JJo

A ehel

94

2E Y 20

CERREE

o
T

ar

| %=

7

[o}
T

EEE!

3

&

2 Agel W

al

HA

]

= 7Fn2]

ZE]

bl A

]

Bz 29

fool#

9]

EEEE

A
2E P 2o

j
i

i

71

ki3

94

N

il

Ulo
]
A

o}
b
Ul

E

ar
H

N
i

gl
N

Nd

o)
o

pu
N

A,

=13
=

}o]

;oU

2

= 7IAA

4
=t

—~
o

~
Njo

A €t

/\gé‘

iy
o

M_.o

Hv.[18]

5

Bl

= I

o

1 /\g

Gl
o}
H

T
Tor

o

sl

O

of ARl 7hAA

ol
-

I

22 57

25 =

s
a-

=
.Eu

i

A 71A

H (2]

_37_



Astd Aol AatAle] Fiel weEk dd =4

obmnThe WA B Edoirlo|s Ei Eejolnio]E-o] 4] ofg}
of AgHTh A AHAA AFHE =ZPAZE 7

A FA-G5A ool WAL, ALGE 2 AF AL ¥

sttt
EISe 7F&EA 8o HER A3 mdo 9

dol AAl F4 &4 =] FSAel U

w| of of g

_38_



M
ol

)

B

S

oy

o
=

o
N

S
R

o

ol frlET Azl 3

= #A e 2ol

<

ol A

7} A]

2.

9

A 5 2]

-
L

RE vtz

v = d474

23

=13
=

o] (Micro browning motion)

o]
i=

]

AR

59

A

=]
s

Ao

sl

N

oy
;OO

s
OO

-

ot

Be

ol [2].

o

oo

el

ze)

N

—_
o

N

o

iy

o)
alol
N

~,
70
el
AL

o0
—_
1o

pu—

0
N

Hr
o)

-
0

ATH 2

O:
2

3t

(DSC)= 4]

3

37 9

el
3

oo

0.5 M-NaCl

Jo

bl

]

&

_39_



Scanning Calorimetry, DSC)
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Fig. 14 . Power compensated DSC sample holder.
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3] 2 (Thermo Mechanical Analysis,TMA)
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Fig. 21 Schematic of reversibility test.
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coating with temperature and number of cycles.
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epoxy coating with temperature and number of cycles.
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Fig. 28 Change of impedance bode plot characteristics for

epoxy coating with immersion.
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Table.l DSC (Tg) change, impedance and coating capacitance data

(acceleration test)

cycle 1 3 4 11 15 18
Tg(C) 62.587 62.396 59.334 57.466 56.089 41.389
Change of

) 1.72E+10|1.63E+10 |4.56E+08 | 1.67E+07 | 6.48E+06 | 7.57E+05
impedance(10mHz)

Change of coating
) 5.43E-10|5.68E-10|6.39E-10|7.74E-10| 1E-09 |1.19E-09
capacitance(Cc)
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