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Fig.1-1 Schematic illustrations of hull cross sections of cargo ships, (a) bulk carrier and
(b) oil tanker.
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Fig.1-2 Curing reaction of bisphenol A epoxy resin by amine curing agent.
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Fig.1-3 Simple equivalent circuit of coated meatal, (a) circuit diagram and (b) Bode
plot. Abbreviations are listed as follows: Rr = coating film resistance; Cr = coating film

capacitance; Rs = solution resistance.
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Fig.1-4 Equivalent circuit for degraded coating system: Abbreviations are listed as
follows: Rp = polarization resistance on coating/metal interface; Ca = electric double
layer capacitance on coating/metal interface; Zw = Warburg impedance related to mass

diffusion on coating/metal interface.
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Fig.1-5 Equivalent circuit used to evaluate of high performance coating system:
Abbreviations are listed as follows: CPEs = CPE parameter of sound (intact) pert of
coating, CPEd = CPE parameter of degraded part of coating, Rs = solution resistance

under degraded coating.
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IZOWTRHMET 2 Z EMMETH D, £ 2 TARETIL, KOTE % L\ & FH Tl
T % LiCl KK &2 FHWTCT /N T R h & 7 8320 EIS JITEZ1TV, £ DOk
PEEHONCT D ZEEHNET D,

22 FEBRHIE

221 BEFEBK

FHFHEE &5 U 72 i ~, FERICt SN TWAH AT R b ¥ o7 HEE 2 B0
L. AR 2 (B L 72,

— A E F I SE SRS SS400(JIS G3101),  ~1YE 100mm X 200mm X /& & 3.2mm @
bR & I & U=, 8RS DAL MR A Table 2-1 127”3, A O 2 1 1% 1SO 8501-
LICHEIL L7227 L— F (G E) Sa2.5 D77 A MLERCHLEE 30 - 75um) % fii L 7=,
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Table 2-1 Chemical composition of substrate steel panel (mass %).

C Si Mn P S Fe
0.07 0.01 0.53 0.022  0.003 Bal.

HHR OFBRIE IS, ZHEMEDNNT AN Z 7 [T R X BB A d SRR
(DFT) 200+50um & HEFIZ A 7 L —33E U EEROREEIL EIS FHH O L5 R
& LT 187um &g olz, AREEHI, EEEE LTHNLVI RO A G a4
%o LT, Kia XX HOEBIZBN T, &TRFEOEEH W, B3 2 bl
D& L., MIIRMaOFRAEZBIIE LT, Sk O3 m & O%xIX, [F UBk 2 %84+
5 & CIRE LT, BERORBBIIRIEIC T » AL, ik Swi-,

bt OBERE 2. B EKS 7 — U = 28RS o615 (attenuated total
reflection Fourier transform infrared spectroscopy: FTIR-ATR) Z & Y 7347 L 7= 5%
% Fig.2-1 127”7, 1500-1600cm™ (Z_ ¥ 2 BED C=C ifEiRE ORI FRD 5
N, ARBEIRE AT = ) — LV ARIOZ R REE Eln & 552 L B30 5,
Flo, TARFUVEOFERINTH D 918em! ICE— 7 DR ED, 71T
L LT D &l L7z,

Absorbance

M

4000 3500 3000 2500 2000 1500 1000 500

Wave number, A / cm-?

Fig.2-1 FTIR-ATR spectrum of dried coating surface.
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222 ERIEE

FEEEE O % Fig2-2 (2737, BRIROFRICIREO VY a3 L85
Ay R LCL FHAEREDY 43em? L 72 D K I 7 A A 2H0 7=, &
LD EEIZIIR R E L CHSRER Lz, REBROFE & Ao ZnEhic
WREBMRZ XA L, HERAE AL, A ORI (= X = 7 [ E 7 1
v 7T A a7 A T 7 LIS6A0)N B LT,

Lock-in amplifier

e ————

Test chamber

Coated steel

Substrate

I

|
|

I
I

I
I
| |

|
: CE (Pt wire) |

I
I

|
I

1
I
| ]

I

Fig.2-2 Schematic of experimental set-up.

2.2.3 EIS |

H4afr & RERR O FH & O ¢, EMIEICKY EIS FHlZ T2, ry
AT T ORIAE IR D EEORE LA A L, Sz ERANT
TICE VAT S Z LT BB BRICB T DA = ADEE ST, T
1kHz 725 1mHz O T1T o 72, AT EEIL 100mVims & L7223, By 7 A
77 ORREHNER (1pA) 282 5504 CTldm/h T 45mVims £ CHEEZH T
776

EIS EFIIL. 16 30,40,50,60,70°C. E/LN® LiCl KK DI 0.01M,5M K&
O 10M TENENFENE L7z, LiCl KEKORE - ZZZIERREK 9705 KOTEE
aw &1 (0.0IM), 0.7 (5M). 0.3 (10M) & L7z,

FEEBR D W) R OUKERIRASHRF L, TEIRAYOIRE 2 70°CITHERF L, BIERE K
TR & Wl ST, BREEA B — X Z A FHAI L, AT HMEOZE LA MaF L7~
el (B 18h) THENIREE 4 30°CIZIE T L7z, ZD&%IEE L 10CT 2 70C
T EhFSH, FAIEET2h BLEGRER U, PRI U CREER D Pl L 7o RE A
THEIREE, KOIEEITIB\WT EIS #HAlZ1T > 72,

AHANE aw=1 (0.01M) 225468, KW Taw=03 (10M), 0.7 (5M) DJIEIZE
B U7z, BRI aw=1 THEFHUNZITV, FHIF OBIESL oA HE 2]k L7z,

14



23 EBREREROELR

23.1 NI RNFU7BIERO EIS FtE

Fig.2-3(a) — (c)iZ. KDIEE aw =1, 0.7 XV 0.3 DZFNLIUIZDOWT, EIS D
Bode X 27~ d, BRI/ A ADO/NEL, SNEOBEWERETIE, vy /A>T
YTLIS6A0 12 LD RBOA L E—F U A EREERHUEED Z L 2R L
TWDN, HRMNIZ T 7 oo —F—L 0ol ) A ZPEABHF Y | —EHOFHNE
REME 22572, aw=1 122\, 30°COIKJE WL THAE 0 NETRHAKETH 5
N A0CLL ETIRIRITEMICEHTEN S SN TVWD EE X D, av=0.7 ITOWT,
30C KON 40 CIHRJE W D 0 NS AEMETH D . 50°CD 6 IFET AR TH 5,
aw=0.3 TIX 50°CLL T OAREWR IR DA N R EMTH Y | 60°CD 0 134 T B
Tbh b,

aw=1 ® Bode BEUIZI W TIRSE 30°COA > B —F o A DMz 1. 2K
BIECHE TR0 OEREZR L, BEFE CGlcxsT52%F#Ths, — T,
ALFR O 1% 10Hz LLF TR & 12 0~ 7 h LCTW5, ZOMMAOEILIL, BIEEKHT
ReWZEDHEDLEEZLND M., HIE Fig.1-3 DAARFEICH LT LA L Y 72272
HNTHY, AT MVORFERITZT L T\ D, T O Rt 2 £ Sl [a] 7%
IZDOWTIE, RETTTELREIT O, 40°CLLETIE, KBz 23E I L & 7
WIFIE—EDEE R L, £A0F 613 01355, M Re DNRD BN D, |7
DAL, EERHSE TIRENEHWIZEET L, DoRERE TEOER AR I,
o T, IRED EFIZELD ReDWD KO Cr DN Z 7~ L, 73D Re DD DIFFI
BHETOLZ EEMHER LT,

aw=0.7 1281F 5 EIS FEiX, aw=1 & FERIC, IED EFIZ X0 2238 L,
Z O FITRE R CHECTH D, o, MAHN 0°IZTOF, Re ¥R DL
5o 72720, RUIRETHET S &, av=0.7 DB DOEIZRKE <, »oEHE
Wl (Ry) TERNEETH D,

aw = 0.3 28T % BIS FEIC & [RAR OB M 237 D H AL, FHEEIZI T 5z OfE
Taw=1KTN0.7 LV HIZRKXWV,

aw=1? 1 [BEH K2 B HOFHZ 3% & | Bode #RXIZIZIZE 2D | 1 [H]
HOBESMH T T LA RAIZ2EH D 30 C THOKRE REICRER TS, 20D
FERND, RERZE U CRESOREIIBAETE 52 L KO, SWIRET
RoNDA o E—F U ZDRTIE, BESKIZ L 2D TIT R BIROMMEDZE
fbickabDTHD Lm0 5,

AR MAT TR N QUK DTG B O EMER 725228 KON IREEIZ XT3 5 EIS 4F
PEDATAR 22 AT T4 & BEAE OAF 48 THERR Y2 I T2 03, RFEBRIC K
D NTANE T BAERNFEREO B 2~ 2 & 2R T 5 IR, ZDfE%E
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Fig.2-3 (a) Bode plot for coated test panel in 0.01M LiCl solution (aw = 1) at various

temperatures.
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5M LiCl a, = 0.7
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< 10 Fanxg
9 A§§ A 50°C
& 101} §§§§ o 40°C
= g °
N 1010 ‘oooooooooOo§§§ T
R Oo &
@ o8
O 109} “OBy
c “OB
© "B
B 108 L
2
£ 107 x
106 I
O OOOOO
OO
- (@]
© (@]
e (@]
o -30 | ©
% M ©
> | ‘
q_.:;‘ AAA ©
— (@]
S -60 . 0
(O] ¢ . ©
) 5 A ©
® 0¥ %0 an o
i X <><>QQ<A>AA§ OOOOOO(‘)mm
gy RIS LY THNNANAA S
103 102 10" 10° 10" 102 103

Frequency, f/ Hz

Fig.2-3 (b) Bode plot for coated test panel in SM LiCl solution (aw = 0.7) at various

temperatures.
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10M LiCl a, = 0.3
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9 1071} OOO§O§§ o 40°C
N 1010 B * 30
N “Cx
R Sx
o Sx
9l Sx
% 10 véf%
© 8L vgg
(D) 10 g!!
2
= 107t ®sy
1068
0
— o
g | %
Nt o
é?-BO o
g o
- O
=
S eop 1 o
o x °
© %o
e A AX OoO
D— 8 é OOOOOﬁf'\ NN
ML “oaBX084800480000 330808088

10 102 107" 109 10" 102 103
Frequency, f/ Hz

Fig.2-3 (c) Bode plot for coated test panel in 10M LiCl solution (aw = 0.3) at various

temperatures.
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2.3.2 LM

AIETCIb 7= & 80 | EIS REMEIIAMERS Re L Y Cric X W BB SN D FERE2 57
N, A DOZEAITHE— DR ESR Z FF OB (Fig.1-3) &1 > T\, Z 0kk
IREFEROSEHIE. WEROARE — SRR L TV EIRSND Z ENRZn
25)
FEBRITHOWTZRBRR L, HE O R E Wik HIZEBEATZR S TR Y, Fig.2-
4 (QITRTHRIZ, BIEOKESANZEe 72 R, Cra2FORIKREZ 252 L7
Hk%, iz, BIENOARE— ST L, BIEOGE S 7 mIcalE & 53 m4m 4
% Fig2-4 b)DEIEEEZ L5 Z LMK D, ZDOW, Fig2-4 (a)DEEIZOWT
%, WKL Rs B HFRERE L, 2RO A o E—F A BITHET L5512
EBOSEART LM T WS, ZHIL Rs =0 DEFAHITHONT, 4
LTz Re KON CeMENENHE—D Re LN CrHITERREIND P ENLHBENT
HbD, KREBRIZEIT D Rs DIEIX Bode FRKICHNTE LT, - THIERDA
VE—H AL DIEFINESL BEHTE S, 20D, KBERO EIS BT
HRFER O BT, BRI FRORE)— I 2RKEBLT 5 Fig.2-4 (b)D[FIEE (Voigt
ETN) EAVTELRTHIENEVEYEEZIOLND,

(a) Horizontal direction (b) Depth direction

Gt

|
—'—_'j_ Coating
Rf

Solution

! ! Coatin
1L J

- = =1
J\/\/\/\/\/\/\/\/ Substrate

Substrate

Lt

Fig.2-4 Distributed coating resistance, Rr and capacitance, Cr:

(a) Distribution of horizontal direction and (b) Distribution of depth direction.
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ALV IEF NS o Te, BENOKOARE—7254008— K & 720 | EIS (T
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BEFE n Offi 2 28 b S/ CTHAGRE RT3 2 SR oM a2 Mt L, 5%
MEE~DT 4 M, AV E—=F U RARNT MUY 7 57 =7 ZView
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%%fékﬁﬁbw\ﬁ@m@Wﬁ‘;bﬁﬁbto

}(3 _ 1 i |ZMk - chk|2 (2-2)

m—v—1i73 |ZCk|

vi NTA—=ZDHME

20



< < <

CPE(p4, T7) CPE(p, T;) CPE.(p, T,)

Fig.2-5 Equivalent circuit model used for curve fitting of EIS spectra.

ImHz F TIXIEEMEIZ 0 NEEHNTZ aw=1 ® 40-70°C. aw=0.7 D 60-70°C. aw
=0.3 ® 70CIZDW\ T, Fig2-6 [ZEF S n & p* DR EZ/RT, n O E HiC
IR L, 70y FOBEAEN ELTWD, —J. n>5 Tl p’ DL
#ilbL, < tbn=5FTEBETIE++HTH S,

Fig.2-7 12, aw=1, 70°CK N 40°CIZOW T, FHMEKL Rn=1& n=5D7 4
VT 4 v 7 RER % Bode MR XV RT, 40°CIZBWVWT, n=1 TiX 0 2582l
RKEBLTE 201, n=5 TIHREEEFERICOTZ Y 6 2 KB TE MB35
bhiz, —F. 710CTIE, n=1DERKICEY 0 ZREARETH D,

Table 2-2 IZ n=5 OFMEIFKIZ L VEONT/NT A —F &RT, £7-. Fig.2-8
WS T 5 Ry A TR, aw= 1 122DV T, 30°CKR TN 40°CTlE. Run-Ris)l
TR ST-HETHY . Of/ND Ruy & e KD Re)lZ 103 A—F —DEWVNH
D REEEDAWE R B L T D, — 5T IREDN L0 mOSEE T R
DOIEOHIFHIZEEL 720 . OEINT D R FE CfEZ &V . L0 /D7 nWEREER T
AR MREBINDZEEZERLTVD, aw=0.7 K03 IZBWTH IR
O FRD BV D, ANRDIEY | RepnyD 0 HUE, BIEN O I 7 v 22 REECBUE
DELE & WV o e RE—FEESC, WEKORE —R0AMICHET B2 b5,
IR DRV T, BIROEFLY E < BRUSE DR (path) 2MROHND Z &
T, BIRSEILOIRWEFT OKOZWERT) Z#H L TIRALDLERH D . T
5DOARE)—IREEORELZZITRLTWNEEZLND, IRENBEWVSMTIX, B
BEHNE T L TEXCE R 2, AN —HEIZH kT 2R ER D7
BN T b EEXLND,

WTHIDRIFIZIB W TS, CPE @ p fEii% 1 12iT <, CPE | ZTEBFEEA &% Mk L
TR TG A= ThD LW TE S,
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Fig.2-6 Goodness of fit by multi-time constant model in Fig.2-5 (n = 1 to 8) for EIS of

the coated test panel.
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Fig.2-7 Experimental Bode plots for EIS spectra at 70 and 40 °C (aw = 1) and curve-fitting
results using the equivalent circuit in Fig.2-5 (n =1 & 5) and Young-Goehr model.
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Fig.2-8 Fitting parameters, Rxi) obtained using the equivalent circuit in Fig.2-5 (n = 5).

Fig.2-8 726, IREEDIRWGRIFITIBN T, Rl FEBIEEE S 7 M Fa B B892 53
HLTWDI ENg0D, £, CrlokET 5 CPE 1L, BIEHES HFHIZH—O
ETRETLZENTEIL, 2RO ORME AT 5 BIEROEMEEK X, BEAED
MFFEIZEB VT Young-Goehr E7 /L & L THEFSILTWD 20, LIFIZRBWTIL,
FEERFE R B FE T L OOV THRET 5,

Young-Goehr €7 /L Cl, Fig.2-4 (b)? Voigt &7 /LIZkF L, BIEE S HHE (x)
IZHEEER (C) Z— & L, BEXRIREE p 2 p! = koexp(x / DA% 52 5,
TDEE A UE—F U RIL L, Cye,t D SMEDIMNL /28T A—2 TERIIND

(X(2-3)).

) -1
. é/L N l+]a)rex?((%) j 03)
JoCys 1+ jor

o: AJEE =2r) L FEE

aw=1D T0°CKRN40CIZONTT 4 v T 1 > 7 LikER %2 aifl Fig.2-7 1,
x* DfE% Table 2-3 |27, Young-Goehr E7 /LiX, ¥ U CIA U HHEZRD
Fig.2-5(n = 1)D[AIF & bl LT, RS FEEBAEIIIZ 5340 9 D ARV MR S Tl
EVRWHERZLEZ 205 BEOREWERMAETITE G EIZRE 2ENIT RV, 73D,
Fig.2-5(n = 5)DFRICIEWEIFAD R TR WY 4 v M &5 2 TXW2RW, 5T
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Young-Goehr &7 /UL, {5 & LIz @BERO EIS #iE 4 | wIRAFTIZRBWV T/
D/NTA—=FTRITLHHEE LTUIEATWD D, WEICEi b neET
NEEEZEZDND,

PLEDOFER DG Fig.2-5(n=5)DSAMFIE 2 VT EIS FHEOMMr 2175 Z &
WL TH 5 &Rl 7o, FMERRICKLTT7 4 v T 4 7 %{TH 2 & T,
Bode #RX ECBEPIIIMEICTED DR WSEFICRI L TH, Re 27 HliT5 2
&R D,

BT ReITBIE AR OIET & B2 L, Ry - RisyDF1& LTH 9, £7=. CPE
ITBEREE KM LTo/NT A—ZTEH DN, p=1T/W\W=®, CPED T{E%
ZOFEE CGOMEET D LITHRRY, —F, 2TORMEIZBNT, &k
@ EIS IIFENZEEN AR LTV 5 (Fig2-3) 728, 1kHz DA B —% A Ziwu,
26| Fig.1-3 ORI ZHEE L7 BEAE Cr a2 sin(Qiu)/(2rl 0|z i) 12 & 0 &
HT 22 EHEKD, R &Y Cr DA % Table 2-2 1252 L 7=,

Table 2-3 Goodness of fit by Young-Goehr model and multi-time constant model in Fig.2-
5 (n=1 & 5) for EIS of the coated test panel.

Temperature sz x 107
oC Young-Gochr Fig.2-5 Fig.2-5
n=1 n=5
aw=1
40 2.0 9.9 0.53
50 3.0 74 0.39
60 6.0 6.5 1.2
70 24 11 6.1
aw=07
60 5.7 54 0.41
70 6.1 6.8 0.99
aw=03
70 10 6.0 0.63
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92 Z & TCeldmT %, aw=0.3 1B\ TIEL, VWK OIEEIC K 0 BTt
BAREWTIRRETH D DKL, aw=0.7 XDV 1 IZBWT e MT 2 D1k, &
BECARPRIN SNl EEeEZ N5, £, aw=0.31281F 5 2.3kI'mol! 72
DIEMAL = R VX Eacpld, BIEO BIROFHEEROIBEKRFIEIIVWEEZ BN
Do ZHICK L, aw=0.7 K DPaw=11CBT 2 EacnlZ LD KEWETHY . E
JEDOBINC L 0 BIEBAROFBERNEIMNT 57200 T, BRI S DK
DENPHEML TS EEZI LD, RERTHRE LTERNT X ME 7 BIEIC
DT, BREIZIL S LD /KD FED, Brasher & Kingsbury O (2-4)* 92 X 2§
Tk, ATBIEA R Cei D BIEO RIS S KR Xy & 5 HE T 280720 T
b, D LB EIEROBBEICE LIS R RN G LTINS ),

o50)

loge,

Crs: WK UT=8BIED Cr Cr: HZBRERIED Cr ew: IKDILFHELR (=80)

X, =

aw =03 28T % Cr% Co & 272 LEHAE L7- Xv % Fig2-11 IZ7R 3, XvIidAKD
EENEWIZTEREL R FHRRENEWVIZEREL D av=1 D XviE 30C
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Fig.2-9 Arrhenius plots of film resistance, Rr and film capacitance, Cr of the coated test
panel as a function of water activity, aw.
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Fig.2-10 Plots of film resistance, Rr and film capacitance, Cr of the coated test panel
versus water activity, aw.
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Fig.2-11 Plots of water volume fraction, Xv in the coating versus temperature.

Table 2-4 Apparent volume resistivity of coating film, prand pure water’®, pw at various
temperature.
Temperature | pr(aw=1) | ptlaw=0.7) | ptlaw=0.3) | pw

°C Q-cm

30 8.5x10" 1.3x10

40 9.8x10" 8.5x10°

50 9.6x10"" 5.5%10" 5.5x10°

60 1.1x10" 3.7x10' 8.6x10" 3.7x10°

70 1.6x10"° 3.7x10" 8.1x10" 2.5x10°
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Fig.2-12 Schematic diagrams explaining the effect of temperature and water activity on

coating film resistance.
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Fig.3-3 Bode plots of the coated test panel in 0.01M LiCl solution during thermal

cycling at 70°C
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Fig.3-4 Plots of film resistance Rr at 70°C and 25°C versus the thermal cycle number.
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Fig.3-8 Photographs of the coating surface at different magnifications after 250 thermal

cycles.
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Fig.3-9 FTIR — ATR spectra of the coating surface: (a) before the test and (b) after 250

thermal cycles.
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Fig.3-10 SEM-secondary electron images (SEI) of cross section of coated test panels: (a)
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Fig.3-11 Photographs of corroded steel substrate (left) and peeled — off coating (right)

after an adhesion test. The test panel was exposed to 250 thermal cycles.
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<L KDIRFEIZEY ReDIK TS E7iBITE 5, LA E2 G| BIS FHALL OBIED
IHTRER LD | WES A 7 Wz B T 2 BEOHIBRRITBIEA~DKDIREIZ X
HEZEZOND, ZHUITEY, Rl L, CridHin+ 5,

MREEY A 7 VERERBAIAIFIZ VT, BIEIEREICKDOIEE aw = 1 THEL, )
2R BEA~OWAKIZZTE T LTS, EIRICRFFT 5 2 & TRIEOWKEILH
[T 5, E0%, IREZKET LeSEEIE, BIED GRBPEH S, ok
BICRDEEBEZOND, IREYA 7 VEABRICE T 22 RRER LI LD, BIE
SOOI, PEHDHR D IR S H, BWIESLEDNEIT LT EEZX b D, £2, R
FEEALIC X DBIEOBIEEN ZCEE L, 7 7 v 7 BESCKEMOFIBEO ST
IZORNolmEEZBND,
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BIEENA~OKDIRFANZL DA =2 ZADOIK T, Fig.3-14 (a) DERIZ B
ZEGE LSRN ET 2 KRR ORI X 25A L. Fig.3-14 (b)DOARIZF AT
SELTEAKRDRAYA SBERINDGE & DBEINS, Fig3-14(@DET VI
BT, R DI TIZKELRI TH D DIFHILIC L > TR I N~ 7 v lKkoox
A TH Y, K OKEER) OBXIEFLORERFIEO/NS S0E, BEICX 551
B Ry ODZALIT/N SV, — 07, REOREY A 7 VERERICEB W T, RelIZEN
TUDREIZBWTIIR T LR, A 74BN T T70CH 5 25 CICRFR L -
RFIZIEEVMEIZR 5 TV D, - T, ARBRICI W THEBICHAE LT KDRAY
A M&. Fig.3-14 (b)DRIZFE AN TH 0 | HfE L CHRH~ET 5~ 7 a i
INAVTR L TV enWe B2 bid, KOZWHA NE D OBBEOBIUIIES
BTV E RS> TR, HIEBIED Re MK (27F) LRI
RKERQIBERGEMEEZ R LT EEZD Z NSRS, BIE TE ALY ) Fes04 T
boleZ LT BREZEUWEBBORS 72, ~ 7 AR /RAPNFELRNWI L%
HAHT 5, B TIBERESR S~ 7 B R SARBRENR > =D, BIFEICY)
KA | DDENWTZOITE SIS W ERFRETH L B2 B,

Ry DA HFEETT 150 - 200 Yo 7 )V LLRECTIEM N /L B v, BIRA~OWKIERED
BNREZZ N, Tobb, BIESLOPINTIZT 7 v 7 ORBAEIZL D KDIR
AT DA FOEREML TV o/eBEZ 6D, ZHUT XY EarIEito
IRWREE SR S 4L, Re 3D L7z EHEZR S D, Zhucxt L, 200 %A 27 L EL
WLV, BT T v O DBERSNRL R0  BHFED 7 Z v 7 R07 7 L TDOHIK
DEBNEITLIZEEZOND, 20720, llx DKDZAYA FDJE Y OHHL
IIEL LR 720 ReDIE FITSfb L= E 2 bNnDd, — 5T, i EROHEIMNIC
WISt BB EAE CrlIW A EORANC LV EREI LS T -0 Th A 5, 70°C
IZEBWNT 150 YA 7 VLIFEIZ Re 300N L2 & LTk, B LB Z1EIR
MRNOFEIRENDTNIEL, 4B TELZTLIBBEOYH=— VR HEIT L,
ReDHIM LT Z N EZOND, LLEORERRBRATE L %Y BIT D Re DZEAL
DIFEVNZDOWNT, 710CHOHED 25CE Y bBEETHH DX, 70°CITHIT R
BRIED Ry & K DESIEPIROAEEN 25CIZBIT DTN LY /&L, BES
12X D ReDWAHEDN, 710CITBNTIE25C LY /SN EDTHA D,
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(a) Penetrating path through coating

Macroscopic path
Coating —> | F
9

Substrate—

(b) Independent water absorption site

Water absorption site
by coating degradation \c —

_

—

Fig.3-14 Schematic drawing of coating degradation by water ingress, (a) formation of

penetrating path through coating and (b) formation of independent water absorption site.
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34 FEE

BAESWEE S E S LTCIREY A 7 VRBREZFA L, XT A M2 7 BED
P L7 R b 2R E L CRBOBERBR LT o 7o, BESEfEL EIS &
URBZOSITIZ L 0 BLE L, BESICE T 2 BEEI K CBIEA &DOZ 1L
IZOWTHFR L2, Bz fEimiIbl FTo@Ey Th s,

1) IBEY A 7 2B W TT, IEESRIC L 2BE~DKDH A OB
Lo TBELENEIT LIZEEZDND, MR L Do s By
bz k., BEONRY THOEETH H BRI Re DME T T2 2 L2/ 0L
7=,

2) B ATREZRBIEL LN LT B PEIZ B W T RelIHIRIZ B W TEM G
FRE/RTEI E CIR FE9 . XT A & 7 BHEOYIHSLEHEIC S L, Re &
HEEZEHAT 2 FiEFEA kN2 2R LT,

3) BB Re OIK T R OWEIRA & CroBhnT, o@iELuic L 2 BEE~0
KOBADHEINC LD H D EEZ B, HEABMRN RNWIES iz, 2D,
NTANZ 7 BIEOYIBCREIET LT, Re DAL Cr OEEIMIC L -
THMET 2 Z ENTE, Cr & X 0BG ITFHAARE /2RI FERE & L CTHW
HZENHKD,
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BREORAKEE(L L
WIELLIBRE & OXfIn




BAE BRORKEER L BELIBRE L OXES
41 W=

FBIFEIIBW UL BEY A 7 VTR 2 BEH(LOF T, BEO Y 7%
DFRIECTH 2 BEHPT Re OWL 2R L=, Lol T OB EIZHE Tl
< HIR (25°C) IZBWTCIHARBE 2B O BIS It T A —T 7 4 v T 4 v
T ORETDMNEN D>, — T Re EAM L TELT 585 2 —F L L
TRIERE G2 AW DAL R Lz, Cric L 28BS (b2kia17 5 EC,
AL ORRIE & CrECDOBRZ TN T 2 LD 5, FrZFEBEM RiX, BH
L0 LRI HILBMN A RETH DN ETMT 2 Z ENEE L 2D,

AKIFHBBIE L 0 b RERFEFRLA L, BESICED CGOBMERE L
TR S D KON E 2 Hivd, Cr i HEBEOW KR (RFEEKE,
Xy) =55 HA L LT, Brasher & Kingsbury =X 23t K< HW B, #2E
P A 7 NV T Xy ORI T TS, —J T, Cr XX CPE IZ X AR W& D
BALFHMIZ VT, BIEICRIN S N5 KO EORMR & O RFHTI R b e
WV, AFRICIZEBWT S, BTEIC TRIES(RITKT D Re DA KON Cr OHINIE,
BIEOWAKENEMNT HZ LT LD EBE LN, HEOHERITIT> TR,
RT AN T BEOLIEBWICB T G L DHMliZ AT 572912, <
OHMER 2 L0 BEOICHEZR T OILERH 5,

HZlE A 7 VD Ce DRFRIZELZ i 5 2 & T, BKEZIT TR, BIE
O DIBIEEALIZBET 2B RESHD 2 &K D  BIEO R BLKIEFR T Fick
DOIEANCESWTofran T Y, BEEACOERELHIET 237 A —Z [T
JE K OMEEA% % (diffusion coefficient, D) T& 5, JLEUREL D 1ZWE D IZ B
53570 BEON) THERTHEEO -2 L 525, BESLIEVWESE
WHENEEI L, D OENET 2O ThIuE, T L0 B &1 5 2 &M
Hisk s, BELIZE D D OBLIZHOWT, IR E 25 T, Bl
FBACIZAEN D OHMBAE DTN D 0, — 5T, FiR COBEKIRIEIZ L 2 i
P A 7 MZBNTIE, D ICRBEOZLITE) -7 ¥, 70°CE TOEIRZ & TR
BRI S 7=tk OBIFEIL D OB 2o LTy, EYIORBIIITHh T 49,
ULEN S, ISR DYERBURE D OFAVITEREIC L » TR - =58 %
EoTEBY, NTANE I NOBERBREICKT H2FHINALETH 5,

ARETIE, NT A M7 OEIRICIETR S D AL 2 Bk L 7R IZ B0
TRAEGRR D JE R 3BR 24T\ BRI A B O K OFE B (B0K) M QMR K O & (B
K) ENENOEEFIZIBWNT EIS FHlIZITH &z, a7 BRIz I &
N REORE, EITEFHMI L7z, T XY, Brasher & Kingsbury O A AU
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T, BEOWKBEE & BEEF L ORRKL TN EIS & BIEHLE & DXL %
KO FEAICARES Lz, 2 Ofh, BIEOWBIK O EEIED) 515 5 1L % K O YRR
D % W2 B BRI O AT REPE IS DWW TR L7,

4.2 EBHIE

4.2.1 BIEFEBRIK
TR A it U7~ FERICHEENTWBERT 2 N & s kA2 B
L. RBRRZ1ER L T2,

(a) VEBOERBRRET O 72 DBRIERERIK

BIEA~DIK DILBOBFE DR Z AR T D720, FEE % 28 2 72 “FBH ORI
A EfR L 7=,

AR TPri 1, —fBHEE I EAEHAF SS400(JIS G3101), ~TiE 100mm X
200mm X /& X 3.2mm O MR A FHR E L, 7 L— K Sa2.5 (ISO8501-1) HLE 15
S 45um DT T A MUEE R L., NT A RZ L7 TR R VB Rk A
AR EEE (DFT) 150220um (IS CA T L—2 Bl L DB L, BIKAZER L
7

EYEABRAR TPro DALERIZES 2 EORBRIRIZHET 5, bbb, —kEHTE
JEHIET SS400(JIS G3101), ~1¥# 100mm X 200mm X JE & 3.2mm Y47 & 35 #ifk &
L. 7 L— K Sa2.5 (ISO8501-1) #iE 30-75um O7 7 A MU ZE L, /37 A
NE 7 TR AR R ViR R . BARECER)E (DFT) 200+£50pum (2T A
T2 BN RV EBEL, BEATER LT,

(b) ERRERD 72 D BEERERK
JE TR W7 B IETRER A TPa O TP DfLAEIZ. 5 2 OB & VK
H TPr IZHET 5,

ZHENOREMRIL, BIERICEIRIZT » AL ik S E 7, B

JEEFCEHII L 72 DFT 122\ T, 2R KON EIS FHAE O S [RIE 2 Table 4-1 12
7,
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Table 4-1 Average dry film thickness of coated test panels

0.01M /10M
LiCl solution

. Average dry film thickness (pm)
Specimen
whole area EIS area
TPri1 173 161
TPr2 213 211
TPa 210 201
TPs 198

Lock-in amplifier

~

____________

: Thermometer
CE (Pt wire) (logger)
|| C —
[ o | Substrate
Coated steel A

Fig.4-1 Schematic of EIS measurement set-up.
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4.2.2 EIS T X 2 BEOWHARTE DFET

HERDOETICHEE OV 7V To— N LEMGT 7 U e A2 15, 3
HIEFE 49cm? & L7z, BARNICKHRE L THEMRZ/ L. ?’%ﬂﬁkxﬂﬁ%nﬂﬁ'%%
(=X T7REEHF Ty vy 7427 7 L15640) (28 L., EIS 5Hll %
1To70, FHAOEKI % Figd-1 1T~ 7, REIZBWT, 2 TO EIS FHlIEER
TITV, BRH ) A R/ RETHEDICERBRKEEMTI T 7 7T —r—
OHIZANTZ, 77 T 7 —r—YHNICREn H—% & &, EIS Ho& /L EFEEE
ZEdk L7-, EIS FHENCEB T 2HIINE/EIX, 1k — ImHz @ EIS #1795 & &%
100mVims, 1kHz O Cr Z 385 L CEHIT 2 B X 50mVims & L72,
TANOREE L THEE 0.0IM (& av=1) KO 1I0MLICl (& aw=0.3)
VIR & FHV, B~ O K & & QUK OJEBORE Z 5 L7-, T7hbb, BN
DOEHWE A 0.0IM LiCl &5 Z & THBEIZKEZRINEESH Z &3 TE, 10M LiCl
£ 5 2 L THBRIEICIN SN K BRI S T 2 E Rk D,
IKDOPLHL DB LRI T 5 Cf%nﬂﬁ'JTé & C. Brasher & Kingsbury D=
)} N Fick OJERA] (5 3R 2> D BIEO MRS KR Xv L OEIED K DL
R D 157, BIEDERFEE/KE Xv 2315 9 5 Brasher & Kingsbury D% (4-
DIZRT, ERICEBNTIE, aw=03 &Pl L7ZRFOBEE R Cra . FREBIKEO
K Co & A7 LT,

X. = log(c%fo) (4-1)

- log 80

v

= 3

A

i

G WK LTEBIEOERE R Go HIREBEOE

297

BN DK DR IZET 5 Fick 8 IEAIR@-2)IC oW T, BN O 9]
Z Xvi. BIEREREZ Xvs (—EE) & L, BIE L #HE OFmIZHT 5KD
flux Z¥m & L7ciGa, N(4-3)DfkEfg 2152 164930,

oX 0’ X
o P 42

Xo()= X oo + (X, %i{zwrl ( (2n+41L)zﬁ2Dt]} (4-3)

T

Xvs: BIEFR M O R FTIIIRTE S K $ Xvi: BIENOYIHIATEE K
L: B3R
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f@@ XV K DOPEEGEER 2 AT 5 7= DI, BIEN O KO IR E & —
T HMERD D, Z 2 THREREEIC kﬂ%tﬁ““% IZOWTE 2256, B
H% IR LTIRRBICH D Z ENZ N EEZ HND, WK LIZBIE) %7J<75><§:b
N HIEFE (BAERR) ICOWTHNTT 5 2 & T, X 0iuElc Xv XD Z 5l ¢
X5, T TAREOFERIZBW T, BIED av=1 ¥ L7 REE (0.01M LiCl
I=iE) ZAHENREES L. aw=03 (10M LiCli2i&) 1 ThO CeOEfIic kv Xxv &
DZxKROHZELE LT, BARMICIZ, 1kHz DBERDOA L E—F L 2 LY Cr=
-sind/(2n103z) & L, X@-D) L T4-3)0 638 H KB D Cr Db (4-4)i1
KU, Cra (aw=1) ZBEFMEE L D KO Cro (aw=0.3) ZRHAEE LT, CFF
RIMEZ e/ N FRIECE O I —T T 4T 47 FT5H5Z LT Xxv O D ZRIE
L7,

Log(Ct.(t))zLog(Cm)+L0g(CfS% jﬂii{ 2n+1)2 [ %t}} (4-4)

423 NTFRNEZ I BE~DOKOILHIATRE

AIENC B W TR FEOZ LA MR T 2720 BRRBRIZESL L, KE L
B2 7= BRI TPri KON TPr2 ZFHIWVNVTNT A N & 7 BIEA~ DK DYEHGRE &
HET 27 DOEREI T, T, MR LZRBRRICT 7 V285 L,
FIRITHB W TE/ANE 0.0IM LiCl KIERIZRIET 5 Z & TBEICKEZ RIS
Too BHAI U 72 Cr S AT B2 B L 72 < 725 72 RE A0 (TPri: 500h LA, TPr2: 1000h
PIE) Taw=1E¥fs L7728 A2 L, 1k—1mHz O#iPH T EIS #Hll 21T~ 7=, *
D, BILWNOEKEZ 10MLICl (aw=0.3) (Z#2% . 3min [E]fE T 1kHz O Cr % 5t
HIU7=e CeNET EZL LR 72 o T2 CRHAIZ T L, OV 1k-1mHz @
EIS Ml 21T > 7, LA LEOFHAITFIEZ Fig4-2 (2R 7,

Wetting Drying
N N
4 N h
0.01M LiCl (a,=1) 10M LiCl (a,,=0.3)
Immersion saturation | Immersion
]

T 1 T T
C; monitoring (1kHz) EIS C; monitoring (1kHz)  EIS
1k -1mHz 1k -1mHz

Fig.4-2 Schematic drawing of EIS measurement procedure in 0.01M and 10M LiCl

solution.
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424 BEAB

B TPA LN TP 2 W T BB 21T - 72,

J& BRI OREIX & Figd-3 12~ 3, 2258 (airphase) DIRED—EE & 72
&9, THEIOAKEAK (waterphase) DIRFEZHIEIT 2 2 & T, ZEXUJE DS
MR RH = 100% & 725, Z OminE Rk % 246 A RIfRE L7z, 225UE
BEIX, NT AR I NOEIRICBESNDENL 2 BE L, 0 oBELILOfEE
ZHME LT, PSPC AGERBRIC CTER SN D IEiRE 70°C & Lz,

246 A%, HIZBIEPL R OBIE TERZRET 5 Z & 2L T, Btk z
0.05M NaCl K F1Z 79 ARIE L7z GRakBR A% 325 H).,

JE BT M OB 80, 190, 246, 325 H OB ClBRAE ) 53 BRI TPA %
B L, Figd-2 OFIAIZ L2 EIS FHllZ1T > 72, #BRAETIE 0.01M LiCl i
500h LA HiRHET 2 2 & TBIEN aw =1 & Fl L7z, EERBRORMIZ, BEFT
BEIC aw =112 LTE Y, 0.0IM LiICLICITHER DO - O EE A BIRIE L7=0
BTHD,

TPs i, #BR 80, 190, 246, 325 H OHF A CREAE LD H L, |IET2#
MLl iz s g7-1%, 74 7R B (3ESWR) 2L - TRE L FEh & D&EEMN
ZEHii L7z, 80, 190, 246 H HDOFHMl#&IZIX, RERERGATO /ORI D R
XFUBBHZ L0, A 7EEBR%Z ORFIBEE T 2 iR LT,

Test panels I

I T

Air phase
Air flow
Air
P —!
jHeater Water phase ol
| —

Fig.4-3 Schematic of corrosion test chamber used for 246 days.
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43 EBRREREROELR

431 NFRNEZ I BE~DKOILHIATRE

2ETRLIEL I, CHINESWPIRERTEZET D720, aw=1 %003
EOEE LT S JE PHIRE & AHBI L CAE) L72, TPr2 Ol % Figd-4 12”7, =il
2B 5, TPri LT TPr2 DA D JE PIRE & Cr DM G, F(4-5)I2 XLV E
=2V THOIREEBZME LI-BEARE Cm ZHH L, AEICK L TX(®E-
DI —T T 4T T EITST,

_ C, (1) ]
Cnlt)= 1+0.00252(7(¢)-T,,) (#-5)

T(¢): CratHRIEF D2 B O & L JE PR E
Tave: 10M LiCl 27812 L A AKIEBFREE =4 U o 7 Oy L 8 PR E

2.51

TPg, in 0.01M LiCl (a,, = 1)

2.50

249 ¢t

Capacitance,
Cf or Cfm / 10_11 X F'Cm'2

2.48
26.5

e s W\f

24.5 - - - -
1100 1110 1120 1130 1140 1150

0.01M LiCl immersion, t/ h

Temperature,
T/°C

Fig.4-4 Variation of Cr and room temperature for TPr2 after the equilibrium at aw = 1.
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TPr1 2 OF TPr2 DJiAKIEFED Cin DZAL % Fig.d-5 XN Fig4d-6 12, I—7 7 4
T4 I EVELNTRNT A —H & Table 4-2 1279, Ce D2 LIX(4-4)=iz
LM EIFIEF—HLTNWD, Dl RN T A NF 7B LT
L, AFEICEYD X K OD ZRETE D2 ENmhoTz, RERTHLNIEL
BEREX . BEAE DR SEIC IV TEEFH 3172790 EISH#SL B Lo TR LN T
WD TARF BIEOE & [F] CHiHICH > T,

TPri 2O TPr2 D Xv SO D IFIZIEFR CETH D . EIE 160 - 210um OFiPH T
EINHIEBEREIZESRWRTA—ETHDLEEZDLND,

Table 4-2 Fitting parameters of TPr1 and TPr2 obtained from Cr monitoring in 10M LiCl

solution using formula (4-4).

C rmonitoring (a w = 0.3)
Cfmsat Cme XV D Tave
10" xF-cm’ 10" xF-cm’ % 10”7 xem’-sec” K
TPri 3.33 2.50 6.5 1.1 298.2
TPr2 2.50 1.93 5.9 1.0 298.3
~ 35 .
c Measure. Fit.
© TPry — ==
w 3.27
X
S 29t
—
~~
£
G 267
8
c 237
4]
=
®
Q_ 2 1 1 1 1
8 0 3 6 9 12 15

Time of 10M LiCl immersion, 05/ h0-5

Fig.4-5 Plots of Ctm obtained from TPr1 against the immersion time in 10M LiCl solution.
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N 2.5

'E Measure. Fit.
) TPr, — -
w 237

X

S 21¢

& 19}

8_

E 1.7 ¢

O

S 15 - - . .

8 0 5 10 15 20 25

Time of 10M LiCl immersion, t%-° / h0-5

Fig.4-6 Plots of Ctm obtained from TPr2 against the immersion time in 10M LiCl solution.
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aw =03 PIZBIT D CeatllllE & 1 —7"7 4 v T 4V TRERORAAE (TPri:
212h TPro: 454h) (ZkF3 2 E|A % Figd-7 & X Fig.4-8 (29, FEEEM O FHH D 2
WO Xv MOND ZRDT-E . IEMEIZ/NT A —F ZRETE R, EMER/NT A
— 2B HND H/NOFHIRE X, BEDORKE W TPre DB E <, FEE 211um
ORI xE L CiX, 1200 LA EFHAIT 5 2 & T, HAAEMEISH L TE10% LN D 7 ¢
T4 U TRERNEOND T EB g0 ol

1.5

T i TP, OX, 0D
213 ¢ A
= L @] O
g Q 11 R
E B 1.0 p-mmmmmemmees Q... ﬁ ‘‘‘‘‘‘ G- 8- £Y---- g 0--- O ITIr——
8 e [ < e E—— OO
o £ -
£ X i
E < 0.7 o0 o

>< 05 1 1 1 1

0 50 100 150 200 250

Time of 10M LiCl immersion, t/ h

Fig.4-7 Relation between accuracy of fitting results against final value and measuring
time in 10M LiCl solution for TPri.

1.5
" T i TP, OX, LID
=y L o)
gQ T T O
B 5 1.0 pommmmmmnenS -288--G--H-- BB
8 E [0 )< J) P — D ..............................................................................
() IS -
£ X i
E < 0.7 [ 0

X 05 ——
0 100 200 300 400 500

Time of 10M LiCl immersion, t/ h

Fig.4-8 Relation between accuracy of fitting results against final value and measuring
time in 10M LiCl solution for TPr2

57



432 BERARICRBIT2BESL

Fig.4-9 ([ZJE&HRERICH T 5 TPs D7 VA 7 kErfE B2 R~d, 80 HH (LLF,
80th day) (ZF\W\Tik, 7 /vA 712 X D& P ix @ Eea N XXM &R R oBE
HTHY | EINLE D, 16> TRIEL FE & OFBECBIE FERITAE L T
WEHIWTTE S, 190th day TIEFE DMK F L, o—#, BEE R L DR
[ CHIBE L 72, MET 2 HBEFEFTICIZ R VG RERY & Z OB HICE& R R %
ROMER ) MR S 7= (Fig.d4-9 (b)), 246th day (& 133 AT K OV & GEI )Y s
230 . 0.05M NaCl iZ1&% 0 325th day 21356 & ORI E &AM B b,

TPa LY TP (2T, 246th day F CIXBEO T BN FRE I D
R T & DB L D IRBRITBE )~ 72, 325th day (213, W15 DFBRIRIZ SV T,
BRI ARIAIC Figd-10 (R 7 7 LSRRI 2RI HERE S iz,

J6§ 2 akBR 1% OO TPA O RIEWTH 2 WFEE L SEM 8152 L 72/ R % Fig4-11 127”7,
BENIZEZ D7 T > 7 PHER S, OB EFHAHEEL TWD Z &R
MND,

TPa & TP LA — DL TIER S, 1ZIER—DOEEZ AT 5, £72. KD
LB SN IBELIIRI L Th o722 s, EAERBRPICIZIER — DLk
WREZI -T2 B2 b5, BIEES(LIT 80th day & 190th day ORICHEIT L, &
BTFERICE-STZEBZOND,
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(a) Fracture cross sections and adhesion forces
Peeled-off coating Substrate Steel Peeled-off coating Substrate Steel

246th day : 2.0MPa

80th day : 6.0MPa

Gross substrate
around corrosion
product

[ Corrosion product |

[ [
o o
= =
S >
< N§

>
(4] (4]
© ©
- -
= =
o (e
&) o

[ Corrosion product| Gross substrate [ Corrosion product |
around corrosion
product

-u.". a St 1
id Corrosion product
."‘....

Fig.4-9 Results of pull-off test on TPs, (a) Photographs of steel substrate (right) and
peeled-off coating (left) after 80, 190, 246 and 325 days corrosion test with adhesion
forces (b) Higher magnification photograph of the steel substrate surface after 246 day

corrosion test.
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1Tmm

© .

Fig.4-10 Photographs of TPa coating surface after 325 day corrosion test.

Fig.4-11 SEM — secondary electron images (SEI) of cross section of TPa after 325 day

corrosion test.
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433 BIESLIEFRRO EIS 1T & 57
(a) BiAKBROE=F) 7

TPa DJE R FERAT, 80th, 190th, 246th, 325thday (2351 % 10M LiCl (aw=0.3)
A FE D Cr % Figd-12 123, TPro DFEFR LV . EERBRATIE 1300 [ Cr D
FH ATV, I RRBR IR ESIC L D D (LA EFE L 2000 RIFHI AT -
Too RE-H~DH—T 7 4 T 4 2 T OFEFITHF SR EI VR L, ESNT-
/XF A —X % Table 4-3 (27”7,

J& AR BR AT M O 80th day D /KiBFRIE Fick OYERANCEE S A —T 7 4 v T
4TI TRETEDLZ gD, — T, 190thday K Of 246th day Tl
Fick OEERID B O 7B 540, 325th day TIEFNA LV BEE CTH D, %l
DERIZ, Fick OHLHAI G OBPUTBIELSLICER T b0 EEZ LND,
Table4-3 D/XT A —H DN, Xv T FHRED CenHIRE SN D, aw=0.3 & Ol
IR TOHBITHERINTNDE 72O, X(4-4)0> 6 OBBUZETD 53 Xv K O Chnsat,
Crmo DEIXFEHEICHEONTWD EF X5, —F T, DITBEJEREN GREIND
728 JE AR RRBRAT & O 80th day F CIXIEREICE DN E S X DM, THLIRRITA
T EDO D RELNTZ L2 D,

80th day £ COBEFERIC LV . XviL 5.6%01 5 43%~, DIL 1.3 X107 15
1.0 X107 ecm? s~ L7z, Dk, 190th day & U 246th day (231F D Xv i,
80th day D 2 fi#IZHIMM L, 0.05M NaCl {Z{& % @ 325th day (ZIXF 2N L 7=,
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Table 4-3 Fitting parameters of TPa before corrosion test and 80th, 190th, 246th, 325th

day in corrosion test obtained from Cr monitoring in 10M LiCl solution using formula

(4-4).
C rmonitoring (a w = 0.3)
Cfmsat C fmO XV D Tave
10" xF-cm” 10" xF-cm” % 10 xem’sec” K
Before the test 2.58 2.02 5.6 1.3 299.8
80th day 2.74 2.27 4.3 1.1 297.3
190th day 3.13 2.19 8.2 0.70 297.1
246th day 3.21 2.19 8.7 1.0 298.9
325th day 4.62 2.38 15.2 1.2 298.5
5.0
Measure. Fit.
Before test — -——
45+
" 80th day —_— ===
'\ 190th day ---
407+
246th day ——  =--
325th da S -—-
3.5 \ Y

Capacitance, C;,,/ 10" x F-cm-2

Fig.4-12 Plots of Cm obtained from TPa before corrosion test and 80th, 190th, 246th,

10
Time of 10M LiCl immersion, {0-5 / h0-5

325th day in corrosion test in 10M LiCl solution.
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Table 4-4 Fitting parameters of TPa before corrosion test and at 80th, 190th, 246th day in
corrosion test obtained from EIS of 1k-1m Hz in 0.01M LiCl solution using the equivalent

circuit in Fig. 2-5 (n =5).

Fit to eqivalent circuit (a w = 1)
Rf RQS (CPE(i)—T) /5 CPE(i)-p Tawl
Q-cm” Q-cm” 10" (Qem’) 'sec” K
Before the test 1.02x 10" 1.42x 10" 4.24 0.942 299.3
80th day 3.47 % 10" 2.90% 10" 429 0.948 297.3
190th day 2.15x 10" 8.98x 10" 4.74 0.951 294.6
246th day 9.89% 10" 1.31% 10" 5.10 0.946 299.1
12
o~ 10 lQ ) Measure Fit
& 10™M Before test: 26.3C O —
© 80thday: 24.3C [ —
@ 190th day: 21.6°C
~ 10710 246th day: 26.1°C <& —
N 325thday: 26.4C X
- 9|
s 10
e
c 108+
§o)
S Ly
£
106
0
)
O
| -
3
—O -30
Zg x
=]
5 -60
0]
n
@®
£
o bl

9L
103 102 10" 100 10" 102 10

Frequency, f/ Hz

Fig. 4-13 Bode plots for TPa in 0.01M LiCl (aw = 1) solution before corrosion test and at
80th, 190th, 246th, 325th day in corrosion test.
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o~ a Measure
g 1012 xgg Before test: 24.8C O
C %g 80th day: 23.7:C [I
C qom R 190th day: 28.3:C
=~ %g 246th day: 26.22C <
N 1p10 ¢t Ry 325th day: 23.9°C X
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S ]
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% -60 x,
X
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X
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Fig. 4-14 Bode plots for TPa in 10M LiCl (aw = 0.3) solution after Cr monitoring, before
corrosion test and at 80th, 190th, 246th, 325th day in corrosion test.
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Tav=1THETHDLZ 0O, ReOEINTIBENOKOMNZ LD EZ X5
5,

Hiderliter & * ¢, — HERIZNE L 72 R S BIEO D NI 25 R 4215
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IRV E BEEITED T2 P, 2ok, KRERTR O D KO Xy O,
Re O¥IMNTIMH T —2 o I L H5BEOSEELIC I VFHTEHLEE XD,
B D =% AL, BIRF CTO R RR AR LE O LS (77 4 —F =
T)IWZEoTHEZ D, LL, MEFETD FTIR A7 kb (Fig2-1) 1B\ T
FEIZ=ARF VOB —7 3B L TWD Z &, RO LKISOEITICE Y D X
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aw = 1 PHTIF D Chmsat ITIEIZT (L L TR, aw = 0.3 FEHTHFD Crmo 15 1.93
X10 M F-em? 205 2.03 X 1071 Frem? ~K) 5% 00 L7z, Cr DIRERAFIEIZH(4-5)
RETH DD, Com DEINIEHHFFOREOBENMC L DO TIEAR W, BIRT
DIFIFIC L W BRICIRE LIk —# ik, BEES LM< EaL s EE
ZHNTEY, XVERWIEEFORREIZ X > TIBREZ R 7, TPr2 (220D
T, 70°COMAIRIEIZ & 0 B~ S 472 KO —EILEIR TO 10M LiCl {&7&
IZE S TR EZITOZRWATREMER H D, L L, FIZHKOEIEL FiRAFE T
ITHOHAIE. ZTNoOKITED FICHMREINTZEETHLIOT, I—T 7 4 T
4N ED Xy OYD BZRET D ETIE, SEBEREOFERS M L2 b0 L
LCHH Z kD,

TPr2 DIMELHI% T D AVTZ Xv, D KON Re DZALIX, TPa OFERERAT LW
80thday (28T A L L EEMIZHEBI L TV D, - T, HFRERERATH D 80th
day (2737 T Chmsat [TEDNTIEIM L, BES~OWRAKNET LI Z L Z2RET 5
DD, kL LT 80thday £ THD TPa DAL, MMEMC X 2 &BIEDOWHMEZAL (W
Hr— 7)) DB TOLEE4 5, o, MBEZ—U U 7285 TPADE
B Z<EHIMICE T L, TOBRBFEUCIIRE 220N By E £ 80 H A RIE
L7cEE X5,

o 25 [

( TP Measure. Fit.
g Before ﬁéating --
I;'Z 2371 After heating —— --
S 21}

§ 19t

8_

c 1.7+

I

(S

3 15 - - - -

8 0 5 10 15 20 25

Time of 10M LiCl immersion, 05/ h0-5

Fig.4-15 Plots of Cmm obtained from TPr2 before / after heating against the immersion
time in 10M LiCl solution.
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Table 4-5 Fitting parameters of TPr2 before / after heating obtained from Cr monitoring
in 10M LiCl solution using formula (4-4).

C rmonitoring (a w = 0.3)
c fmsat C fm0 XV D Tave
10" xF-cm” 10" xF-cm” % 107 xem’ sec”! K
Before heating 2.50 1.93 5.9 1.0 298.3
After heating 2.46 2.03 4.4 0.79 298.7

Table 4-6 Fitting parameters of TPr2 before / after heating obtained from EIS of 1k-1m
Hz in 0.01M LiCl solution using the equivalent circuit in Fig. 2-5 (n = 5).

Fit to eqivalent circuit (a w=1)
R¢ Rpys (CPE;)-T)/5 CPEg;)-p T 2w
Q-cm” Q-cm” 10" (Qem’) 'sec” K
Before heating 836x 10" 1.13x 10" 4.15 0.941 299.2
After heating 291%x10" 3.66 x 10" 3.93 0.946 298.9
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Before heating: 26.2°:C
O Measure — Fit

After heating: 25.9°C
[OMeasure — Fit

Impedance, |z| / Q-cm?
o
©

Phase shift, 6 (degree)

90 | | | . oo
10 102 10" 10° 10' 102 1083

Frequency, f/ Hz

Fig.4-16 Bode plots for TPr2 in 0.01M LiCl solution (aw = 1) before and after 70°C
heating.
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Fig.4-17 Bode plots for TPr2 in 10M LiCl solution (aw = 0.3) before and after 70°C

heating.
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Fig. 4-18 Schematic drawing of microscopic and macroscopic changes of epoxy coating
during the corrosion test.
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(Schematic) (Photo)

Epoxy resin

I I} Wires

Fig.A-1 Schematic and Photo of specimen before applying coating.

Table A-1 Chemical composition of substrate steel (mass %).
c | si || P | s | Fe
0.16 | 0.01 | 047 | 0.018 | 0.005 | Bal
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Fig.A-2 Photo of surface appearance of coated specimen before corrosion test.
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Fig.A-3 Temperature and relative humidity condition in the cyclic corrosion test.
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